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Motivacio

L’any 2003, mentre treballava com a técnic en cartografia i prediccié d’allaus a I'Institut
Cartografic de Catalunya (ICC), vam aconseguir el projecte Aludex ("Caracterizacion de aludes
catastroéficos a través del estudio dendro-cronolégico y nivo-climatico”, finangat pel Ministerio
de Ciencia y Tecnologia i Fondos FEDER), conjuntament amb el Grup de Dendroecologia del
Departament d’Ecologia de la Facultat de Biologia de la Universitat de Barcelona. Una de les
tasques en les que vaig participar va ser en la cartografia de les allaus majors de 1996 a partir
dels efectes observats al bosc. Per primera vegada, podiem disposar d’ortoimatges de tot el
territori (les realitzades per I'ICC l'estiu del 1996 i de 1997) on podiem cartografiar
directament en pantalla els limits de les zones desforestades per les allaus. Aix0, que avui dia
és molt habitual, aleshores era una quimera: per una banda, no disposavem d’aquesta
tecnologia, i cartografiavem usant parells de fotogrames impresos que visualitzavem en 3D
mitjancant estereoscopi, i representavem la informacié digitalitzant-la en pantalla sobre el
mapa topografic, llavors ja digital (pocs anys abans encara ho feiem manualment sobre el mapa
impreés en paper). I per altra banda, sempre usavem les mateixes imatges aéries, perqué no es
realitzaven vols amb tanta freqliéncia com actualment. Durant el projecte Aludex, I'ICC va
realitzar també el vol de 2003-2004, imatges que també van servir per inventariar les allaus
de I'episodi major de gener de 2003. Amb el temps, I'lCGC va anar realitzant molts més vols, va
crear el magnific portal Vissir, on els anava incorporant, incloent-hi també vols antics, com el
de 1956, i posteriorment el de 1946. Malgrat el projecte Aludex va finalitzar I'any 2005, vaig
seguir cartografiant esdeveniments d’allaus, sigui aprofitant informacié de la feina que
realitzava a I'ICC (posteriorment IGC i actualment ICGC), sigui completant-ho amb les imatges
que s’anaven penjant al portal Vissir o a I'Ortoxpress. Les allaus les cartografiava i mesurava
tots els parametres morfomeétrics que em semblaven rellevants, configurant aixi, poc a poc, una
base da dades. En paral-lel, va anar-se gestant la idea d’explotar aquestes dades i de fer-ho en
el marc d’'una tesi doctoral. Em motivava el fet que fins al moment, hi havia poques publicacions
amb informaci6 detallada d’allaus majors, i em va semblar que aquelles dades tenien moltes
coses a dir. També va ajudar el fet que aleshores em va semblar interessant, en relacié a la feina
que desenvolupava, disposar del titol de doctor. A partir d’aqui, comen¢a aquesta llarga

aventura que ha estat el projecte de tesi, quelcom complicat quan ja treballes i tens familia, i
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que fas a dedicacio parcial... Al final ha durat 10 anys tot plegat, en que han passat moltes coses,

de bones, perd també de molt dolentes. En tot cas, s’ha acabat, i finalment aqui esta!

Podria resumir els aspectes que m’han motivat més a I’hora de decidir-me a implicar-me a fer

la tesi en:

- Analitzar la dinamica d’episodis d’allaus majors als Pirineus. Coneixem, i vam
viure, episodis recents molt importants, especialment els de 1995/96, pero també n’hi
ha hagut d’altres de significatius: 2002/03, 2005/06, 2012/13, 2013/14, 2014/15,
2017/18. El nostre coneixement d’aquest fenomen, pero, és moltrecent. Durant el segle
passat hi ha hagut també episodis molt potents: 1914/15, 1937/38, 1971/72, o
possiblement encara més potents molt temps abans: 1444, 1599, 1607, 1613, 1632,
1758,1803, 1855, 1859, alguns amb destruccié de pobles sencers. Quins episodis s’han
produit? Quina freqliéncia tenen? Quins han estat més importants? Quin és el risc que
comporten? Es noten els efectes de I'escalfament global? Quan es va produir 'episodi
del febrer de 1996, ens vam preguntar sobre I'excepcionalitat que tenia aquell episodi.
Ara, amb perspectiva i més coneixement podem dir que realment va ser molt
excepcional, probablement, si no el major del segle XX, un dels majors. Hi ha hagut

altres episodis similars? De major intensitat?

- Explotar les dades cartografiques per a poder predir I'abast d’aquestes allaus.
Amb les dades morfometriques disponibles, es poden millorar els models existents i
tenir-ne un de propi adaptat als Pirineus? Es pot fer models adaptats segons la
zonificacié climatica del Pirineu? Es pot fer models segons el periode de retorn de les
allaus? Podem explicar comportaments diferents de les allaus mitjancant la informacié

cartografica?

Totes aquestes qliestions no només han estat una inquietud purament cientifica, siné que
també han vingut motivades per la feina que desenvolupo de consultoria en riscos geologics,
en la qual la determinaci6 de la perillositat deguda a les allaus és una tasca habitual. Conéixer
millor el fenomen amb el que treballes ha de permetre millorar el resultat de la teva feina,
especialment en un moment com l'actual, en que s’estan produint tants canvis a nivell de

dinamica atmosfeérica.
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Resum

Aquesta tesi té per objectiu avancgar en el coneixement de la dinamica de les allaus, i en concret,
de les allaus majors, al Pirineu de Catalunya i, per extensid, als Pirineus, tot entenent per allau
major l'allau la mida de la qual excedeix I'abast de les allaus habituals (freqiients), causant
danys en cas que hi hagi infraestructures a la seva proximitat. La base del treball, i font de
dades, és una base de dades d’allaus majors. Aquesta, parteix de la informacié provinent de les
enquestes a la poblaci6 que es van fer des del Servei Geologic de Catalunya (SGC),
posteriorment des de I'Institut Cartografic de Catalunya (ICC), per a la cartografia del Mapa de
Zones d’Allaus, entre finals dels anys 1980 i fins 'any 2005, del seguiment hivernal de I'activitat
d’allaus incorporat a la Base de Dades d’Allaus de Catalunya (BDAC) des de 1991, completada
amb una cartografia d’allaus majors realitzada a partir de la fotointerpretacié exhaustiva de
tots els vols de fotografia aeria disponibles avui dia, amb inspeccions de camp d’estiu i d’hivern,
i amb informacié historica-documental. D’aquest treball, s’han elaborat i publicat dos articles

en revistes indexades.

En l'article 1, els esdeveniments d’allaus majors de la base de dades van ser usats per
quantificar la magnitud dels episodis en que es van produir. Per a tal finalitat, es va concebre
un index de I'activitat d’allaus majors (MAAMI; index de la Magnitud de I’Activitat d’Allaus
Majors; Major Avalanche Activity Magnitude Index). Aquest index esta basat en el nombre
d’allaus majors registrades, la seva magnitud, i la seva freqiiéncia estimada, en un periode de
temps determinat. Per tant, quantifica la magnitud d’'un episodi d’allaus majors o hivern
d’allaus majors, el qual permet una comparacié entre episodis o hiverns d’allaus majors en una
serralada determinada, o entre serralades. Per a un periode temporal suficientment llarg,
hauria de permetre 'analisi de tendencies. El treball ha permés reconstruir en detall els
episodis majors dels hiverns 1995/96 a 2013 /14. S’ha determinat la seva magnitud, freqiiencia
i extensié. Durant aquests 19 hiverns, els episodis de 22-23 de gener i 6-8 de febrer de 1996
van ser els que van obtenir majors valors de MAAMI, seguits pels de 30-31 de gener de 2003,
29 de gener de 2006, i 24-25 de gener de 2014. Per analitzar tot el segle XX, amb un conjunt
de dades menys complert es va definir un index simplificat SMAAMI, amb el mateix objectiu.
Amb menys precisio, es van obtenir els mateixos parametres a resoluci6 de temporada hivernal
al llarg del segle XX. De nou, I'hivern 1995/96 va tenir els valors de SMAAMI majors, seguit pels
de 1971/72, 1974/75 i 1937/38. L’analisi de I'extensi6 espacial dels diferents episodis ha




permeés conéixer millor i precisar la delimitacié de les regions nivologiques establertes, i
millorar el coneixement sobre els patrons atmosferics que causen els episodis majors i la seva
interpretaci6 climatica. En alguns cassos s’ha posat de manifest la importancia de considerar
la génesi d'un episodi d’allaus majors, com el resultat de l'acci6 de dos o més patrons
atmosférics: un o més patrons preparatoris previs, seguit d'un patré desencadenant. S’ha
obtingut també la probabilitat d’ocurréncia i, en especial, la probabilitat d’ocurréncia

d’episodis que poden afectar a zones urbanitzades i, per tant, que suposen un risc.

En segon lloc, en'article 2, les dades de la base de dades han estat usades per a ajustar el model
empiric noruec o—f, que s’utilitza internacionalment per a calcular distancies d’abast d’allaus
“extremes”, tot aplicant el coneixement actual de 'activitat d’allaus majors per a tot el Pirineu
catala, i usant les eines actuals de cartografia. Aixo ha permes millorar significativament el
primer model obtingut només per al Pirineu occidental catala ja fa més de 25 anys. El model
s’ha obtingut a partir d’'una mostra de 97 esdeveniments d’allaus “extremes” que es van produir
del final del segle XIX fins a l'inici del segle XXI. A partir de la Regressid Lineal Multiple s’ha
obtingut una equacié usant 3 variables independents: pendent de la zona d’allaus (), distancia
horitzontal (Hg), i area de la zona de sortida (Azs), amb un considerable ajust (Rz=0.81). El
resultat obtingut indica que una zona de sortida més gran incrementa l'abast de I'allau i una
major longitud de la zona de trajecte el redueix. Es un resultat rellevant perqué la mida de
I'allau sembla estar relacionada amb I'abast, aspecte que ha estat molt discutit en la literatura.
La nova equaci6 actualitzada prediu I'abast d’allaus per un periode de retorn de 'ordre dels
100 anys. Per estudiar quines variables del terreny expliquen els valors extrems de la mostra
d’allaus, es va realitzar una analisi comparativa de variables que influencien un major o menor
abast. Seleccionant un conjunt més extrem d’allaus (allaus que tenien un abast superior i
inferior a una desviacié estandard, respecte a I'abast obtingut amb el model), es va observar
que la mida de la zona d’allaus i 'orientaci6 de la zona de sortida mostraven certa associacié
amb distancies d’abast menors i majors a les predites amb el model. Aquest tipus d’analisi ha

estat pionera i significa una passa endavant en el coneixement de 'abast de les allaus majors.

En resum, en la Tesi, a partir d'una base de dades d’allaus majors en I'ambit del Pirineu catala,
alimentada per dades d’allaus individuals, s’ha avancat en I'aspecte global de la caracteritzacié
dels episodis d’allaus majors, tant en la seva intensitat i causes com en la seva extensid

geografica; per altra banda, gracies a la utilitzacié conjunta de les dades d’allaus majors, s’ha




establert un model de calcul que s’aplica a la prediccié de I'abast d’allaus centenaries en zones
d’allaus particulars. Els resultats obtinguts permeten avancar en el coneixement de la dinamica
de les allaus al Pirineu catala i, per tant, en el coneixement de la perillositat i del risc que

suposen.
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Resumen

Esta tesis tiene como objetivo avanzar en el conocimiento de la dinamica de los aludes y, en
concreto, de los aludes mayores, en el Pirineo de Catalufia y, por extension, en los Pirineos,
entendiendo por alud mayor aquel que excede en tamafio el alcance de los aludes habituales
(frecuentes), causando dafios en caso de que haya infraestructuras en la proximidad. La base
del trabajo, y fuente de datos, es una base de datos de aludes mayores. Esta, parte de la
informacién proveniente de las encuestas a la poblacién que se hicieron en el Servei Geoldgic
de Catalunya (SGC), posteriormente desde el Institut Cartografic de Catalunya (ICC), para la
cartografia del Mapa de Zones d’Allaus, entre finales de los afios 1980 y hasta el afio 2005, del
seguimiento invernal de la actividad de aludes incorporado a la Base de Dades d’Allaus de
Catalunya (BDAC) desde 1991, completada con una cartografia de aludes mayores realizada a
partir de la fotointerpretacion exhaustiva de todos los vuelos de fotografia aérea disponibles
hoy dia, con inspecciones de campo de verano y de invierno, y con informacién histérica-

documental. De este Trabajo, se han elaborado y publicado dos articulos en revistas indexadas.

En el Articulo 1, los eventos de aludes mayores de la base de datos fueron usados para
cuantificar la magnitud de los episodios en que se produjeron. Para tal finalidad, se concibi6é un
indice de la actividad de aludes mayores (MAAMI; Indice de la Magnitud de la Actividad de
Aludes Mayores; Major Avalanche Activity Magnitude Index). Este indice estid basado en el
numero de aludes mayores registrados, su magnitud, y su frecuencia estimada, en un periodo
de tiempo determinado. Por lo tanto, cuantifica la magnitud de un episodio de aludes mayores
o invierno de aludes mayores, lo cual permite una comparacién entre episodios o inviernos de
aludes mayores en una cordillera determinada, o entre cordilleras. Para un periodo temporal
suficientemente largo, tendria que permitir el andlisis de tendencias. El trabajo ha permitido
reconstruir en detalle los episodios mayores de los inviernos 1995/96 a 2013/14. Se ha
determinado su magnitud, frecuencia y extension. Durante estos 19 inviernos, los episodios de
22-23 de enero y 6-8 de febrero de 1996 fueron los que obtuvieron mayores valores de
MAAM], seguidos por los de 30-31 de enero de 2003, 29 de enero de 2006, y 24-25 de enero
de 2014. Para analizar todo el siglo XX, con un conjunto de datos menos completo se defini6 un
indice simplificado SMAAMI, con el mismo objetivo. Con menos precision, se obtuvieron los
mismos parametros a resoluciéon de temporada invernal a lo largo del siglo XX. De nuevo, el

invierno 1995/96 obtuvo los valores de SMAAMI mayores, seguido por los de 1971/72,

xiii



1974 /7511937 /38. El andlisis de la extension espacial de los diferentes episodios ha permitido
conocer mejor y precisar la delimitacién de las regiones nivoldgicas establecidas, y mejorar el
conocimiento sobre los patrones atmosféricos que causan los episodios mayores y su
interpretacion climatica. En algunos casos se ha puesto de manifiesto la importancia de
considerar la génesis de un episodio de aludes mayores, como el resultado de la accién de dos
0 mas patrones atmosféricos: uno o mas patrones preparatorios previos, seguido de un patrén
desencadenante. Se ha obtenido también la probabilidad de ocurrencia y, en especial, la
probabilidad de ocurrencia de episodios que pueden afectar a zonas urbanizadas y, por lo

tanto, que suponen un riesgo.

En segundo lugar, en el Artiulo 2, los datos de la base de datos han sido usados para ajustar el
modelo empirico noruego a—f, que se utiliza internacionalmente para calcular distancias de
alcance de aludes “extremos”, aplicando el conocimiento actual de la actividad de aludes
mayores para todo el Pirineo Catalan, y usando las herramientas actuales de cartografia. Esto
ha permitido mejorar significativamente el primer modelo obtenido solo para el Pirineo
Occidental Catalan ya hace mas de 25 afios. El modelo se ha obtenido a partir de una muestra
de 97 eventos de aludes “extremos” que se produjeron del final del siglo XIX hasta el inicio del
siglo XXI. A partir de la Regresion Lineal Multiple se ha obtenido una ecuacién usando 3
variables independientes: pendiente de la zona de aludes (f3), distancia horizontal (Hg), y area
de la zona de salida (Azs), con un considerable ajuste (R2=0.81). El resultado obtenido indica
que una zona de salida mas grande incrementa el alcance del alud y una mayor longitud de la
zona de trayecto lo reduce. Es un resultado relevante porque el tamafo del alud parece estar
relacionado con el alcance, aspecto que ha sido muy discutido en la literatura. La nueva
ecuacién actualizada predice el alcance de aludes para un periodo de retorno del orden de los
100 afos. Para estudiar qué variables del terreno explican los valores extremos de la muestra
de aludes, se realiz6 un andlisis comparativo de variables que influencian un mayor o menor
alcance. Seleccionando un conjunto mas extremo de aludes (aludes que tienen un alcance
superior e inferior a una desviacion estandar, respecto al alcance obtenido con el modelo), se
observo que el tamafio de la zona de aludes y la orientacién de la zona de salida mostraban
cierta asociacion con distancias de alcance menores y mayores a las predichas con el modelo.
Este tipo de andlisis ha sido pionero y significa un paso adelante en el conocimiento del alcance

de los aludes mayores.
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En resumen, en la Tesis, a partir de una base de datos de aludes mayores en el ambito del
Pirineo Catalan, alimentada por datos de aludes individuales, se ha avanzado en el aspecto
global de la caracterizacidn de los episodios de aludes mayores, tanto en su intensidad y causas
como en su extension geografica; por otro lado, gracias a la utilizacién conjunta de los datos de
aludes mayores, se ha establecido un modelo de calculo que se aplica ala prediccién del alcance
de aludes centenarios en zonas de aludes particulares. Los resultados obtenidos permiten
avanzar en el conocimiento de la dindmica de los aludes en el Pirineo Catalan y, por lo tanto, en

el conocimiento de la peligrosidad y el riesgo que suponen.
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Abstract

This thesis aims to advance in the knowledge of the dynamics of avalanches and, specifically,
of major avalanches, in the Catalan Pyrenees and, by extension, in the Pyrenees, understanding
by major avalanche the avalanche whose size exceeds the size of the usual (frequent)
avalanches, causing damage if there are infrastructures nearby. The basis of the work, and data
source, is a database of major avalanches. This database contains the information from the
population surveys carried out at the Servei Geoldgic de Catalunya (SGC), later from the Institut
Cartogrdfic de Catalunya (1CC), for the cartography of the Mapa de Zones d'Allaus, from the end
of 1980’s to 2005, from the winter monitoring of avalanche activity incorporated into the Base
de Dades d'Allaus de Catalunya (BDAC) since 1991, completed with a cartography of major
avalanches made from the exhaustive photointerpretation of all the aerial photography flights
available today, with summer and winter field inspections, and with historical-documentary
information. From this work, two research papers have been elaborated and published in

indexed journals.

In Article 1, the major avalanche events from the database were used to quantify the magnitude
of the episodes in which they occurred. For this purpose, a major avalanche activity index
(MAAMI; Major Avalanches Activity Magnitude Index) was designed. This index is based on the
number of major avalanches recorded, their magnitude, and their estimated frequency, in a
given period of time. Therefore, it quantifies the magnitude of a major avalanche episode or
major avalanche winter, which allows a comparison between episodes or winters of major
avalanches in a given mountain range, or between mountain ranges. For a long enough time
period, it would have to allow trend analysis. The work allowed us to reconstruct in detail the
major episodes of the winters 1995/96 to 2013 /14. Its magnitude, frequency and extent were
determined. During these 19 winters, the episodes of January 22-23 and February 6-8, 1996
had the highest MAAMI values, followed by January 30-31, 2003, January 29, 2006, and 24 -
January 25, 2014. To analyse the entire 20th century, with a less complete data set, a simplified
SMAAMI index was defined, with the same objective. With less precision, the same parameters
were obtained at winter season resolution throughout the 20th century. Again, the winter
1995/96 had the highest SMAAMI values, followed by those of 1971/72, 1974/75 and
1937/38. The analysis of the spatial extension of the different episodes made it possible to

better understand and specify the delimitation of the established snow regions, and to improve
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the knowledge about the atmospheric patterns that cause major episodes and their climatic
interpretation. In some cases, the importance of considering the genesis of a major avalanche
episode as the result of the action of two or more atmospheric patterns became evident: one
or more previous preparatory patterns, followed by a trigger pattern. The probability of
occurrence was also obtained and, especially, the probability of occurrence of episodes that

can affect urbanized areas and, therefore, that pose a risk.

Second, in Article 2, the data from the database was used to fit the Norwegian empirical model
o—f, which is used internationally to calculate “extreme” avalanche runout distances, applying
current knowledge of the activity of major avalanches for the entire Catalan Pyrenees, and
using current tools of cartography. This made it possible to significantly improve the first
model obtained only for the Western Catalan Pyrenees more than 25 years ago. The model was
obtained from a sample of 97 “extreme” avalanche events that occurred from the end of the
19th century to the beginning of the 21st century. From the Multiple Linear Regression, an
equation was obtained using 3 independent variables: slope of the avalanche path (f),
horizontal distance (Hg), and area of the starting zone (Azs), with a considerable adjustment
(R2=0.81). The result obtained indicates that a larger starting zone increases the runout of the
avalanche and a longer length of the path reduces it. It is a relevant result because the size of
the avalanche seems to be related to the runout, an aspect that has long been discussed in the
literature. The new updated equation predicts avalanche runout for a return period of the
order of 100 years. To study which terrain variables explain the extreme values of the
avalanche sample, a comparative analysis of variables that influence a greater or lesser runout
was carried out. By selecting a more extreme set of avalanches (avalanches that have a range
greater and less than a standard deviation, with respect to the runout obtained with the model),
it was observed that the size of the avalanche area and the aspect of the starting zone showed
some association with shorter and larger runout distances than predicted with the model. This
type of analysis has been pioneering and represents a step forward in understanding the extent

of major avalanches.

In summary, in the thesis, from a database of major avalanches on the area of the Catalan
Pyrenees, fed by data from individual avalanches, progress has been made in the global aspect
of the characterization of major avalanche episodes, both in their intensity and causes as in its

geographical extension; On the other hand, thanks to the joint use of data from major
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avalanches, a calculation model has been established that is applied to the prediction of the
reach of centennial avalanches in particular avalanche paths. The results obtained allow us to
advance in the knowledge of the dynamics of avalanches in the Catalan Pyrenees and, therefore,

in the knowledge of the hazard and risk they pose.
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1 Introduccio general

L’estudi de les allaus al vessant sud dels Pirineus és relativament recent. Els primers estudis
tant al Pirineu aragonés com al catala, comencen a finals dels anys 80 (Mufioz, 1988; Furdada
et al,, 1990; Bosch et al,, 1991). A Catalunya, 'any 1986 s’inicia la fase prévia del projecte
d’Estudi del Risc d’Allaus al Pirineu Catala, iniciat al Servei Geologic de Catalunya (SGC, 1987)
i ala Facultat de Geologia de la Universitat de Barcelona. Fins a I'aparici6 de la tesi doctoral de
la Gloria Furdada (Furdada, 1996; Furdada i Vilaplana, 1998) no es comenga a realitzar un
primer estudi del comportament de les allaus majors als Pirineus catalans i, per extensid, als

Pirineus.

El treball realitzat en aquesta tesi es basa en la informaci6 de les primeres cartografies d’allaus
realitzades als Pirineus a partir de l'analisi geomorfologica i de vegetacid, i informacié
testimonial. Es a dir, té una orientacié fonamentalment cartografica, no centrada tant en la
gestid diaria (butlletins de perill d’allaus), com en I'aplicacié del coneixement del funcionament
de les allaus majors a la gestio del territori. Des dels primers treballs de cartografia, han passat
25 anys. Durant aquest temps, s’ha completat la cartografia de zones d’allaus al Pirineu de
Catalunya (Mapa de Zones d’Allaus; Oller et al., 2006), s’ha creat la Base de Dades d’Allaus de
Catalunya (Oller et al.,, 2005), i s’ha definit les bases per a la realitzacié de cartografies de
zonificacié del terreny segons la perillositat per allaus (Oller et al., 2013). Aix0 ha permes
documentar molta informacié d’ocurrencies d’allaus i millorar-ne el seu coneixement.
Tanmateix, a les serralades amb un baix régim de precipitacions com ara el vessant sud dels
Pirineus, la identificacié d’esdeveniments d’allaus de baixa freqiliéncia, rars, i normalment de
grans dimensions (destructives) esdevé complexa. Els efectes d’allaus de baixa freqtiéncia
sovint queden esborrats amb el pas del temps, tant de la memoria historica com del paisatge
(Mears, 1992). A més, als Pirineus catalans, 'emigracié de les poblacions de muntanya cap a
les ciutats durant els anys 60 i 70 del segle passat provoca una important dispersié humana i
una dificultat afegida en la cerca de la memoria historica. Tot aix0, fa que el risc d’allaus
presenti encara moltes incognites, malgrat ser significatiu (CADS, 2008). Conéixer amb quina
freqiiencia es produeixen aquests episodis majors i amb quina intensitat sén qliestions
fonamentals per a conéixer la seva perillositat i poder gestionar el risc d’allaus en aquesta

serralada.
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S’ha treballat amb allaus majors. S’ha considerat una “allau major” (MA; Major Avalanche), com
I'allau la mida de la qual excedeix I'abast de les allaus habituals (freqiients), causant danys en
cas que hi hagi infraestructures a la seva proximitat (Schaerer, 1986). So6n allaus que poden
tenir una mida molt variable, des de petita a extrema segons 'escala de mides d’allaus europea
(EAWS; https://www.avalanches.org/), equivalent a la D-scale (escala destructiva, o absoluta,
de la mida d’allaus, del Canada i els Estats Units), pero es caracteritzen per ser de mida R4
(gran, relativa a la zona d’allaus), o R5 (maxima o major, relativa a la zona d’allaus), segons la
R-scale (escala relativa de mida d’allaus, Greene et al., 2016; vegeu apartat 1.4, Material).
Aquestes allaus han estat descrites com a destructives per Schneebeli et al. (1997) i
especificament catastrofiques quan afecten poblacions i causen danys a propietats (edificis,
carreteres i altres infraestructures; Holler, 2009). Als Pirineus catalans, hem observat que
aquestes allaus tenen un periode de retorn superior a 10 anys. Hem considerat un “episodi
d’allaus majors” (MAE; Major Avalanche Episode) com el periode en el qual el desencadenament
d’'una o més MA tenen lloc a causa d’'una inestabilitat al mantell generalment causada per un
temporal amb fortes precipitacions de neu acompanyades de neu transportada pel vent, pero
també variacions de temperatures causant fusi6 i/o fluctuacions de la cota de neu; és
equivalent al designat com a “cicle d’allaus” per altres autors (Eckert et al., 2011; Héller, 2009).
Pot durar des d’unes hores a alguns dies. La seva relacié amb factors climatics fa el seu estudi
altament valuds per a millorar la predicci6 del perill d’allaus (Birkeland et al., 2001; Eckert et

al,, 2011; Garcia et al.,, 2009).

Hem treballat amb allaus majors (MA) perqueé (i) segons la definici6 de Schaerer (1986), sén
allaus destructives, que causen danys a les zones antropitzades i, per tant, comporten un risc, i
(ii), perque al ser destructives, deixen un rastre fisic sobre infraestructures o sobre el medi, i
és més facil que quedin retingudes en la memoria popular i siguin transmeses de generacié en
generacid, la qual cosa permet recuperar informacié de 'esdeveniment temps després d’haver
ocorregut. La reconstrucci6 dels esdeveniments i episodis és més incompleta com més enlla

anem en el temps.

Per a tal finalitat ha estat necessaria la implementacié d’'una base de dades d’allaus majors,

tasca que s’explica en els apartats que venen a continuacio (apartat 1.4).

Diferents treballs han tractat sobre caracteritzacié d’episodis d’allaus majors als Pirineus des

de diferents enfocaments. Esteban et al. (2005) relacionen I'activitat d’allaus amb el regim de
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precipitacions i caracteritza diferents patrons sinoptics de circulacié que poden generar
gruixos de neu recent susceptibles de produir allaus a partir d’'una série de dades de 15 anys.
Garcia et al. (2007, 2009) van proposar 'estudi a partir de I’analisi de la circulacié atmosferica
associada amb l'ocurréncia d’allaus majors documentades a partir de monitoritzaci6 i
seguiment. A partir d’episodis identificats els passats 40 anys, van determinar i classificar
quines son les configuracions atmosfériques que les van generar, i van obtenir la probabilitat
d’ocurrencia per cadascuna de les regions establertes per la prediccié regional del perill
d’allaus. Finalment, Muntan et al. (2004, 2009) van identificar nous esdeveniments a partir
d’analisi dendrocronoldgica d’anells dels arbres afectats per allaus, a partir dels quals van
reconstruir episodis majors i es van determinar les condicions de desencadenament
atmosfériques i del mantell nival durant els darrers 40 anys. També van identificar

esdeveniments probables fins a 100 anys enrere.

Als Alps francesos s’han realitzat extensos treballs (Eckert et al., 2010b; 2013) o Pirineus
francesos (Eckert, 2009; Eckert et al, 2007; 2010a; 2013), amb informacié d’allaus
observacional obtinguda a partir de 'EPA (Enquéte Permanente sur les Avalanches).
Esdeveniments d’allaus d’'unes 3.900 zones d’allaus van ser sistematicament registrades des
del comengament del segle XX. L’objectiu principal d’aquest treball va ser analitzar I'activitat
d’allaus a través del temps i I'espai amb I'objectiu de determinar tendencies o canvis, i la seva
possible relacié amb el canvi climatic, a partir de I'is de procediments estadistics avangats. Es
van determinar dos periodes mostrant diferents tendencies durant els darrers 60 anys amb un
punt d’inflexi6 al 1978, i una regressio en I'abast de les allaus durant els darrers 61 hiverns en
esdeveniments de gran magnitud, malgrat que la probabilitat d’ocurréncia d’'un esdeveniment
de gran magnitud s’ha mantingut constant, suggerint que el canvi climatic ha tingut recentment

poc impacte en el ritme d’episodis d’allaus majors a Franca.

Els estudis en altres serralades basats en registres d’allaus com a quantificadors de la magnitud
d’episodis d’allaus, estableixen indexs (per exemple, Avalanche Activity Index, AAI) per
quantificar el grau diari d’activitat o grau d’activitat per un periode temporal major amb
precisi6 variable depenent de les dades disponibles (Eckert et al., 2010a; Haegeli i McClung,
2003; Laternser i Schneebeli, 2002; Schweizer et al., 1998). Altres (Germain et al., 2009), van
usar indexs similar per quantificar l'activitat d’allaus identificada a partir de l'analisi

dendrocronologica. En tots aquests treballs la metodologia i escala de treball estan adaptats a
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la completesa i qualitat de la base de dades usada en cada cas. Els resultats de 'aplicacié
d’aquests index, indirectament, representen una perillositat major o menor, i sén de gran

interes per als Plans de Protecci6 Civil i la gestid del territori.

Els treballs referenciats als Pirineus s’han basat en caracteritzar la dinamica d’allaus majors en
base a metodes indirectes com la dinamica atmosfeérica o la dendrocronologia. Els treballs
d’Eckert tenen per objectiu avaluar els efectes del canvi climatic en el comportament de les
allaus. Els que estableixen diferents index d’activitat ho fan per a periodes curts. De manera
diferenciada, en aquesta Tesi es treballa directament amb els efectes d’allaus concretes en
zones d’allaus particulars per a caracteritzar-ne el seu comportament considerant escales de

temps des de diaries fins a centenaries.

Pel que fa a la modelitzaci6 per a la prediccié espacial, Furdada (1996) per primera vegada
aplica el model empiric estadistic noruec a-p (Lied i Bakkehoy, 1980) als Pirineus, per a la
predicci6 d’abast d’allaus d'un periode de retorn aproximat de 100 anys, establint les
equacions especifiques per a aquesta serralada. No és fins el 2010 (Oller et al.,, 2010) que es
torna a abordar la predicci6 espacial d’allaus als Pirineus, pero en aquest cas per al calibrat

dels coeficients de fricci6 del model de dinamica d’allaus AVAL-1D (Christen et al., 2002).

Segons McClung i Scharer (2006) la prediccié de la distancia d’abast es pot dividir en dues
aproximacions: el métode deterministic, numeric, i la prediccié empirica (basada en metodes
estadistics). El primer inclou la seleccié de coeficients de fricci6 com a input dels models
dinamics via una equacié6 diferencial per calcular la velocitat de l'allau al llarg de la trajectoria.
L’aplicaci6 d’aquests models suposa certes assumpcions en els parametres d’entrada que
habitualment presenten un elevat nivell d’incertesa (per exemple, el gruix de neu potencial
inestable). Per altra banda, el métode de la prediccid estadistica d’abasts extrems es basa en
'analisi de variables del terreny per una zona d’allaus donada. Els pioners foren Bovis i Mears
(1976) i Lied i Bakkehoi (1980). Es basa en l'ajust de les distancies d’arribada d’allaus
registrades en una serralada determinada a una distribuci6 de probabilitat o en formular una
equaci6 de regressio per predir la posicié d’abast com a funci6é de certes variables morfo-
topografiques inherents al terreny, considerades fixes a ’escala temporal centenaria a la que
es treballa. Segons els citats autors, els millors metodes per determinar distancies d’abast és a
partir de (i) observacions de llarg termini de diposits d’allaus, (ii) observacions de danys a la

vegetacio, terreny o estructures, i (iii) cerca al registre historic, com a les hemeroteques, fotos
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aeéries antigues, o altre material antic. Aquesta informacié és la base del métode empiric-
estadistic. La seva aplicaci6 té interes en la determinacié de la perillositat d’allaus ja que
permet estimar I'abast d’allaus extremes a partir de la regressié amb abasts d’allaus conegudes,
i contrastar els resultats obtinguts a partir dels models de dinamica, com per exemple es fa a

Oller et al,, 2020 (Annex 3).

1.1 Articles i estructura de la tesi

L’estructura de la tesi segueix la normativa del doctorat de tesi per a tesis constituides per un
compendi de publicacions. Esta estructurada en els segiients apartats: introducci6 general, que
inclou el marc en el que s’integren els dos articles publicats durant la realitzacié de la tesi, les
hipotesis de partida i els objectius, resultats, discussi6 i conclusions. Els dos articles publicats

son els segiients:

- Oller, P, Muntan, E. Garcia-Sellés, C., Furdada, G., Baeza, C., Angulo, C. (2015).
Characterizing major avalanche episodes in space and time in the twentieth and early
twenty-first centuries in the Catalan Pyrenees. Cold Regions Science and Technology.
Vol. 110, P. 129-148 (en endavant, Article 1, Annex 1)

- Oller, P, Baeza, C, Furdada, G. (2021). Empirical a-f runout modeling of snow
avalanches in the Catalan Pyrenees. Journal of Glaciology 1-12.

https://doi.org/10.1017/jog.2021.50 (en endavant, Article 2, Annex 2)

Relacionats amb aquests articles, i en el marc de la tesi, s’han realitzat també dos articles més,
un publicat en uns proceedings de workshop i I'altre en una revista indexada, pero que séon

derivats, o s’hi apliquen els coneixements obtinguts en el treball de la tesi (Annex 3):

- Oller, P., Baeza, C., Furdada, G. (2018). Statistical runout modeling of Snow avalanches
in the Catalan Pyrenees. Proceedings of the International Snow Science Workshop.
Innsbruck, Austria. P. 751-755.

- Oller, P, Fischer, ].T., Muntan, E. (2020). The Historic Avalanche that Destroyed the

Village of Arreu in 1803, Catalan Pyrenees. Geosciences, 10, 169.

L’Article 1 (Oller et al., 2015), publicat a Cold Regions Science and Technology se centra en la

caracteritzacié espai-temporal de la dinamica d’episodis d’allaus majors al Pirineu catala.
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L’objectiu és caracteritzar el Pirineu catala a partir de la base de dades d’allaus majors en funcié
de la distribuci6 i freqiiencia d’aquests episodis o cicles. S’ha treballat la informacié
cartografica a escala regional, perd quantificant la intensitat de les allaus a partir de la
cartografia detallada de I'abast de les allaus. Es treballa directament amb allaus majors (MA)
concretes en que, a partir del seu abast i la relacié amb la resta d’allaus registrades en una
mateixa zona d’allaus, s’ha estimat la seva freqiiéncia. Aixd ha permeés quantificar la magnitud
de 'episodi (MAE) en qué han tingut lloc, en funcié del nombre d’allaus ocorregudes, del seu
abast individual, i de I'extensio territorial de I'episodi. Per a tal finalitat s’ha concebut un index
que s’ha anomenat MAAMI, basat en I'’Avalanche Activity Index (AAl), ja comentat en I'apartat
anterior. El treball realitzat a I’'Article 1 ha servit, a més a més, per depurar tota la informacié

de la base de dades, consolidant-la i donant-li robustesa.

Complementariament, a I'article 2 (Oller et al., 2021), publicat al Journal of Glaciology, s"ha
treballat molt més al detall, a escala d’esdeveniment d’allau. S’ha realitzat un exercici d’analisi
de les diferents variables morfometriques mesurades en la cartografia, amb I'objectiu
d’actualitzar els resultats obtinguts per Furdada (1996) amb més informacié i més precisa,
gracies a les eines i mitjans actuals de cartografia, per a la determinaci6 de I'abast d’allaus a
partir del model empiric de regressié a—f per a la determinaci6 de I'abast de les allaus (Lied i

Bakkehoi, 1980).

L’article 2 es fonamenta en tota la feina feta en la base de dades i en I'’Article 1. Va ser necessari
el coneixement adquirit sobre la regionalitzaci6 de les allaus a nivell espacial i també a nivell
de freqiiencia d’ocurréncia d’episodis d’allaus majors (MAE). Aixo permet entendre i posar en
context els resultats del segon article. Aquests resultats també serveixen per posar en context

i entendre millor les particularitats climatiques dels Pirineus en relacié a la simulaci6 d’allaus.

Disposar d’'una base de dades completa i ben estructurada ha permeés gestionar de forma
eficient la informacié cartografica, per a seleccionar les allaus més idonies per al seu

tractament en cadascun dels articles, segons les variables necessaries en cada cas.

L’article Oller et al. (2018), és una presentacio de resultats preliminars de I'aplicacié del model
o—P al congrés ISSW (International Snow Science Workshop) d’Innsbruck, 'octubre de 2018.
Tal com es veura més endavant, donat que es va identificar que hi havia allaus considerades

com a T100, que no superaven el punt 3 (vegeu apartat 2.3, Estimacié de I'abast de les allaus
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majors), es van separar del conjunt de dades i es van analitzar a part. Com a resultat de les
converses mantingudes amb Peter Gauer durant el workshop, aquests esdeveniments es van
reincorporar posteriorment al conjunt de dades donat que formen part dels extrems que no

arriben a 3, aixi com hi ha extrems que superen ampliament f.

L’article Oller et al. (2020), publicat a la revista Geosciences, analitza un cas d’estudi d’'una allau
historica, I'allau que destrui el poble d’Arreu, al Pallars Sobira, el 1803, en qué mitjangant
retroanalisi (back-analysis) es realitza diferents proves de sensibilitat dels coeficients de fricci6
del model de simulacié dinamica austriac SAMOS-AT, i per contrastar i validar els resultats

obtinguts, s’aplica el model a—f.

1.2 Hipotesis i objectius de la tesi

La tesi parteix de la premissa principal de que la dinamica d’allaus d’'una serralada és
caracteristica d’aquella serralada (McClung et al., 1989). Segons aquests autors, les prediccions
d’abast d’allaus fiables en una determinada serralada han d’estar basades en un conjunt de
dades d’aquella serralada. Per tant, per poder predir bé les distancies d’abast de les allaus,
és necessari conéixer quin és el seu ambit, on es produeixen, com i quan es produeixen i
quina magnitud tenen. Per tant, és necessari un coneixement previ ampli de la dinamica
dels episodis d’allaus als Pirineus, per entendre el seu comportament individual, quan es
treballa a 'escala de zona d’allaus (AP, Avalanche Path). Els objectius de la tesi han estat,

doncs, millorar el coneixement en aquests ambits, d’acord amb la hipotesi principal.
Per tant, i resumint, les hipotesi generals de partida sén:

- Als Pirineus les allaus tenen una dinamica propia i caracteristica. Les diferencies
climatiques existents dins la mateixa serralada possiblement facin que hi hagi
diferencies en la seva dinamica segons on tinguin lloc. Per tant, la freqliéncia, extensié
i magnitud amb qué es produeixen els episodis d’allaus, estan probablement
condicionats per les diferents varietats climatiques existents als Pirineus.

- Les distancies d’arribada d’allaus esdevingudes en una serralada s’ajusten a una

distribuci6 de probabilitat caracteristica d’aquella serralada. Per tant, el coneixement
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dels parametres que defineixen la dinamica de les allaus majors als Pirineus fa que el

seu comportament es pugui predir en el futur.
D’acord amb aquestes hipotesis, els objectius de la tesi han estat:
En relacié ala caracteritzaci6 dels episodis d’allaus majors (Article 1):

- (i) reconstruir els episodis d’allaus majors ocorreguts als Pirineus catalans durant els
segles XX i principi del segle XXI.

- (ii) determinar la seva magnitud

- (iii) determinar la seva freqiiéncia

- (iv) determinar la seva extensio territorial

- (v) regionalitzar el Pirineu catala en funcié de la dinamica d’episodis majors.
En relaci6 a la determinacié de les distancies d’arribada (Article 2):

- (i) actualitzar el model a-f per als Pirineus catalans, usant les eines de cartografia
disponibles actualment i el coneixement actual de la dinamica d’allaus en aquesta area,
particularment els esdeveniments d’allaus extremes durant el darrer periode,
aproximadament de 100 anys.

- (ii) analitzar els factors que influencien la distancia d’abast, prenent en consideracié
les caracteristiques morfométriques i dinamiques del conjunt de dades d’allaus, aixi
com també nivoclimatiques.

- (iii) investigar si les caracteristiques particulars de les zones d’allaus poden tenir
influéncia en el fet que allaus extremes tinguin un abast relativament curt i no arribin
al punt 3 (vegeu apartat 1.5, Métodes), com és el cas del 21% de les allaus extremes en
el conjunt de dades utilitzades i si, per I'altra banda, poden influenciar en les distancies

d’abast més llargues.

La verificacié de les hipotesis i 'assoliment dels objectius redunda en un objectiu final: la
millora de 'avaluacio de la perillositat de les allaus al Pirineu catala. Els resultats de la recerca
realitzada a la Tesi tenen un clar objectiu final de reduccié del risc d’allaus al Pirineu catalj, ja
que es poden aplicar a la gesti6 del territori, en la planificacié territorial, en la planificacié
urbanistica i d’infraestructures, i en la gestié de crisis durant episodis severs de nevades i

allaus.
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1.3 Zona d’estudi

L’area d’estudi son els Pirineus catalans (sector sud-est de la serralada Pirinenca, Figura 1),
una area d’'uns 5.000 km2. Es tracta d’'uns limits administratius. Aixd és degut a que la
informacié de base amb que s’ha treballat prové de la tasca de cartografia i base de dades que
I'ICGC (anteriorment SGC, ICC, IGC) ha realitzat de forma exhaustiva en aquesta zona durant
els darrers 30 anys i, per tant, es tracta d'un sector privilegiat en relacié a la quantitati qualitat
d’informaci6 cartografica disponible. Per altra banda, I'lCC, a partir de finals dels anys 90, posa
a disposicio del public les imatges aéries amb cobertura de tot el territori a través del portal
Vissir (http://www.icc.cat/vissir/), que ha anat completant des d’aleshores. Actualment, amb
continuitat des de 1946, disposa de 19 vols complerts de tot el Pirineu (1946, 1956, 1990, 1993,
1996/97, 2005, 2007, 2008, 2009, 2011, 2012, 2013, 2014, 2015, 2016, 2017,201812019)i 7
vols parcials (1988, 1991, 1992, 2000, 2001, 2002 i 2010).

En aquesta zona, les valls principals drenen principalment cap el sud, amb una cota a fons de
vall entre els 500 i els 1.000 m s.n.m., mentre que els cims més alts excedeixen els 3.000 m
s.n.m.. Alla on el terreny és favorable (susceptible) al desencadenament d’allaus, les allaus
poden desencadenar-se a partir dels 1.400 m s.n.m. i poden assolir, en davallada, cotes de fins
2600 m s.n.m. (Oller etal., 2006). En aquesta area, 'Institut Cartografic i Geologic de Catalunya
(ICGC) hi du a terme una tasca de seguiment i vigilancia des de 'any 1996, a partir de la qual
les dades d’allaus s’incorporen a la base de dades d’allaus de Catalunya (BDAC, Oller et al.,
2005). En aquesta zona, el limit del bosc (timberline) oscil-la entre 2.100 i 2.500 m s.n.m.
(Carreras et al., 1996). Per sobre d’aquesta cota (treeline), el bosc desapareix i només alguns

arbres poden desenvolupar-se com a arbusts.
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Figura 1. Zona d’estudi. Zones acolorides: zones susceptibles al desencadenament d’allaus. En lila: zona
d’influéncia atlantica. En blau: zona d’influéncia continental. En vermell: zona d’influéncia mediterrania. . Les linies
negres corresponen als limits de les regions nivologiques definides per a la predicci6 d’allaus.

Aquesta area va ser dividida en 7 regions (Figura 1) com a resultat empiric de 20 anys de
prediccid d’allaus (Garcia-Sellés et al., 1996). Aquesta divisid es va basar en les caracteristiques
climatiques, I'evolucié del mantell nival i I'activitat d’allaus (Garcia et al., 2007) per a una millor
caracteritzacié de les condicions de la neu i per a una millor comunicacié dels butlletins de
perill d’allaus (BPA). No es tracta d’una classificaci6 climatica en sentit estricte, perque
actualment les séries de dades meteoroldgiques no son suficientment llargues per corroborar-
ho (Garcia et al., 2007). Aquestes regions son, d’oest a est, Aran-Franja nord de la Pallaresa
(AR), Ribagorcana-Vall Fosca (RF), Pallaresa (PL), Perafita-Puigpedrdés (PP), Vessant nord del
Cadi-Moixeré (CM), Prepirineu (PR), i Ter-Freser (TF). En aquesta zona s’hi ha definit tres
varietats climatiques (Garcia et al.,, 2007). La part nord-occidental té un clima oceanic humit
amb precipitacions regulars a I'hivern (regié AR). La quantitat total de neu nova és de I'ordre
de 500-600 cm a I'hivern i la temperatura mitjana d’hivern és de -2,52C a 2.200 m s.n.m.. Cap
al sud dels Pirineus Catalans occidentals (regions RF, PL, PP i CM), el clima guanya trets
continentals i la precipitacié d’hivern decreix. El gruix mitja de neu a 2.200 m s.n.m. és de 250
cm a l'hivern i la temperatura mitjana és de -1,3 ¢C. Els vents predominants sén de nord i nord-

oest, i sobn més intensos que en el domini oceanic, sovint amb cops per sobre dels 100 km/h.
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Als Pirineus Orientals, la influencia Mediterrania pren predominanca. La precipitacié d’hivern
s'incrementa malgrat ser molt irregular (regions PR i TF) i esta lligada a la ciclogénesi
Mediterrania. Els vents dominants sén de nord i els cops maxims poden excedir els 200 km/h
a 2.000 m s.n.m.. La quantitat total de neu nova a 2.200 m s.n.m. és de 'ordre de 350-450 cm i

la temperatura mitjana d’hivern és de -0,82C.

1.4 Material

Per a poder assolir els objectius de la tesi ha estat necessari implementar una base de dades
que s’ha anomenat Base de Dades d’Allaus Majors (MADB, Major Avalanche Data Base). En
aquesta s’hi ha incorporat tota la informaci6 obtinguda en la cartografia d’allaus majors. La
informacio inicial d’allaus majors d’aquesta base de dades prové de la BDAC (Base de Dades
d’Allaus de Catalunya), creada i gestionada per I'ICGC. Cal indicar que vaig ser el responsable
de la creacio, desenvolupament, actualitzacié i manteniment d’aquesta base de dades des de
I'any 2005, de la seva creacid, fins al 2014. Tanmateix, la cartografia de la BDAC no és
exhaustiva, i no recull els parametres necessaris per a I'objectiu d’aquest treball. Per aquesta
rad, vaig crear una base de dades especifica (la MADB), a partir de la qual vaig anar entrant
nova informacié d’allaus majors. Gracies a les ortoimatges del portal Vissir de 'lCGC, aquesta
informacié és considerablement exhaustiva: recull totes les allaus que s’han identificat davallar
per sota de la treeline, o sigui, per sota del limit del bosc i, per tant, a partir de 1946, i
especialment 1997, en que s’incrementa la continuitat en les séries de fotografia aéria.

Tanmateix, altres fonts d’informaci6 han estat explotades:

- (i) observacié directa d’esdeveniments
- (ii) fotointerpretacié d’'imatges aéries
- (iii) inspecci6 de camp (d’estiu i/o d’hivern)
- (iv) informacié historica provinent de:
0 Testimonis
0 Documents antics
0 Fotografies antigues

- (v) dendrocronologia
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L’abast temporal i completesa de la informacié depén de la font. Les dades d’observacions
d’esdeveniments s’han obtingut a partir de 30 anys de seguiment hivernal (ICGC). La
fotointerpretacio cobreix des dels primers vols, de 1946, fins a I'actualitat (75 anys). Les dades
obtingudes a partir de dendrocronologia cobreixen aproximadament des del segle XIX fins al
present (uns 150 anys o, puntualment, més; Muntan et al. 2004, 2009 i 2010), les descripcions
de testimonis han aportat informacié principalment del segle XX (darrers 120 anys
aproximadament o, puntualment, més), i les dades obtingudes a partir dels textos escrits
(documentacié historica) tenen un abast temporal fins el segle XV (darrers 500 anys
aproximadament). Cada font contribueix en diferent manera, essent aixi fonts
complementaries (Ancey, 2006; Corona et al., 2012), I'is conjunt de les quals millora la
reconstruccié de les allaus registrades. Les fonts d’informacié i les caracteristiques de les dades

emmagatzemades es descriuen en detall a I’'Article 1 (Annex 1).

La MADB inclou informaci6é sobre la data de desencadenament de l'allau, les condicions
nivologiques i meteorologiques de I'esdeveniment, les dades morfometriques, les
caracteristiques dinamiques del flux, i els danys causats. A ’Annex 4 es descriu en detall els
camps de la base de dades i la informacié grafica i cartografica que conté. Actualment, la MADB
emmagatzema informacié de 923 allaus majors, cartografiades en 570 zones d’allaus del

Pirineu catala (Figura 2).

La base de dades té una part grafica georeferenciada (cartografia, realitzada en un entorn
SIG, i fotos dels esdeveniments) i una part alfanumerica (informacié temporal, geografica,
geomorfoldgica, morfomeétrica i dinamica, implementada en un entorn Microsoft Excel). Es
tracta d’'una base de dades de treball exclusivament concebuda per a generar la informaci6

necessaria per al present treball de doctorat.
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Figura 2. Distribucid de les allaus majors inventariades actualment a la MADB (punts grocs). Les arees
ombrejades corresponen a les arees susceptibles al desencadenament i abast d’allaus. Les linies negres
corresponen als limits de les regions nivologiques definides per a la prediccié d’allaus.

Quan es va realitzar el treball de I'Article 1, la MADB disposava d'un conjunt de dades
consistent en 654 allaus majors, 477 de les quals estaven datades, al menys, a resoluci6
d’hivern, i la resta, amb menys precisié. En I'Article 2, donat que es van anar disposant de més

dades, es va treballar amb 897 MA cartografiades en 551 zones d’allaus.

Els camps de la base de dades es van anar afegint a mesura que es va considerar la necessitat
d’una o altra variable. Actualment la MADB consta de 104 camps. Els valors d’'un bon nombre
de camps s’obté a partir de calculs entre camps amb valors mesurats (per exemple, desnivells,
pendents, indexs, etc). En aquest sentit, la base de dades és oberta a I'entrada de noves

variables que es consideri d’interes.

Basat en la completesa de les séries, es van definir 3 periodes (Figura 3): (i) P1, amb registres
molt esporadics previs al segle XX obtinguts a partir de documentaci6 historica
majoritariament. Normalment es tracta d’esdeveniments aillats que afecten a localitats
habitades. (ii) P2, que cobreix el segle XX, fins 'hivern 1994/95. El conjunt de dades és

incomplet pero probablement inclou els esdeveniments més importants, ja que si han
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transcendit és precisament per aquest motiu. P3 (iii), des de 'hivern 1995/96 fins al present,

el registre d’allaus majors es pot considerar sistematic i complet.

Source of data
150 = | [ Event observation
[ Photointerpretation
Historic-oral

. Historic-written
Dendrochronology

100 =

P2 P3

v
r s
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MA frequency

o
o
1

T T
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Figura 3. Distribuci6 decenal de MAs (allaus majors) registrades, i fonts de dades per als periodes P2 i P3. Les
dates d’hivern tenen el format A1A1A1A1A2Az2, on A1A1A1A1 és 'any en que comenga la temprada hivernal de la
década, i A2Az correspon a 'any que en qué finalitza la temporada hivernal de la década.

En l'article 1 s’explica com so6n les allaus majors (MA), i es comparen amb les observacions
d’allaus registrades a la BDAC (AO, Avalanche Observation), que inclou allaus de baixa
freqiiéncia com les MA, pero sobretot allaus d’alta freqiiéncia, que sén les més habituals, i que
sén les que acostumen a causar accidents entre els practicants de la muntanya hivernal. En
general, les MA s6n de mida mitjana a gran (mides D3 i D4 principalment, d’acord amb I’escala
canadenca i europea de classificaci6 de la mida d’allau, McClung i Schaerer, 2006; Taula 1) amb
capacitat destructiva remarcable. Pero allaus de mida petita poden també ser considerades
allaus majors si van causar danys tal com indica la Figura 4. En tot cas, segons I'escala relativa
d’allaus (Greene et al.,, 2016; Taula 2), es tractaria d’allaus R4 o R5, grans o majors o maxims

en relacié a la seva zona d’allaus.
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Figura 4. Mida de les allaus majors documentades (MAs, n=528 de 654) i mida de les allaus observades i
documentat a la BDAC des de 1971 (BDAC-AO, n=2054 de 3052) d’acord amb I'Escala Canadenca de la mida de les

allaus (McClung i Schaerer, 2006).

Taula 1. Escala de mida absoluta (D-scale). Extret de Greene et al. (2016).

DATA CODE AVALANCHE DESTRUCTIVE POTENTIAL TYPICAL MASS  TYPICAL PATH LENGTH
D1 Relatively harmless to people, <10t 10m
D2 Could bury, injure, or kill a person. 10°t 100 m
D3 Could bury and destroy a car, damage a truck, de- 10°¢ 1000 m
stroy a wood frame house, or break a few trees.
Could destroy a railway car, large truck, several .
D4 buildings, or substantial amount of forest. 10t 2000/m
D5 Could gouge the landscape. Largest snow ava- 105 3000 m

lanche known.

Taula 2. Escala de mida relativa (R-scale). Extret de Greene et al. (2016).

DATA CODE AVALAMNCHE SIZE

R1
R2
R3
R4
R5

Very small, relative to the path.
Small, relative to the path
Medium, relative to the path
Large, relative to the path

Major or maximum, relative to the path

En relaci6 amb el tipus de dinamica observat (Figura 5), les allaus majors s6n majoritariament

allaus en les quals s’hi ha observat aerosol (absolutament pols o mixtes). Sén més seques, i per
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tant més lleugeres, més rapides i més potents que les allaus més habituals, que son

majoritariament les de neu densa o humida.
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Figura 5. Tipus de dinamica de les allaus majors (MAs; n=223 de 654) en relaci6 a I'observacié d’allaus registrada
ala BDAC des de 1971 (BDAC-AO; n=1371 de 3052).

1.5 Metodes

S’han dut a terme diferents treballs amb la caracteritzacié d’episodis d’allaus majors als

Pirineus des de diferents punts de vista.

A I'Article 1, s’ha concebut un index, Index de la Magnitud de I'Activitat de les Allaus Majors
(MAAMI; Major Avalanche Activity Magnitude Index). Aquest index esta basat en el nombre
d’allaus majors registrades i la seva freqiiéncia estimada en un periode de temps donat

(episodi, hivern) i, per tant, quantifica la magnitud dels episodis o dels hiverns d’allaus majors.

A T'article 1, totes les allaus majors registrades a la BDAC en aquell moment (654) van ser

utilitzades per al treball. Per a cadascuna d’elles es van usar les seglients variables:

- Abast de I'allau, mesurat en el pla horitzontal des del punt 3 (punt del perfil topografic
on el vessant arriba als 102 de pendent; Figura 8), en m.
- Freqliencia d’arribada relativa estimada a partir de la distribuci6é d’abasts observats a

la zona d’arribada de cadascuna de les zones d’allaus (ordinal).
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- Massa forestal devastada, mesurada a partir de la comparaci6 d’ortoimatges pre i post

allaus (en ha).

La relacié intensitat/freqiiéencia de cada esdeveniment s’ha obtingut a partir de la posici6
relativa dels diferents abasts mesurats a la zona d’arribada (Figura 6). A cada esdeveniment

registrat, se li va assignar una freqiiencia en base a:

i. Nombre de vegades que esdeveniments amb arribades similars van ser repetits en
relacié al periode de temps transcorregut entre ells.
ii. Estat i tipus de vegetacio a la zona d’arribada de les allaus.

iii. Relaci6 espai/temps entre abasts d’allaus registrades en cada zona d’allaus.

HF MF LF
A-B l v
_— o 2004/05
enc"’edi@m 1959/60 1986/87
on

1
e 1982/83 izooj/“

N

1500

1450 .
2100 2200 2300 2400 2500 2600 2700

Figura 6. Exemple de d’abasts de diferents allaus en una mateixa zona d’allaus (PAL376) cartografiades
(esquerra) i representades en el perfil topografic (dreta). HF, MF i LF: Abast d’allaus d’alta freqiiéncia (High
Frequency), de freqliencia mitjana (Medium Frequency) i de baixa freqiiéncia (Low Frequency).

A partir de l'agrupacié d’allaus individuals en episodis segons la data d’ocurrencia, i de la
quantificacié de la magnitud de 'episodi o de '’hivern amb I'index MAAMI (vegeu apartats a

continuacio), s’ha pogut reconstruir el registre d’episodis i comparar-los entre ells.

Els episodis d’allaus majors registrats a P3 (vegeu apartat 1.4, Material, i Figura 3) es van
classificar segons el tipus de dinamica observada en (i) aerosol, (ii) flux dens sec, (iii) flux humit
i (iv) slushflow, i es van associar als patrons de circulacié atmosférica definits per Garcia et al.
(2009), amb l'objectiu d’analitzar-los des de I'ambit climatic (vegeu apartat 2.2.1., Analisi
magnitud/freqiiencia dels episodis d’allaus majors). La classificacid, segons el tipus de

dinamica observada, es va fer en base a les segiients consideracions:

- Aerosol, allau de neu pols (Allau -sovint desencadenada com una allau de placa-

constituida per neu recent seca que forma una barreja turbulenta d‘aire i de neu que
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s‘eleva totalment o parcialment sobre el sol i en forma de grans navols polsegosos de
neu; assoleix velocitats de l'ordre de 100-300 km/h i pot provocar dins de 1‘aire ones
de pressid que causin destrosses fins i tot fora de la zona d‘acumulacio; Glossari EAWS
2021): al registre d’allaus de l'episodi s’ha observat o documentat component
d’aerosol. No s’incideix en si sdn aerosols purs o allaus mixtes, ja que no es disposa

d’'informaci6 tan detallada de tot el conjunt de dades.

- Flux dens sec (El moviment és fonamentalment per lliscament o escolament sobre el
terra o per damunt de la resta de mantell nival, compost per neu seca; Glossari EAWS
2021): al registre d’allaus de I'episodi no es registra allaus amb aerosol significatiu, i

les allaus sén de neu seca.

- Flux dens humit (El moviment és fonamentalment per lliscament o escolament sobre
el terra o per damunt de la resta de mantell nival, compost per neu humida; Glossari

EAWS 2021): les allaus s6n de flux dens, humides.

- Slushflow (Allau composta per slush -neu molt saturada-. Tenen lloc habitualment
després d’un xafec d’aigua i/o una intensa fosa el qual produeix més aigua que la que
pot drenar el mantell. Els slushflows poden tenir lloc en pendents molt suaus.
Habitualment tenen lloc en climes Artics sobre sols amb permafrost quan el gebre de
profunditat sec, esdevé rapidament saturat d’aigua a la primavera; Glossari EAWS

2021): en I'episodi es registren slushflows, que tanmateix s6n una raresa als Pirineus.

Pel que fa al model a—f (Article 2), és un model de regressid relativament simple que explica
les distancies d’abast observades usant varies covariables topografiques. Per tant, es pot
considerar una prediccié determinista de 'abast extrem esperable en una determinada zona
d’allaus, i les consideracions d’incertesa només concerneixen a la incertesa estadistica
relacionada ala mida del conjunt de dades. Malgrat la seva simplicitat, el model és relativament
exitds per ala prediccié d’abasts extrems (Gauer et al., 2010). El model, on o representa I’abast
i B representa el pendent de la zona d’allaus, va ser desenvolupat per Lied i Bakkehgi (1980)
usant dades de 111 zones d’allaus a Noruega que tenien abasts molt ben coneguts. Van trobar
que B era I'tnic predictor significant i, des d’aleshores, el model o—f3 ha estat adaptat a altres

serralades a Europa, Nord Ameérica i Jap6 (Taula 3).
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Taula 3. Comparativa dels models o—f publicats (equacions generals). Completat i actualitzat a partir de Wagner
(2016). R?, coeficient de correlacié de Pearson; SD, desviacié estandard; N, nombre d’allaus usades per a obtenir el

model.
Country (region) Regressive equation R* sD N Reference
Austria (general) «=0.9464 — 0.83° 092 15" 80 Lied and others (1995)
Austria (Paznauntal) a=0915+0.81° 083 17 - Fuchs and others (2002)
Austria (Pitztal) a=0835+4.07" 080 13° - Fuchs and others (2002)
Austria (Salzburg, Styria, Tyrol, Vorarlberg, Upper Bavaria and  « =0.8845 — 0.226" 0.80 253" 44 Wagner (2016)
Allgau) a@=1035-3174—-3.17° 0.85 2.18°
@ =0.9955+0.00349H; — 6.994 + 0.0133HaA — 091 1.70°
3.63°
Canada a=0938 075 - 126 McClung and Mears (1991)
Canada (Rockies and Purcells) a =09564 — 0.784" 075 175" 126 Nixon and McClung (1993)
Canada (Coast Mount., British Columbia) @ =09545 — 1.395° 0.74 170° 31 Nixon and McClung (1993)
Canada (Glacier Nat. Park, British Col.) a@=09348 0.891 1.05° 35 Delparte and others (2008)
Canada (Celumbia Mountains, British Col.) a=0908+0.69 090 0.045* 33 Johnston and others (2012)
Canada (Fernie-Region, Canadian Rockies, British Columbia) a=0615+7.60° 066 1.19° 30 Johnston and others (2012)
France a=0824+2.82° 066 2.69° 168 Adjel (1995)
Italy (Bacino del Cordevole) =089 +0.66° 0.73 162° 53 Barsanti (1990)
Italy (val di Rabi) a=08TF+1.71° 0.85 146° 54 Castaldini (1994)
Iceland a=0.858 052 22° 44 Johannesson (1998)
Japan a=056+0.356 — 1.01° 063 3.8° 66  Fujisawa and others (1993)
Norway (general) a=09TF— 14" 088 35° 111 Lied and Bakkehei (1980)
Norway (general) a=0968—1.4° 085 23° 206 Bakkehsi and others (1983)
Norway (Western) a=090p 087 - 127 McClung and others (1989)
Slovakia (Westem Tatras) a@=0914—0.04° 090 11° 30 Biskupic and Barka (2010)
Spain (Catalan Pyrenees) a=0978-1.20° 087 174° 216 Furdada and Vilaplana
(1998)
USA (Rocky Mountains, Colorado) @ =0.1558"+ 074 148" - Martinelli (19386)

0.87394— 0.1243453

USA (Coastal Alaska) a=0.T48+3.67° 058 - 52 McClung and Mears (1991)
USA (Coastal Mountains) a=0908 0.74 170° 31 Nixon and McClung (1993)
USA (Colorado Rockies) a=0635+4.68" 050 - 130 McClung and Mears (1991)
USA (Siera Nevada, Califomia) a=06TH+2.50° 060 - 90 McClung and Mears (1991)

ATlarticle 2 s’ha treballat amb allaus amb un periode de retorn estimat de I'ordre dels 100 anys
(T100). S’ha considerat aixi per dues raons principalment: (i) fins a finals del segle XIX es
considera que perdura el periode conegut com a LIA (Petita Edat del Gel, Little Ice Age). Alguns
dels esdeveniments registrats a la base de dades s’han donat a conéixer a partir de documents
historics, i van ocorrer abans del segle XIX, durant aquest periode. L’abast d’aquestes allaus, és
superior a I'abast de la resta d’esdeveniments en les respectives zones d’allaus, considerats
com a centenaris (Garcia-Hernandez et al.,, 2018; Garcia et al.,, 2005, Oller et al., 2020). Per
aquesta ra6, es van descartar, doncs es va considerar que corresponien a unes condicions
climatiques diferents a les actuals (Mann, 2002; Oliva et al., 2018). Per altra banda (ii), per
avaluar el perill d’allaus, 100 anys és un dels principals periodes de retorn de referéncia al
majoria de paisos alpins (Rudolf-Miklau et al., 2015). A més, I'escala de treball centenaria és
una escala de referencia bona per avaluar fenomens perillosos que han de ser gestionats a
escala humana i que, per tant, han de contemplat fenomens de gran magnitud que es poden
produir al llarg de la vida d’un parell de generacions o al llarg de la vida util d'una construccié.
Per aquests motius, es va considerar treballar amb allaus amb un periode de retorn estimat de

I'ordre dels 100 anys. Com que el periode temporal de registres del que es disposava era
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principalment de finals del segle XIX fins a I'actualitat, els esdeveniments d’allaus majors (MA)
es van classificar comparant la distribuci6 de distancies d’arribada per a cada zona d’allaus. El
criteri que es va aplicar fou seleccionar la major allau per cada zona d’allaus, si es disposava de

prou informaci6 per a poder confirmar que es tractava de I'allau més gran en 100 anys.

Les allaus seleccionades havien de complir uns requeriments necessaris per a ser usades en el
model o—f (a part de ser considerades les majors en 100 anys): tenir una zona de sortida
diferenciada i Unica, i no haver-hi modificacions antropiques (Sinickas i Jamieson, 2014). A
més, s’hi havia d’haver pogut mesurar totes les variables seleccionades per a la construccié6 del
model (Taula 4). Aquests condicionants reduiren el nombre d’allaus del conjunt de dades a 97
esdeveniments (12% del conjunt de dades, distribuit homogéniament a la zona d’estudji, Figura

7, Annex 6).

Figura 7. Distribucid de les allaus majors seleccionades per a I'aplicaci6é del model o—f (punts grocs). Les arees
ombrejades corresponen a les arees susceptibles al desencadenament i abast d’allaus. Les linies negres
corresponen als limits de les regions nivologiques definides per a la predicci6 d’allaus.

Els criteris per a la selecci6 de les variables a contrastar per al model foren, per una banda, les
que tenien una influencia demostrada en I'abast de I'allau en les publicacions de referéncia

(Lied i Bakkehgi, 1980; Nixon i McClung, 1993), per altra, es van afegir altres parametres que

20



Caracteritzacid espaciotemporal de la dinamica d’allaus de neu majors al Pirineu catala Introduccié

es van considerar que també hi podien intervenir, sempre que haguessin pogut ser mesurats

en tot el conjunt de dades. Son els segiients (Taula 4, Figura 8).

Taula 4. Variables seleccionades per a la construccid del model.

Variable Definicié

Angle o (2) Angle alfa, angle d’abast runout angle. Es el pendent de la linia que connecta I'extrem superior
de la zona d’allaus amb la posicié de maxim abast observat (punt a).

Angle  (9) Angle beta. Es el pendent de la linia que connecta el punt superior de la zona d’allaus amb el punt
del perfil topografic on el vessant arriba als 102 de pendent (punt f3).

Angle 0 (2) Angle theta. Correspon al pendent dels 100 m superiors de la zona de sortida (6100, Bakkehgi et
al., 1983).

y” (m1) Esla segona derivada de la funcié polindmica que s’ajusta millor al perfil del terreny. Es un factor
de terreny que descriu la totalitat del perfil del terreny (Bakkehgi et al, 1983).

H, Ho (m) H és el desnivell, mesurat com la diferéncia entre 'extrem superior de la zona d’allaus a la
intercepcié amb I'eix de les y, i el punt minim en la funcié polindomica de segon grau ony’ = 0. En
general, s’assumeix que H és molt propera al desnivell de I'allau (Ha).

Hp (m) Es el desnivell corresponent, mesurat entre 'extrem superior de la zona d’allaus a la intercepci6
aleix delesy,iel punt .

L, Lo (m) Es la distancia horitzontal de la zona d’allaus des del punt d’inici al punt a.

Ls (m) Es la corresponent distancia horitzontal des del punt d’inici al punt p.

PT (ordinal)  Es el perfil topografic. Es van classificar d’acord amb la topografia a la zona de transicié trajecte
- arribada amb I'objectiu d’agrupar alguns perfils que poden ser classificats de forma similar per
diferents experts com (1) gradual: el pendent de la transicié trajecte - arribada decreix
gradualment; (2) abrupte: hi ha una transicié abrupta des d’'un pendent relativament dret a un
pendent de 0° o proper a la zona d’arribada (hockey-stick, Jones i Jamieson, 2004); (3)
remuntada: hi ha una transicié6 abrupta des d’'un pendent relativament dret a un pendent
negatiu; (4) gradual/abrupta - remuntada: hi ha una transicié gradual o abrupta, acabant en un
pendent negatiu i (5) complex (irregular): el pendent en la transicié trajecte - arribada és
irregular (per exemple, barres de roques, monticles).

Azs (ha) Area de la zona de sortida de cadascuna de les zones d’allaus. Es va mesurar en la projeccié
horitzontal. L’area es va definir pel punt més alt estimat de la zona de sortida, una amplada
mitjana, i pel costat inferior, 'altura on el pendent decreix per sota dels 28°, o on la morfologia
del terreny ho suggeria (per exemple, confinament, ressalts).

0zs (2) Orientaci6 mitjana de la zona de sortida (Ozs) de cada zona d’allaus, mesurada en graus.

Con (%) Confinament. Es va determinar mesurant el % de la distancia horitzontal (L) en que l'allau
davallava per un terreny que el confinava. Es va considerar com confinat, una relacié
amplada/profunditat del canal <10.

Cli (ordinal) Regi6 climatica en la qual esta situada la zona d’allaus (també considerada per Lied i Bakkehgi,
1980; Furdada i Vilaplana, 1998; Jones i Jamieson, 2004). Es va assignar: (1) oceanic, (2)
transicié o (3) Mediterrani (Figura 1).

Def (%) longitud desforestada. Es va determinar mesurant el percentatge de la distancia horitzontal de
I'allau, desforestada.

L_For (m) Distancia horitzontal de la penetracid del bosc. Es va mesurar des del punt més elevat de la zona
de sortida fins I'inici del bosc.
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Figura 8. Parametres principals del model a-f (modificat de Lied i Bakkehgi, 1980).

Amb aquest conjunt de dades morfometriques s’ha caracteritzat la distancia d’abast de les

allaus centenaries al Pirineu de Catalunya, tal i com s’explica als apartats segiients.
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2 Resum global dels resultats obtinguts

Es poden resumir els resultats obtinguts en els seglients 3 punts:
1. Creaci6 d’'una base de dades d’allaus majors.

2. Concepci6 dels indexs MAAMI i SMAAMI i caracteritzaci6 de la magnitud dels episodis

d’allaus majors en el temps i en I'espai.

3. Estimaci6 de I'abast de les allaus majors a partir de modelitzacié empirica.

2.1 Creaci6 d’'una base de dades d’allaus majors

El primer pas, fonamental, per a la realitzacié del treball, va ser la creaci6 de I'inventari d’allaus,
materia prima de la recerca. Per a tal finalitat, es va crear una base de dades coherent i
completa, util tant per al treball regional com per al treball de zones individuals. Al punt 1.4
s’ha explicat l'estructura i caracteristiques de la base de dades, i com es va obtenir la
informacid, i a 'apartat 1.5 s’ha explicat com es van seleccionar les allaus que es van utilitzar
per als tractaments per a la caracteritzacié dels episodis d’allaus majors (Article 1) i per a

I'estimacié de I'abast de les allaus (Article 2).

A I'’Annex 4 es llista tots els camps alfanumeérics de la base de dades, la seva descripcid i les
classes establertes per als camps diccionari. Actualment, ala MADB hi ha 913 registres d’allaus

majors i 104 camps per a caracteritzar-les.

Considerem que cal destacar el detall, homogeneitat, rigor i, per tant, qualitat de la base de
dades en que es fonamenta la posterior recerca. Aquest primer resultat, de qualitat i que m’ha
incrementat significativament el criteri d’expert, m’ha permes abordar les segiients analisis
amb coneixement del fenomen, de les limitacions de les dades i de la fortalesa de la base de

dades en el seu conjunt i, per tant, amb confianca en els consegiients resultats.
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2.2 Concepcio dels indexs MAAMI i SMAAMI i caracteritzacio de la

magnitud/freqiiéncia dels episodis d’allaus majors

A T'Article 1, els principals resultats obtinguts son: (i) la concepcié dels indexs MAAMI i
SMAAM], i la conseqiient quantificacio, a diferents resolucions, de la magnitud dels episodis
d’allaus (MAE) (ii) la determinacié de la freqiiéncia d’ocurrencia de MAE i (iii), una zonificacié
del Pirineu en base a la seva distribucio, caracteritzant el territori en relacié a la freqiiéncia

d’ocurrencia d’episodis i en base a la seva magnitud.

2.2.1 Analisi magnitud/freqiiencia dels episodis d’allaus majors: I'index

MAAMI

El principal resultat del treball 1 és la concepcié de I'index MAAMI. Aquest index té com a
objectiu quantificar la magnitud dels episodis (o cicles) d’allaus majors registrats (MAE; Major
Avalanche Episode/Cycle). Vam usar la freqliéncia estimada de les allaus registrades a cada
episodi per emfatitzar com d’extraordinari va ser cada episodi, a partir de la hipotesi de que
les allaus més destructives (de més baixa freqiiéncia) son les més detectables i més recordades
pels testimonis, respecte a les més petites i que passen desapercebudes (de més alta
freqiiencia). Per tant, els episodis son caracteritzats principalment per les allaus de baixa
freqiiéncia, les més intenses. Per contra, el petit pes de les HFMA (Allaus Majors d’Alta
Freqiiencia; High Frequency Major Avalanches) evita desviacions significatives causades per la
incompletesa d’aquesta classe de freqiiencia degut a que deixa menys rastres en el medi
identificables posteriorment, i costa més que la seva ocurréncia quedi retinguda a la memoria
popular. L'index obtingut es van anomenar Index de la Magnitud de I’Activitat d’Allaus Majors
(Major Avalanche Activity Magnitude Index, MAAMI; Equacié 1). Es pot aplicar a l'escala
temporal més adequada, en funcié de la resolucié de les dades disponibles. Per exemple, a

escala temporal d’episodi, mensual, o de temporada hivernal (hivern).
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MAAMle
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Equacié 1. index MAAMIe, on Nyre és el nombre de MA d’alta freqiiéncia registrades en un episodi (e), i max(Nure)
és el nombre maxim de MA d’alta freqiiencia (HF) registrades en un MAE; Nmre és el nombre de MA de freqiiéncia
mitjana registrades en un episodi (e), i max(Nwmre) és el nombre maxim de MA de freqiiencia mitjana (MF)
registrades en un MAE; Nirre és el nombre de MA de baixa freqiiéncia registrades en un episodi (e), i max(NLre) és
el nombre maxim de MA de baixa freqiiéncia (LF) registrades en un MAE; Nvire és el nombre de MA de molt baixa
freqiiencia registrades en un episodi (e), i max(NvLre) és el nombre maxim de MA de molt baixa freqiiéncia (VLF)
registrades en un MAE;

Per cada episodi (e), les allaus es van agrupar en funcié de la seva freqiiencia i es van dividir
pel valor maxim de la mateixa classe de freqiiéncia registrat en un episodi al conjunt de dades
per a estandarditzar-ho. Nyre és el nombre de MA d’alta freqiiencia registrades en un episodi
(e), i max(Nure) és el nombre maxim de MA d’alta freqiiéncia (HF) registrades en un MAE; Nyvre
és el nombre de MA de freqiiencia mitjana registrades en un episodi (e), i max(Nwmre) és el
nombre maxim de MA de mitjana freqiiencia (MF) registrades en un MAE; Nire és el nombre
de MA de baixa freqiiencia registrades en un episodi (e), i max(Nire) és el nombre maxim de
MA de baixa freqiiéncia (LF) registrades en un MAE; Ny.re és el nombre de MA de molt baixa
freqiiéncia registrades en un episodi (e), i max(Nvire) és el nombre maxim de MA de molt baixa
freqiiencia (VLF) registrades en un MAE. El valor resultant per cada classe de freqiiencia es
multiplica pel pes assignat (0,1 per HF; 0,3 per MF; 1 per LF; 3 per VLF), pesos assignats segons
el periode de retorn estimat (invers a la freqtiéncia), de 10, 30, 100 i 300 anys. El valor final

esta dividit per 4.4, per obtenir un resultat entre 0 i 1.

El MAAMIe es pot interpretar també com un index d’excepcionalitat dels cicles d’allaus majors
(MAE) pel periode analitzat. Els valors resultants responen a una escala logaritmica. Seguint el
mateix raonament sobre el pes assignat a I'excepcionalitat d’'una allau, els valors van ser

classificats com es mostra a la Taula 5.
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Taula 5. Classificacié dels valors del MAAMI

MAAMI

Classes Numerical value
Low <0.03

Moderate 0.03-0.1

High 0.1-0.3

Very high =03

En relaci6 a la completesa de la série de dades (Figura 3), a I'Article 1 es treballa a dos escales
temporals: P2 i P3. P2 correspon al periode 1900/01 — 1994 /95 (95 hiverns) i P3 correspon al
periode 1995/96 fins a la data de publicacié de I'article (19 hiverns; Figura 3).

2.2.1.1 Analisi temporal de P3

2.2.1.1.1 Analisi a escala d’episodi (e)

Al periode P3 (19 hiverns) es va calcular el MAAMIe pels 29 episodis registrats en que es van
produir allaus majors (Figura 9). Vam obtenir valors alts pels episodis de gener i febrer de
1996, tot i que el de gener podria ser considerat com a molt alt. Per al 30-31 de gener de 2003,
29 de gener de 2005, 29 de gener de 2006, 18-19 de febrer de 2013 i 24-25 de gener de 2014,
els valors de MAAMIe van ser moderats, i per laresta de MAE els valors varen ser baixos (Figura
9). Cal recordar que estem parlant sempre d’allaus majors (MA), allaus destructives i, per tant,

fins i tot amb valors baixos de MAAMIe, com a minim es va produir destruccié de massa forestal.
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Figura 9. Valors de MAAMIe obtinguts pel periode P3, i dinamica d’allaus observada (blau cel: aerosol; blau fosc:
densa seca; taronja: densa humida; vermell: slushflow) per episodi d’allau major (MAE). L’escala de l'eix
d’ordenades és logaritmica. La data de 'episodi té el format YYYYMMD1D1D2D2, on D1D1 i D2D2 sén el primer i el
darrer dia de I'episodi.
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Per cada esdeveniment, es va cartografiar i mesurar 'extensié de I'area desforestada per allaus
i, per cada episodi, es va sumar I'extensio total desforestada (Figura 10). Aquest parametre és
també un indicador de I'excepcionalitat de I’episodi ja que com més excepcional és, major és la

superficie desforestada. Els motius sén:

a. Com més excepcional és I'episodi, més temps passa entre dos esdeveniments de
magnitud similar i, per tant, més temps hi ha perqué el bosc es pugui regenerar i

desenvolupar.

b. Com més excepcional és I'episodi, més allaus es produeixen, i més abast tenen. Per tant,

major és 'extensié de bosc afectada.

Vam correlacionar els valors de MAAMIe amb els valors de I'area desforestada i vam obtenir
un Coeficient de Determinacié de Pearson R2 de 0.96, el qual reforca la validesa del MAAMIe

com a un index de la magnitud dels cicles d’allaus majors (MAE).
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Figura 10. Area desforestada per MAE, per a P3. L’escala de I'eix d’ordenades és logaritmica (les arees
desforestades dels MAE 2013/14, no es van afegir al conjunt de dades perque el procés de cartografia no havia
finalitzat a la data de publicacié de I'article).

Els valors MAAMIe obtinguts es van associar amb cada patr6 de circulacié atmosferic definits
per Garcia et al. (2009), Taula 6. En aquesta, es descriu la configuracié sinoptica de cada patro
a 500 hPa, les caracteristiques de les nevades i de la dinamica d’allaus, i les regions

nivologiques (NR, Nivological Regions) que acostumen a estar afectades.
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A la Taula 7 estan llistats tots els episodis registrats, dinamica observada per episodi i valors
corresponents de MAAMIe, i el patr6 atmosfeéric assignat. Destaca els elevats valors de MAAMIe

i de massa desforestada dels episodis del 22 i 23 de gener de 1996 (1996012223)ide 6 a 8 de

febrer de 1996 (1996020608), respecte a la resta de MAE.

Taula 6. Sintesi dels patrons atmosfeérics definits per Garcia et al., 2009.

Component 500 hPa synoptic configuration Low levels synoptic No. of Snow and avalanche conditions Typical NR Acronym
configuration episodes
1 Azores high pressures extended over the Atlantic N and NW 12 Intense snowfalls, very low AR N/NW
Ocean and deep low pressure on the axis Baltic advection temperature, very active snowdrift.
Sea-Italian Peninsula Major powder avalanches,
sometimes wet.
2 Long trough at 500 hPa exhibiting an oblique axis Low pressures, 4 Weak layers in the snowpack. Heavy ~ PR, TF E/SE1
oriented NW-SE, due to the Siberian high over SE flow precipitation. Dense flow avalanches
Europe which diverts troughs to the
Mediterranean Basin
3 A blocking high pressures situation at 500 hPa over High pressures, Eand 4 Intense snowfalls, mild temperatures. PR, TF,RF E/SE2
Central and North-Western Europe and a cut-off SE advection Dense and wet avalanches
low centered over the south of the Iberian
Peninsula-North of Africa
4 A deep low with a very cold core over the Lion Gulf N and NE advection 1 Strong northern winds and heavy Any region CL
snowfalls. Major powder avalanches
5 A wide low pressure is located at high and low levels S and SW advection 2 Very intense precipitation, mild PR, CM, RF, TF  S/SW
in the west of the Iberian Peninsula temperatures. Dense dry and wet
avalanches
6 Aridge from the subtropical anticyclonic belt spreads ~Worm advection 2 Sudden melting processes on snow Any region A

further north over the Western Mediterranean Sea

cover which contains persistent
weak layers
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Taula 7. MAE registrats al periode P3 i nombre corresponent de MA registrades, patré atmosféric corresponent,
dinamica observada, area desforestada i valors de MAAMIe. La data dels episodis té el format YYYYMMD1D1D2D2,
on D1D1 és el primer i D2D2 el darrer dia de I'episodi.

Episode N Estimated  Comp. Observed Deforested MAAMIe
frequency dynamics area (Ha)
(N)
H M L
1996012223 53 9 30 14 5/SW  Dense dry 187.7 0.295
and aerosol
1996020608 54 16 33 5 N/MNW  Aerosol 114.3 0.159
1996032222 1 1 0 0 A Dense wet 0.0 0.001
1997012121 6 4 E/SE2 Dense dry 29 0.009
and dense wet
1997121818 3 0 3 0 ESSE1  Slushflow 0.0 0.006
2000041515 1 1 0 0 5SW Densewet 0.0 0.001
2001013131 1 O 1 0 N/NW Aerosol 0.7 0.002
2003013031 53 31 22 0 N/NW Dense dry 471 0.064
and aerosol
2003022727 6 3 3 0 ESE1  Densedry 8.6 0.008
2004010203 1 1 0 0 NMNW Aerosol 0.0 0.001
2005012929 13 6 5 2 N/NW Aerosol 49 0.046
2006012929 17 7 7 3 E/SE2 Dense dry 16.7 0.067
and aerosol
2006032626 1 1 0 0 A Dense wet 09 0.001
2008042424 1 0 SSW Densedry 2.1 0.003
2009021015 7 5 2 0 N/NW Dense dry 29 0.007
and aerosol
2009122424 1 1 0 0 5SW Densewet 0.0 0.001
2010022628 4 2 0 55N Dense wer 0.7 0.007
2010030802 15 3 12 0 C Aerosol 1.6 0.027
2011040101 1 1 0 0 A Dense wet 0.1 0.001
2012021718 4 3 1 0 N/NW Dense wet 1.5 0.004
2013011920 20 18 2 0 5/5W  Dense wet 92 0.015
and dense dry
2013020811 3 2 1 0 N/NW Densedry 0.0 0.003
2013021515 3 3 0 0 N/NW Dense wet 0.7 0.002
and dense dry
2013021819 33 23 10 0 E/SE1 Dense wet 223 0.034
2013030505 4 4 0 0 5/5W  Dense wet 3.0 0.002
2013112022 3 2 1 0O N/NW Densedry ND 0.003
and aerosol
2014012425 55 38 17 0 N/NW Dense wet ND 0.060
2014030404 1 0 1 0 N/NW Densedry ND 0.002
2014030808 1 O 1 0 A Dense dry/wet ND 0.002

Els episodis d’allaus majors amb majors valors de MAAMIe corresponen al patré S/SW (amb
alta variabilitat), tal com es mostra a la Figura 11, i en segon lloc, als patrons E/SE2 i N/NW
amb menys variabilitat. El MAAMIe decreix considerablement en CL i fins i tot més en episodis
majors E/SE1. Es testimonial en episodis majors A, donat que en aquestes situacions les allaus
majors tenen lloc esporadicament. Aquests episodis sén rars i acostumen a ser de molt baixa

intensitat, al menys en la serie de dades tractada.
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Figura 11. Valors de MAAMIe (mitjana i desviaci6 estandard) en relacié amb el corresponent patré de circulacié
assignat.

En relacié amb el mes d’ocurrencia de I'episodi (MAE) (Figura 12), els valors maxims s’obtenen
al gener i febrer i, en ordre decreixent els mesos segiients fins a la primavera. El novembre i el
desembre també van registrar valors de MAAMIe baixos. En els episodis en que es va observar
component d’aerosol (Figura 13), els valors de MAAMIe van ser més elevats indicant que
aquests son els episodis més intensos. Per contra, com més denses i humides sén les allaus,

menors son els valors de MAAMIe.
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Figura 12. Valors de MAAMIe (mitjana i desviaci6 estandard) dels episodis registrats en relacié amb el mes
d’ocurréncia.
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Figura 13. Valors de MAAMIe (mitjana i desviacié estandard) dels episodis registrats en relacié amb la dinamica
observada.

2.2.1.1.2 Analisi a escala d’hivern (w)

Per temporada hivernal (Figura 14), s’observa com 'hivern 1995/96 es registra I'index major
de tota la série fins a 'actualitat, i com practicament cada hivern es registra un o més episodis
(Figura 15). En general, es tracta de valors baixos, pero destaquen els hiverns de 2002/03,
2004/05,2005/06,2012/131 2013 /14 amb valors moderats. Els hiverns 1998/99, 2001/02 i
2006/07 no registren cap MAE. Cal destacar que aixo no vol dir que en aquests hiverns no es
produeixin allaus, se’'n produeixen com cada hivern, perd no sén majors, soén allaus de
freqiiéncia alta a molt alta, no destructives, de mides petites a mitjanes. Aquestes, pero, sén les
tipiques allaus que produeixen accidents en la practica d’esports de muntanya. Per exemple,
I'hivern de 1998/99 I'ICGC registra 5 accidents d’allaus amb una victima mortal, I'hivern
2001/02 registra 11 accidents amb 4 victimes mortals, i I'hivern 2006/07 es registren 3

accidents, sense victimes mortals.
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Figura 14. Valors de MAAMIw obtinguts per al periode P3. La data de I'hivern té el format Y1Y1Y1Y1Y2Y2, on
Y1Y1Y1Y1 és 'any en que comenga la temprada hivernal i Y2Y2 és el segiient any. L’escala de 'eix d’'ordenades és
logaritmica.

A la Figura 15 s’observa com la freqtiéncia d’allaus densa i humida és més gran al final de la
série i també augmenta el nombre d’episodis. La serie és curta per estimar tendéncies, pero en
tot cas, s’ajusta al context actual d’escalfament i major variabilitat en els episodis d’allaus

majors.
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Figura 15. Nombre d’episodis d’allaus majors (MAEs) per hivern, registrats per P3, i dinamica de les allaus
observada (blau cel: aerosol; blau fosc: densa seca; taronja: densa humida; vermell: slushflow). La data de I'hivern
té el format Y1Y1Y1Y1Y2Y2, on Y1Y1Y1Y1 és 'any en que comenca la temprada hivernal i Y2Y2 és el segiient any.

Per poder tractar estadisticament els valors de MAAMIw, es va aplicar una transformacio

logaritmica dels valors (Log_ MAAMIw). Amb aquesta transformacio, es va obtenir 'ajust a una
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distribucié6 normal i es van obtenir els valors de probabilitat (Taula 8). S’obté també la
probabilitat estimada anual d’ocurrencia de no superar un valor determinat de log MAAMIw
(Taula 8). Per exemple, la probabilitat estimada anual d’ocurrencia d’'un hivern amb un valor
de MAAMIw menor de 0.001 és del 40% mentre que la probabilitat estimada anual de registrar
un hivern amb un MAAMIw menor de 0.3 és del 97% (Per contra, un MAAMIw major de 0.3 és

el 3%).

Taula 8. Probabilitat d’excedencia estimada per a I'ocurréncia de MAAMIw. L’interval de confianca de I'ajust és
1.54x10-4;1.01x10-2.

MAAMIw Estimated accum.
Class Value probability

Very low =0.001 =0.40

Low 0.001-0.03 0.40-0.83
Moderate 0.03-0.1 0.83-0.93

High 0.1-0.3 0.93-0.97

Very high 0.3 -0.97

2.2.1.2 Analisi temporal de P2+P3

P2+P3 constitueix un periode de temps més llarg que P3 perd més incomplet i imprecis. Donat
que P2 és incomplert, el periode P2+P3 (tot el segle XX i principis del XXI) es va analitzar a

menys resolucio.

Per a caracteritzar els episodis registrats durant el periode P2+P3, es va treballar a resolucio6
de temporada hivernal (w) per tal d’adaptar-ho a les limitacions de les dades de P2. Com que
el conjunt de dades no era complet, el calcul del MAAMI es va simplificar considerant la
freqiiéncia obtinguda a partir de la totalitat de MA registrades per hivern en cada MANR,

d’acord amb I'Equacié 2 (veure apartat 2.2.2).

N
SMAAMI =Y

i=1

min(Fw;)
3-N

Equacié 2. SMAAMI (Simplified Major Avalanche Activity Magnitude Index), on min(Fw) correspon a la freqiiéncia
més baixa de les allaus majors (MA) registrades en un hivern (w) per cadascuna de les 3 MANRs. N: nombre de
divisions climatiques (3).
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Aquest index es va anomenar Index Simplificat de la Magnitud d’Allaus Majors (SMAAMI;
Simplified Major Avalanche Activity Magnitude Index), on min(Fw) correspon a la freqiiéncia
més baixa de les allaus majors (MA) registrades en un hivern (w) per cadascuna de les 3
MANRs. A nivell temporal es va treballar a resolucié de temporada hivernal. Una baixa
correlaci6 MAAMIw-SMAAMI ens va forcar a simplificar les 7 MANRs a 3, d’acord amb les
principals divisions climatiques, per les quals la correlaci6 de Pearson fou de 0.75. Amb
I'objectiu de destacar els episodis menys probables es va assignar el pes per les freqliéncies
estimades (de nou, 0.1, 0.3, 1 i 3 de MA d’alta a molt baixa freqiiéncia). Els valors del divisor
corresponen al valor maxim de la freqiiéncia (3) i maxim nombre de regions climatiques (N=3)

per I'estandarditzacié del resultat.

La SMAAMI és una simplificacié de la MAAMI, per a series de dades menys complertes. Es basa
en I'assumpcié que les allaus més grans, destructives, sén més facils de recordar que les allaus
d’alta freqliéncia, menys destructives. Per tant, el resultat ha de ser interpretat com una
estimacioé de la intensitat maxima de I’episodi. Aquest, destaca els valors maxims registrats en
cada regi6 i, per tant, aquells episodis amb MA de baixa freqiiéncia i menys extensos, en front

d’episodis molt extensos perd amb MA d’alta freqtiéncia.

A la Figura 16, es representen els valors de SMAAMI calculats per P2+P3. La temporada
hivernal 1995/96 segueix mostrant els valors de SMAAMI més alts, amb diferéncia respecte a
la resta, mentre els episodis de 1971/72, 1974/75, 1937/38, 2004/05, i 2005/06 mostren
valors de SMAAMI alts (en ordre decreixent), junt amb 14 altres hiverns al voltant del valor 0.1.
Els MAW (Major Avalanche Winter) restants registrats (25 hiverns) tenen valors de SMAAMI

moderats i baixos.

0,25
0.20 P2 | P3

SMAAMI

o © o o
2 © = =
(=] w Q w
—
—_—
—
e
EmT—
—

94243 —

94545  ——

95455 ~——
—
T
=
—r—me—
—
—

GTRTT —

92425 =

I R R T T R R B e B R I I T R B I I B T B T = T B ]

Figura 16. Valors de SMAAMI obtinguts per al periode P2+P3. La data de 'hivern té el format Y1Y1Y1Y1Y2Yz, on
Y1Y1Y1Y1 és 'any en que comencga la temprada hivernal i Y2Y2 és el segiient any.
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Els valors de SMAAMI obtinguts es van ajustar a una funcio de distribucio i es van obtenir valors
de probabilitat. Per exemple, la probabilitat anual d’ocurréencia d’'un hivern amb un valor de
SMAAMI menor de 0.03 és del 39%, mentre que la probabilitat anual de registrar un hivern

amb un SMAAMI major de 0.2 és del 4% (Taula 9).

Taula 9. Probabilitat d’excedéncia per a I'ocurréncia de SMAAMI. L’interval de confianca del 95% de la distribucio
ajustada és 2.89;3.38.

SMAAMI Estimated accum. probability
Class Value

1 <0.01 <0.18

2 0.01-0.03 0.18-0.39

3 0.03-0.06 0.39-0.62

4 0.06-0.1 0.62-0.79

5 0.1-0.2 0.79-0.90

6 =0.2 =096

Comparant les estimacions de probabilitat anual de MAAMIw (Taula 8) amb les del SMAAMI
(Taula 9), tal com es podria esperar, d’acord amb les diferents funcions de distribucio6 a la qual
cada conjunt de dades es va ajustar, els valors son significativament diferents. Els valors de
MAAMIw sén més del 50% més elevats per valors moderats, decreixent a menys del 10% per
valors alts. Clarament indica que malgrat hi ha una forta correlacié entre MAAMIw i SMAAMI,
les dades mostren una ocurrencia de MAE diferent. Aquesta diferencia podria ser deguda a (i)
la incompletesa de les series a P2, i (ii) el curt periode de la serie a P3 i (iii), la limitada precisi6

de I'index SMAMMI.

2.2.2 Analisi espacial dels episodis d’allaus majors

A nivell espacial es va realitzar una cartografia de 'extensié geografica dels episodis d’allaus
majors (MAE) a partir de la distribucié espacial de les allaus majors (MA) registrades en cada

episodi.

2.2.2.1 Analisi espacial de 1995/96 a 2013/14 (P3)

A partir de la distribuci6 espacial de MA registrades a cada MAE, es va reconstruir I'area
afectada més probable. La reconstruccioé es va basar en el criteri que el comportament de les

masses d’aire esta fortament influenciat pel relleu, causant del 50 al 70% de la precipitacio6 de
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muntanya a I’hivern (McClung i Schaerer, 2006). Els models de precipitacié orografica inclouen
I'assumpcié que la precipitacié és directament proporcional a l'altura a la qual I'aire és elevat
(component vertical o de la velocitat del vent) a les muntanyes. La primera barrera
muntanyosa normalment induira la major precipitacié i les segilients barreres rebran menys
precipitaciéo en la mesura en que la disponibilitat d’humitat a la massa d’aire disminueixi
(McClung i Schaerer, 2006). Aquesta assumpci6 és clarament confirmada en la distribucié de
les allaus depenent de la direcci6 de la massa d’aire a nivells baixos, que van generar els

diferents MAE.

En nombroses ocasions es va observar 'ocurréncia d’allaus a sotavent de la direccié de la
massa d’aire, degut a la sobreacumulaci6 de neu causada pel vent associat a aquesta. En altres
cassos, l'aixecament orografic generat pel relleu va causar el desencadenament d’allaus en
diferents orientacions, possiblement perque la massa d’aire anava associada a vents més febles
que no van condicionar la formacié de sobreacumulacions a sotavent. En nombroses ocasions,
I'ocurrencia d’allaus majors es va observar només a les cotes més elevades de la serralada,

malgrat la massa d’aire va travessar zones susceptibles d’allaus pero de cotes més baixes.

Mentre es preparava la cartografia dels MAE, es va observar que hi ha MAE que no poden ser
classificats només per un patré atmosferic. La distribuci6 geografica de les allaus registrades
per MAE s’ajusta molt bé quan el patré atmosfeéric va ser el factor generador de les condicions
desencadenants, duent a l'ocurrencia d’allaus majors. Malgrat aixd, en alguns episodis la
distribuci6 espacial de les allaus majors registrades (MA) va mostrar una configuracio tipica

d’altres patrons.

En aquests cassos, el criteri explicat anteriorment va haver de ser adaptat. Per exemple, el MAE
de 18-19 de febrer de 2013, classificat com a E/SE1, va mostrar una area d’afectacid tipica de
patré N/NW (Figura 17), significant que aquest MAE és el resultat d’'un periode de preparacié
i un posterior periode de desencadenament. Durant la primera part, les condicions
d’inestabilitat es preparen, pero és en la segona part que l'episodi és desencadenat. De fet,
abans del 18-19 de febrer de 2013, dos MAE N/NW van ocorrer successivament (8-111i 15 de
febrer) amb valors baixos de MAAMIe (poques allaus majors -MA- van ser registrades).
Aquestes van preparar les condicions pel seglient episodi, un E/SE1, el qual afecta
habitualment les regions més orientals Prepirineu (PR) i Ter Freser (TF), pero en aquest cas va

afectar només la regié Aran (AR), registrant uns valors moderats de MAAMIe. Aquest fet
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reforca la idea que l'estudi de MAE a partir d'un punt de vista climatic necessita una
aproximacié temporal major, considerant condicions atmosferiques préevies (Garcia-Sellés et
al, 2013), i a la vegada, confirma la relacid entre activitat d’allaus i index NAO cumulatiu

demostrat per Keylock (2003).

- STER” % , | 18-19 February 2013 (E/SE1) MAE
g i ®  18-19 February 2013 MA
| \ 18-19 February 2013 MAE mapped extent
| Avalanche susceptibility area

Figura 17. Mapa de I'episodi de 18-19 de febrer de 2013 generat a partir de les allaus registrades.

Per tant, en aquesta fase inicial de 'analisi espacial s’identifica com a un primer resultat que

I'escenari d’allaus majors pot ser el resultat de la concatenaci6 d’1 o més patrons atmosferics.

Un segon resultat en relaci6 amb I'analisi espacial és que, d’acord amb la distribucié espacial
dels MAE i els seus corresponents valors de MAAMIe, les NRs van ser redefinides per
caracteritzar millor la distribucié dels MAE. El criteri per definir-les fou la distribuci6 espacial
dels MAE, el valor MAAMIe obtingut i la freqiiencia amb que es produeixen. A I’Annex 5 pot
veure’s la cartografia dels episodis classificats segons els patrons atmosferics. A partir de
I'analisi de la seva distribucié espacial es van modificar les regions nivologiques (NR) en
regions nivologiques d’allaus majors (MANR, Major Avalanche Nivological Regions). De I'oest a
I'est sén: Ga (Garona), PN (Nord Pallaresa), RP (Ribagor¢ana - Pallaresa oest), PE (Pallaresa
est), SN (Nord Segre), SL (Segre - Llobregat), i TF (Ter-Freser) (Figura 18).
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Figura 18. Regions Nivologiques d’Allaus Majors (MANRs) definides a partir de la freqiiéncia i distribucié espacial
dels episodis d’allaus majors registrats (MAEs). La freqiiencia d’ocurréncia de MAEs a P3 esta indicada entre
parentesi. Les linies negres indiquen les divisions climatiques principals i les linies discontinues les divisions

secundaries.

Aquestes regions es poden també agrupar d’acord amb la influencia climatica, en regions
d’influéncia oceanica, afectades principalment per episodis N/NW (GA i PN); regions
d’influencia continental, afectades principalment per episodis S/SW, pero també per N/NW
(RP, PE i SN); i regions Mediterranies, afectades per una gran varietat de patrons atmosferics

(fins a 5; SL i TF, Figura 19).

La NR AR es va dividir en GA (principalment la Val d’Aran, la part occidental d’AR que drena
cap el nord) i PN (brac est de I'original AR, que drena cap al sud). La regid GA esta afectada
principalment per episodis N/NW (Figura 19) i menys freqiientment per MAE S/SW i E/SE1.
La regi6é PN és una MANR transicional, afectada per MAE N/NW, de la mateixa manera que la
regio GA, i menys freqlientment per una varietat més amplia de MAE degut a la seva
configuracié oberta cap el sud. La MANR RP esta composta per la suma de la part oest de la NR
PL ala NR RF degut al seu comportament similar. La regi6 PE és la part que queda de la NR PL,
similar a PN, pero menys activa. A les regions RP i PE, els episodis N/NW tenen lloc menys
freqiientment que a les regions AR i PN. Ambdues estan afectades també per patrons

atmosferics E/SE2 i S/SW, pero la diferencia principal entre elles és la freqiiencia d’afeccié per
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episodis S/SW. RP és la regi6 més afectada per episodis S/SW, els quals afecten la regié PE
menys freqlientment. Les regions GA, PN i RP registren la freqiiencia més alta d’ocurréncia de
MAE. Laregio PE esta afectada igualment per episodis N/NW, i per episodis de component sud,
particularment E/SE2 i S/SW. Els episodis N/NW, amb valors de MAAMIe elevats, sén prou
potents per creuar les regions GA i PN. Episodis E/SE2 i S/SW poden abastar 'extrem superior
de la vall de la Noguera Pallaresa i valls adjacents (regié PN) degut a la seva direcci6 SW-NE,
pero no poden creuar les divisories frontereres de Franca. SN és laregi6é que presental'activitat
MAE menor. Esta només afectada per dos episodis principals de I’hivern 1995/96 (patrons
atmosférics S/SW i N/NW), i per un petit MAE N/NW registrat 'hivern 2013/14. La baixa
activitat en aquesta regid pot ser deguda al fet que esta situada a sotavent de la majoria de les
masses d’aire. Les muntanyes d’Andorra la protegeixen dels episodis N/NW, i la serra del Cadji,
al sud, la protegeix dels episodis E/SE1 i E/SE2 principalment. La regié SL presenta activitat
més freqlientment. Aquesta regid i la regid TF son les més variades en relaci6 a 'origen dels
MAEs que les afecten, principalment episodis del sud, pero també per I'episodi N/NW de febrer
de 1996. De fet, SL és I'inica MANR afectada per MAE generades per tots els patrons
atmosferics descrits. Es 1ogic, ja que es tracta de la principal barrera orografica orientada est -
oest (serra del Cadi), perpendicular a la direcci6é de les masses d’aire provinents de baixes
latituds. Habitualment, I'activitat de MA principal s’observa al vessant nord d’aquesta
serralada. La darrera regio, TF, esta afectada per quasi el mateix nombre d’episodis que la SL,
pero en aquest cas, no esta afectada per episodis E/SE1. Especificament, esta afectada per 2

episodis N/NW, un E/SE2, un CL i un S/SW. Es I'tinica area afectada pel patré atmosfeéric CL.

En resum, baixa la freqiiencia dels patrons N/NW cap al sud i I'est, i els de S/SW, tenen la
maxima freqliéncia a RP i disminueixen a mesura que ens n’allunyem cap a N i E. La resta de

patrons sén molt poc frequients. Destaca la MANR SN, on només s’hi registra el 3% dels MAE.
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Figura 19. Nombre d’episodis identificat a cada MANR a P3, sent per a GA i RP les que registren el maxim
d’episodis i SN el minim. El patré atmosféric Adveccié Calida (A) no es va considerar perque els valors de MAAMIe
associats amb aquests episodis sén molt baixos.

Des d’'un punt de vista climatologic, 'ocurrencia de diversos patrons atmosferics ocasionant
allaus majors esta estretament enllacat amb patrons de circulacié atmosférica de baixa
freqiiéncia tals com la North Atlantic Oscilation (NAO) i Western Mediterranean Oscillation
(WeMO) (Garcia-Sellés et al., 2010). S’observa dos patrons: el conjunt dels Pirineus catalans
mostren una bona correlacio6 entre activitat d’allaus majors i fases negatives de la NAO, pero el
domini oceanic té la particularitat de concentrar episodis majors en fases de la NAO
lleugerament positives (N/NW). Fins i tot pel periode 1971-2008 I'index NAO mostra una
tendéncia positiva, pero hi ha hagut situacions d’allaus majors lligats a periodes de fase

altament negativa de la NAO (E/SE1, E/SE2, S/SW) (Garcia-Sellés et al., 2010).

2.2.2.2 Analisi espacial a menys resolucié

L’analisi espacial a menys resolucié permet ampliar el periode temporal d’analisi a tot el segle

XX, pero amb menys precisié. Donada la incompletesa de la informaci6 a P2, no va ser possible
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abastar el mateix nivell de precisi6 pel conjunt de dades P2+P3. En molts cassos en el periode
P2 només es registra una MA per hivern. En aquest cas, es va assignar el valor ala MANR on va

tenir lloc la MA, per hivern.

Els resultats (Figura 20) mostren com per P2+P3, GA éslaregi6 on van ser registrats més MAW,
seguit per RP, PN i TF. Les regions PE i SL van ser afectades similarment i finalment SN va ser
la regi6 menys afectada. Aquest resultat, malgrat les MANR/NRs sén diferents, és similar a

'obtingut per Garcia et al (2007), analitzant el periode 1939-2006.
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Figura 20. Freqiiéncia d’hiverns majors (MAW) obtinguts per al periode P2+P3 (valors entre paréntesi).

2.3 Estimacio de I'abast de les allaus majors

AT'Article 2, els principals resultats obtinguts sén: (i) obtencié d'un Model de Regressio Lineal
Multiple per mitja de I'aplicacié del model a—f, que inclou variables que no s’havien utilitzat
anteriorment als Pirineus per a la determinacié de I'abast d’allaus per a un periode de retorn
de 'ordre dels 100 anys, i (ii) analisi dels factors de terreny i clima que controlen els abasts

extrems, tant per sobre com per sota del punt f3.
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2.3.1 Aplicacio del model a-

El principal resultat de I’Article 2 és I'obtencié d’'un Model de Regressi6 Lineal multiple per
estimar, de forma probabilistica, 'abast de les allaus, i coneixer les variables que hi influencien
i el seu pes. Préviament es van fer totes les correlacions bivariades entre la variable dependent
(o) i les variables independents del terreny seleccionades (Taula 10), havent testejat

préviament la seva normalitat.

Taula 10. Estadistica descriptiva dels principals parametres topografics i morfometrics considerats, i correlacions
entre la variable resposta a i les variables predictores usades per desenvolupar el model o—f, on N és el nombre
d’allaus en que la variable va ser mesurada, Mean és la mitjana, SD la desviaci6 estandard, Range és el rang de
valors de la variable, R? és el coeficient de determinacié de Pearson i p-value és el nivell de significaci6 estadistica
observat. Les variables destacades en negreta son les que van mostrar la millor correlaci6 amb o.

Variable N Mean SD Range R* p-value
a () o7 25.6 3.7 17.6-33.9 - -

B o7 26.7 38 189-36.0 0.71 <0.001
a(°) o7 345 4.0 25.2-44.4 0.02 0.158
¥y (m™) 97 277x107* 156x107% 1.20x107°-8.00%107* 0.03 0.079
Hg (m) o7 877 270 355-1595 0.03 0.115
Lg (m) 97 1770 600 728-3193 0.07 0.009
PT (ordinal) o7 14 0.9 1-5 0.03 0.084
Azs (ha) o7 5.70 5.44 0.38-24.68 0.06 0.014
0zs (%) o7 204 100 2-360 0.03 0.072
Con (%) 97 48.9 25.0 0.0-87.6 0.03 0.080
Cli (ordinal) o7 1.8 0.7 1-3 0.00 0.859
Def (%) 24 317 223 0-67.2 0.12 0.606
L_For (m) 24 644 550 0-2,430 0.00 0.860

L’objectiu inicial del treball era obtenir models especifics segons les zones nivoclimatiques
definides en I'apartat anterior, segons periodes de retorn, o segons variables del terreny, perd
a causa de la reduccié drastica del conjunt de dades explicat a I'apartat 1.5 (seleccid de les MA
de T100 amb zona de sortida ben diferenciada, no antropitzades i amb tots els camps de
variables necessaries complets), es va considerar treballar amb I'objectiu d’obtenir una dnica
equacio per ala totalitat de la zona d’estudi. A patir dels 97 esdeveniments seleccionats (Annex
6), el model es va construir amb 83 esdeveniments. 14 esdeveniments (15% del conjunt de

dades), es van separar aleatoriament per validar, posteriorment, I'equacié resultant.

El model de regressi6 multiple va ser derivat a partir de les variables 3, Ln(Azs) i Lg, tots
associats amb o amb nivells de significanga estadistica inferior a 0.05, i molt significants per la
funcié amb p-valors <0.001 (Taula 11). Els coeficients de regressié de la B no estandarditzada

(Beta) sén positius per les variables B i Lg. El resultat és I'Equacié 3.
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Taula 11. Coeficients del model de regressi6 lineal multiple amb tres variables. B, coeficient de correlacié no
estandarditzat beta; SD, desviacié estandard; ¢, estadistic t; p-value, significanca estadistica; CI, interval de
confianga; VIF, variance inflation factor.

Non-standardised

coefficients 95% CI (B) Collinearity statistics
Variable B SD Standardised coefficients t p-value Lower Higher Tolerance VIF
(Constant) 0.614 1.575 0.390 0.698 —2.514 3.741
B 0.901 0.048 0.923 18.728 <0.001 0.805 0.996 0.836 1.196
Lg 0.001 <0.001 0.242 4.362 <0.001 0.001 0.002 0.658 1.519
Ln(Azs) -1.329 0.189 —0.364 —7.045 <0.001 —-1.703 —0.954 0.761 1.314

a =0.90 B+ 0.001Lg-1.33Ln(Azs) + 0.61°,
R =0.81, SD=1.63°, N =83

Equacioé 3. Equaci6 de regressi6 lineal multiple, on R? és el coeficient de determinacid de Pearson, SD la desviaci6
estandard i N el nombre d’allaus amb queé s’ha obtingut.

El model es va aplicar a les 14 allaus seleccionades per comprovar la seva fiabilitat. Els valors
obtinguts es van situar entre el 95% CI (Figura 21, punts blaus), indicant un ajust satisfactori

del model.
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Figura 21. Grafic dels angles a observats respecte dels obtinguts a partir de 'equacio regressié Equacio 3. Les
linies externes indiquen les bandes de confianga del 95%. Punts vermells: mostra de test (per construir el model);
punts blaus: mostra de comprovacié (per validar el model).
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A la Taula 12 es mostra I'estadistica descriptiva dels valors d’a i de 'error (a observada - o
predita) obtinguts després d’aplicar a les 97 allaus extremes ’Equaci6 3, i 'obtinguda aplicant
les equacions de Furdada i Vilaplana (1998) i Oller et al. (2018). Usant I'equacié general
obtinguda per Furdada i Vilaplana (1998; a = 0.97 - 1.20°, R2 = 0.87, SD = 1.74°, N = 216),
vam obtenir el mateix angle a mitja (24.7°) que I'obtingut amb la nostra propia equaci6. Oller
et al. (2018) van obtenir un model (o = 0.85f + 2.10°, R2 = 0.76, SD = 1.87°, N = 63) censurant
un conjunt de dades similar a la usada en aquest estudi, malgrat no incloure les allaus que no
arribaven al punt 3, tal com van fer Furdada i Vilaplana (1998). Malgrat aixo, els resultats sén
forga similars (valors d’a i de I'error, Taula 12). Per tant, 'Equacié 3 es recomanaria per estimar
distancies d’abast per allaus amb periodes de retorn de I'ordre dels 100 anys, en aquesta regio,

com l'obtinguda per Furdada i Vilaplana (1998).

Taula 12. Estadistica descriptiva dels valors de I'a predita i I'error (o observada - o predita). Obtinguts després
d’aplicar a les 97 esdeveniments d’allaus 'Equacio 3 (1), i els obtinguts per Oller et al. (2018) i Furdada i Vilaplana
(1998), respectivament; 'Equacié 3 és més precisa, ja que present menor valor d’error.

Error (o observed —a

a predicted predicted)
Equation Mean SD Range Mean SD Range
(1) 247 34 17.3-335 09 16 —-45to46
Furdada and Vilaplana (1998) 24.7 3.7 171-338 09 21 -64to79
Oller and others (2018) 248 32 182-328 08 20 -64to73

Com a exercici més ampli de comparacié de les equacions de regressio, els resultats de
I'Equacié 3 es van comparar amb els resultats obtinguts aplicant les equacions d’altres
serralades al nostre conjunt de dades. A la Figura 22 es representa I'estadistica descriptiva de
I'error i de I'angle o obtingut amb les equacions (1 a 11) a partir de les equacions generals de
la Taula 3. Les equacions estan ordenades de menor (esquerra) a major (dreta) error d’ o mitja,
essent 1, 'equacio6 obtinguda en aquesta recerca (Equaci6 3, Taula 11). Es pot observar que el
valor mitja de I'error s’incrementa a la vegada que el valor mitja d’a decreix, malgrat alguns
valors d’error sén propers als de 'Equacié 3 obtinguda en aquest treball (Canada, 2; Franga, 3;
Noruega, 4; Japo, 5; Austria, 6). La dispersio, tanmateix, és molt major, i especialment al Japé
(5). Amb I'excepci6 de Canada (2) i Franga (3), els valors mitjans dels valors d’a s6n més baixos
els obtinguts amb altres equacions, especialment des de la posicié d’Eslovaquia (7) cap al costat

dret del grafic. Malgrat I'excepcié de Canada (2) i Noruega (4), en general, a les regions
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continentals i a latituds majors, els angles o mitjans sén més petits (abast major, sector dret
del grafic), i a les regions maritimes i a latituds més baixes els angles a sén majors (abast

menor, sector esquerre del grafic).

o values distribution (°)
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Figura 22. Boxplots de I'a predita i barres d’error obtingudes després d’aplicar als 97 esdeveniments d’allaus
extremes, les equacions generals llistades a la (Taula 3), ordenades en ordre creixent d’error mitja (d’esquerra a
dreta). 1, Eq. (3), Pirineu catala; 2, Canada (McClung i Mears, 1991); 3, Franca (Adjel, 1995); 4, Noruega (Lied i
Bakkehgi, 1980); 5, Jap6 (Fujisawa i altres, 1993); 6, Austria (Lied i altres, 1995); 7, Eslovaquia (Biskupic i Barka,
2010); 8, USA Coastal Mountains (Nixon i McClung, 1993); 9, USA Coastal Alaska (McClung i Mears, 1991); 10,
Iceland (Johannesson, 1998); 11, USA Colorado Rockies (McClung i Mears, 1991).
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2.3.2 Analisi dels valors extrems obtinguts

En I'analisi de les dades, es va observar que 20 allaus (un 21% del conjunt de dades amb quée
es va construir el model) no arribaven a 3. Aixd també ho van trobar en I'estudi pioner de Lied
i Bakkehgi (1980). En el seu cas, un 25% de les allaus no arribaven a 3. Aquest fet és rellevant,
ja que en els treballs previs realitzats, n’hi ha que van aplicar, com a criteri de seleccié de les
allaus a introduir al model, les que sobrepassaven P, tot descartant les que no assolien aquest
punt (Furdada i Vilaplana, 1998; Oller et al., 2018). Tanmateix, es va observar que allaus
identificades com a centenaries no superaven clarament el punt f3, tal com es van trobar els
autors esmentats. Aquest comportament ens va dur a estudiar, per primera vegada en 'ambit
internacional, quin factor feia que aix0 passés. Per aquest motiu, es van estudiar les variables
que influencien una major o menor mobilitat de les allaus (o sigui, les que excedeixen, o no

abasten ampliament, I'a predita).

Per estudiar les variables que tenen influencia en un major o menor abast de les allaus (per
exemple, que excedeixen o no arriben a I'a predita), es va dur a terme una analisi comparativa
deles dades. Com a primer pas, les dades es van agrupar en dos conjunts (Taula 13). Del conjunt
de dades, 64 esdeveniments d’allaus (66%) van donar error positiu (I'abast observat va ser
més curt que el predit pel model) i 33 esdeveniments (el 34%) van donar error negatiu (I'abast
observat va ser major que el predit pel model). Aixo suggereix que el model tendeix a afavorir
distancies d’abast majors. Els valors extrems de la distribuci6 (valors positius o negatius més
enlla d’'una desviaci6 estandard -SD-, 25 i 8 allaus, respectivament) es van separar per destacar
les diferencies principals entre els valors extrems del conjunt de dades. Els 20 esdeveniments
d’allaus que no arribaven al punt § van quedar inclosos al grup de 25 esdeveniments positius
(Taula 13). Tanmateix, no es van trobar diferéncies entre conjunts de dades independents
basats en el tests T, Mann-Whitney o ANOVA, aplicats d’acord amb el tipus de variables

analitzades.

Donat el resultat obtingut, es va realitzar una analisi comparativa dels parametres
corresponents a cada poblaci6. Malgrat el reduit nombre de casos dels dos conjunts de dades,
es va observar algunes diferencies destacables. Per una banda, per un angle 8 similar (entre
2621 279), els angles o son logicament menors per allaus amb error negatiu (abast major). De

mitjana, allaus amb un error positiu sén més grans (major Hg, Lg i Azs) que les que tenen un
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error negatiu. L’orientacié mitjana de la zona de sortida de I’allau amb error positiu és NW,
mentre que per les allaus amb error negatiu és SE (Taula 13). No es va trobar tendéncies en

relacié amb les divisions climatiques.

Taula 13. Estadistica descriptiva dels parametres topografics i morfomeétrics principals de les allaus amb
error positiu >1SD (les allaus observades no arriben a les distancies d’abast predites) i error negatiu <-1
SD (les allaus observades excedeixen les distancies d’abast predites).

Avalanches with positive error (shorter runout) Avalanches with negative error (larger runout)
Variable N Mean sD Range N Mean D Range
a () 25 269 31 19.9-34.0 8 222 31 18.4-27.6
B (%) 25 26.2 34 19.9-34.4 8 26.8 i6 205-32.8
a1 25 34.2 3.5 29.2-44.4 8 37.2 4.8 27.6-43.1
¥ mh 25 26%107* 15% 107" 12%107%6.0% 107 8 35% 107 14x107* 18%107*6.0% 107
H,.'J (m) 25 887 271 355-1290 8 691 180 465-950
Ly (m) 25 1822 591 T28-2996 8 1357 259 1007-1754
PT (ordinal) 25 1.2 0.6 1-3 8 1.0 0.0 1-0
Azs (Ha) 25 6.55 5.59 0.58-20.44 8 4,52 4,34 0.47-13.83
Ozs () 25 233 100 50-358 g 148 87 2-300
Con (%) 25 42 25 0-82 8 51 27 14-85
Cli {ordinal) 25 1.8 0.7 1-3 8 19 0.8 1-3
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3 Resum de les discussions

3.1 La MADB: beneficis i limitacions

La MADB ha estat una eina essencial per a poder abordar el treball de Tesi de forma eficient i
rigorosa. Ha estat essencial disposar d'una base de dades exhaustiva amb un registre
cartografic detallat d’allaus majors. La base de dades esta fonamentada en: (i) la informacid
obtinguda testimonial durant el periode d’elaboraci6 del Mapa de Zones d’Allaus de I'SGC i ICC
va ser sistematica i completa a tot el Pirineu catala (tot i que s’ha pogut trobar nova informacid
a partir d’enquestes realitzades en I'estudi més aprofundit d’algunes allaus a partir d’estudis
cientifics -per ex. Oller et al., 2020-, o técnics), (ii) a partir de '’hivern 1995/96 hi ha un
seguiment d’observaci6 hivernal sistematic per allaus que causen danys a infraestructures i
massa forestal, i (iii) des de 1946 s’ha revisat tots els vols de fotografia aeria realitzats al
Pirineu i disponibles al portal Vissir de 'ICGC. Aquest treball, realitzat durant anys des de
I'actual ICGC, i complementat a partir de la cerca propia sigui per feina o en el marc de la tesi,
m’ha permés estar segur de que la informacié6 emmagatzemada a la base de dades era el més
completa possible. Cal fer notar que l'elaboracié d’aquesta base de dades va més enlla d’'una
simple obtencié de dades, ja que comporta una recerca tant en treball de gabinet com de camp
que depassa el treball purament tecnic i que no és possible dur a terme sense un bon criteri
d’expert. Per altra banda, he dedicat moltes hores mesurant els parametres indicats a I’Annex
4. Tanmateix, quan es treballa amb tants registres i tants camps, sempre es detecten errors o
valors anomals. El treball en I’'Article 1 va servir per elaborar una estadistica descriptiva que
va permetre depurar la informacié i revisar i corregir a la base de dades. A partir d’aqui, un cop
la informaci6 ha estat obtinguda, mesurada, revisada i depurada, es disposa d’'una base ben
solida per al seu tractament. Es per aquesta raé que el treball amb les dades de la base de dades

ha estat molt agrait, eficient i, sobretot, fiable i ben fonamentat.

La principal limitacié de la base de dades és el nombre de registres de qué disposa,
especialment de baixa freqiiencia. Com més se’'n disposi, més es podra avancar en el
coneixement de les allaus majors. A mesura que ens desplacem cap al passat la reconstruccid
dels episodis es va desdibuixant: abans de 1995 no hi havia seguiment i vigilancia d’allaus;

abans de 1990 la freqiiencia de vols fotogrameétrics que incloguessin tot el Pirineu era baixa;
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abans de 1946 ja no hi ha més vols; abans d’inicis del segle XX hi ha pocs testimonis que
recordin allaus esdevingudes, restant la transmissié oral i la documentaci6 historica com a
unics testimonis. Aqui, la dendrocronologia té un llarg recorregut, i pot ajudar a completar la
reconstruccid, sobretot, dels 200 darrers anys. I per altra banda és necessari un esfor¢ major
en la captura de dades. Per exemple, es disposa de moltes dades topografiques, ja que es poden
mesurar sobre la base topografica, pero hi ha molt poques dades 3D dels esdeveniments: gruix
de neu de sortida, d’arribada, extensié de la zona de sortida, extensio i gruix dels diposits,
incorporacid de neu, etc. Aquestes dades aportarien molta informacid i permetrien avancar en
modelitzacié, no només empirica-estadistica siné també en modelitzacié dinamica. Per tant,
caldria un major esforg en la captura de dades sobre el terreny poc després de 'ocurréncia de
les allaus. Aquest fet posa encara més en valor la modelitzacié empirica-estadistica al Pirineu,
ja que resulta fonamental per a contrastar, calibrar i validar probabilisticament les distancies

d’abast obtingudes en les modelitzacions numeriques.

Actualment, la base de dades se segueix alimentant amb 'objectiu de seguir millorant en el
coneixement d’aquest fenomen, ja que si una cosa queda ben clara després d’aquest treball és
que és necessari un volum molt gran de dades, de qualitat, i ben ordenades, per anar avancant
en el coneixement del fenomen. Com més s’avanca, més interrogants apareixen, i per a seguir

el fil dels nous interrogants, és imprescindible disposar de bones i suficients dades.

3.2 Discussio de la caracteritzacio dels episodis d’allaus majors

El treball realitzat en I'Article 1 permet comprendre millor la dinamica dels MAE als Pirineus
catalans. Per a tal objectiu, ha estat essencial disposar de la base de dades, exhaustiva i fiable,
amb un registre cartografic detallat d’allaus majors, ja presentada a I'apartat 2.1. Aixo ha
permes reconstruir 29 episodis d’allaus majors (MAE) dels hiverns 1995/96 a 2013/14
(periode P3), considerant la distribucié espacial de les MA i els patrons de circulacié
atmosferica definits per Garcia et al. (2009). Per una banda, completa la informaci6 proveida

per aquests autors i per altra banda, incorpora nous episodis.

L'index de la Magnitud de I’Activitat d’Allaus Majors (MAAMI) ha permés quantificar la
magnitud d’episodis d’allaus majors als Pirineus catalans per primera vegada. Aquest és un

resultat rellevant ja que permet quantificar i comparar la magnitud dels episodis d’allaus
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majors en un periode determinat. L'index SMAAMI és la versi6 simplificada quan no hi ha un
inventari sistematic i permet quantificar la magnitud de MAE a resoluci6 d’hivern. Es basa en
la identificacié de MA de baixa freqiiéncia registrat per cada MANR per hivern. Permet
reconstruir les series dels segles XX i fins al present (periodes P2+P3), malgrat no és un
inventari complet. Els resultats mostren que els episodis de gener i febrer de 1996 sén encara
els majors coneguts dels darrers 19 hiverns (actualment, podem afirmar 26 hiverns, ja que des
de 2013/14 no hi ha hagut cap MAE similar als de 1995/96) i possiblement, dos dels majors
dels darrers 100 anys. Aquest resultat esta d’acord amb Muntan et al. (2009), pels darrers 40
anys. Altres hiverns amb alts valors de SMAAMI s6n 1971/72, 1974/75, 1937/38, 2004/05 i
2005/06, en ordre decreixent. Malgrat pels periodes temporals P3 i P2+P3 vam obtenir una
bona correlacié, les probabilitats obtingudes en ambdds periodes sén significativament
diferents. Aquest resultat és probablement degut al dispers conjunt de dades a P2 i el curt
periode temporal a P3, en relacié amb la variabilitat climatica tipica de la zona estudiada.
Tanmateix, la simplicitat del SMAAMI degut a la baixa disponibilitat de dades a P2, fa que el

resultat obtingut sigui poc precis.

Per al periode P3, els MAE es van caracteritzar d’acord amb el seu patré atmosferic. Dels
resultats obtinguts, es destaca que hi ha més patrons de procedéncia meridional (E/SE1,
E/SE2,S/SW i A) que de procedencia septentrional (N/NW, CL). El resultat més sorprenent ha
estat els alts valors d’episodis S/SW. Els episodis registrats S/SW han estat els més potents,
mentre que els N/NW han estat els més freqlients. Aquests resultats estan dominats per
I'episodi de 1995/96, molt infreqiient d’acord amb la probabilitat obtinguda i, per aquesta rag,
els resultats estan probablement esbiaixats donat el fort pes d’aquest episodi en relaci6 al
relativament curt periode d’observacié (P3, 19 hiverns). Els episodis E/SE2 van registrar
magnitud similar als N/NW, pero van ser molt menys freqtients. En relacié amb la freqtiéncia
amb la qual els diferents patrons de circulacié atmosférica van tenir lloc a P3, els S/SW van ser
observats més vegades que en el treball de Garcia et al. (2009), malgrat el component N/NW
és el més registrat, tal com va ser indicat per aquests autors. La finestra temporal va ser diferent
i el criteri de seleccié de MAE també, la qual cosa podria haver tingut influéncia en els resultats.
Una analisi més profunda podria clarificar la ra6 d’aquestes diferencies. Tanmateix, el resultat
de I'analisi espacial d’aquest estudi encaixa bé amb els resultats de Garcia-Sellés et al. (2010),
on les regions d’allaus majors pels Pirineus catalans es van agrupar aplicant técniques de

clustering. Atenent a I'activitat d’allaus majors ocorrent a la vegada (escala diaria), Garcia-

51



Caracteritzacid espaciotemporal de la dinamica d’allaus de neu majors al Pirineu catala Resum de les discussions

Sellés et al. (2010) van agrupar les regions en els 3 dominis climatics: oceanic, continental i
Mediterrani. En aquest estudi, la regié RP va ser considerada fora del domini oceanic degut a
que va mostrar menor proximitat, pel metode Ward, a regions continentals, perd a la vegada,
la regié GA, com a domini oceanic mostra una Unica relacié de proximitat just amb RP. Aixo
esta d’acord amb el fet que en aquest estudi, en que es consideren hiverns recents, les regions,
RP, GA i PN mostren la primera posicié en activitat d’allaus majors, la qual cosa es podria

esperar d'una regié oceanica.

En relaci6 amb el risc, els MAW que van afectar edificis van tenir valors de MAAMIw moderats
a molt alts. Aquest resultat és rellevant per a 'estimacié del risc que generen les allaus al
Pirineu de Catalunya. Les arees urbanitzades van ser afectades en els episodis de 6-8 de febrer
de 1996, 30-31 de gener de 2003 i 24-25 gener de 2014. D’acord amb els resultats mostrats a
la taula 5, la probabilitat estimada d’ocurréncia anual d'un MAAMIw més elevat que 0.03
(moderat), que podria afectar a arees urbanes, és del 17%. Aixo significa un cop cada 6 hiverns
aproximadament (valors MAAMIw=0.03). Cal destacar que tots els edificis afectats en aquests
episodis eren edificis turistics, construits després dels anys 1970. Aixd destaca l'interes
d’aquesta recerca i la seva utilitat. Una millor politica de planificaci6 podria evitar aquests

accidents, massa freqilients sota el nostre punt de vista.

La reconstruccio6 espacial de MAE a partir de les MA registrades mostra com la distribuci6 de
MA esta controlada per I'evolucié del mantell nival i atmosférica, i per I'orografia. En general,
la distribuci6 espacial de MA concorda amb la direccié de la massa d’aire a nivells baixos de
I'atmosfera dels patrons que han desencadenat els MAE, seguint les valls i disminuint la seva
poténcia progressivament quan les serralades s’oposen a la seva trajectoria. En 4 de les 29
MAE, la distribucié de MA mostra caracteristiques clares d’altres patrons. Aquest va ser el cas
de 6-8 de febrer de 1996, un patr6 N/NW amb una configuracié S/SW, el 19-20 de gener de
2013, un patr6 S/SW iamb una configuracié N/NW, el 18-19 de febrer de 2013, un patr6 E/SE1
amb una configuraci6 N/NW, i el 5 de mar¢ de 2013, un patré S/SW amb una configuracié
N/NW. Aquest fet confirma que un MAE no pot només estar caracteritzat pel patr6 atmosferic
que el va desencadenar, sin6 també per un periode preparatori previ (Garcia-Sellés et al.,
2013). Aquest periode, variable en el temps, prepara les condicions que poden afavorir
I'activitat d’allaus majors (MA). Aquestes situacions poden també ser identificades

indirectament usant un index NAO acumulatiu (CNI, Cumulative NAO Index), el qual mostra una
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relacié més estreta amb l'activitat d’allaus que I'index estandard (Garcia-Sellés et al., 2010;
Keylock, 2003). Aquest procés preparatori no va ser considerat en el present treball quan es
van classificar les MAE. Només es van considerar els patrons atmosferics desencadenants de

MAEs.

L’analisi de la freqiiéncia de MAE, segons la seva distribuci6 i extensié ens ha permes definir 7
MANRSs (Regions Nivologiques d’Allaus Majors; Major Avalanche Nivological Regions) diferents,
més ajustades a I'extensio dels MAE, la seva magnitud i la seva freqiiencia. Aquestes regions
milloren la caracteritzacié dels MAE, per0 no substitueixen les NRs existents, les quals
s’apliquen per a esdeveniments d’allaus d’alta i molt alta freqiiencia (no tractats en aquest

treball), i que van ser definides per la comunicacié de la predicci6 regional d’allaus.

D’acord amb la zonificacio6 climatica definida per Garcia et al. (2007), a P3, les MANR GA i PN
tindrien una major influencia oceanica. Tanmateix, a la regié GA, el 75% dels episodis rebuts
van ser N/NW, concretament 12 (21% del total d’episodis). En contrast, la regi6 PN va ser
també afectada (al voltant d'un 50%) per episodis S/SW, E/SE1 i E/SE2, afegint més episodis
als N/NW (11, 2% del total d’episodis). Cap a I'est la freqiiéncia disminueix, de les regions RP
a SN, on en aquesta darrera regio es registra el minim degut a la seva localitzacié a sotavent de
la majoria de components. Aquesta area ha estat practicament només afectada per les MAE que
van afectar a quasi totes les regions (N/NW, S/SW). Per tant, les MANR RP (21%), PE (13%) i
SN (3%), estan localitzades a I'area d’influéncia continental. Es una area amb un fort gradient
on, d’'oest a est, es passa d'una de les més freqiientment afectades (regié RP) a la menys
freqlientment afectada (regié SN). Al sector més a I'est, els MAEs incrementen en freqiiéncia a

les regions SL i TF (11% i 9% respectivament) degut a la influéncia mediterrania.

Els resultats a P2+P3 també presenten algunes diferéncies significatives respecte dels resultats
obtinguts al periode P3. Un resultat sorprenent va ser que ’homogeneitat de freqiiéncia de
MAE registrades a les regions GA, RP i PN quan s’analitza el periode P3 (al voltant d'un 20 %
cadascun) va mostrar una desviacié positiva cap a les regions GA i TF, mentre que les regions
amb clima continental van ser menys freqiientment afectades a P2+P3. Aquests resultats estan
d’acord amb els obtinguts per Garcia et al. (2007) pel periode 1939-2006. Aquest desequilibri
entre els periodes P3 i P2+P3 també s’identifica quan es compara la seqiiéncia temporal en
ambdos periodes de temps. En la nostra opinié podria ser degut a tres factors: (i) la desviaci6

causada per les dades obtingudes a través d’enquestes a P2, la qual cosa afavoreix I'obtencid
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de dades a les zones on la poblacié s’ha mantingut més (Vall d’Aran, Ripollés) i on hi ha més
risc (Vall d’Aran), (ii) la no completesa de les séries a P2, i (iii) la variabilitat climatica tipica
d’aquesta area, que fa que la circulacié6 atmosferica tingui diferents patrons a resoluci6
multianual, en relacié al relativament curt periode analitzat a P3. Creiem que un conjunt de

dades major permetria comprovar aquests resultats.

Malgrat el fet de que el nostre conjunt de dades per a P3 és més complet, cobreix de 1995-96 a
2013-14, 19 hiverns (curt interval de temps), es poden observar algunes tendéncies, que
podrien estar lligades a I'evolucié climatica actual. El nombre de MAEs ha incrementat en la
segona meitat d’aquest periode i, a la vegada, MAEs humides, que registren alts valors MAAMIe
(Figura 9, Figura 15, i que aqui ampliem amb la Figura 23, incloent els darrers 7 hiverns) son
més freqlients. També s’observa com la freqiiéncia d’'ocurrencia de MAEs ha disminuit, o ha
esdevingut més contrastat, des de 2013 /14. Creiem que 'interval de temps és massa curt per
obtenir conclusions solides, pero el manteniment del seguiment dels MAE, i I'esfor¢ per
completar la base de dades de MA a P2 podria proveir informacié molt interessant en relaci6 a
possibles tendéncies i la seva connexié amb el canvi climatic, com els resultats obtinguts per

Eckert etal. (2010a, 2010b, 2013), o Laternser i Schneebeli (2002).

S’ha estes també el grafic del MAMMIw des de la publicacié de 'article i fins a I'hivern 2020/21
(Figura 24). El resultat és que durant les darrers 7 hiverns els episodis d’allaus majors han
estat més contrastats: hiverns sense registrar episodis (2015/16,2016/17,2018/19,2019/20,
2020/21), i temporades amb més d'un episodi (2014/1512017/18), de magnitud significativa
(0.05, moderat, el 2014/15 i 0.01, baix, el 2017/18). S’observa com des de la temporada
2010/11 els episodis, malgrat van tenir un pic durant les temporades 2012/1312013/14, han
estat sobretot de neu densa seca i humida, i els episodis en que s’observa aerosol han
practicament desaparegut. En resum, els episodis d’allaus majors els darrers anys han tingut
lloc més espaiats en el temps, han estat menys secs (menys freds), pero s’han mantingut amb

valors de magnitud moderada.
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Figura 23. Tipus de dinamica observada per al periode P3 fins a la data actual. La data de I'hivern té el format
Y1Y1Y1Y1Y2Y2, on Y1Y1Y1Y1 és I'any en que comenga la temprada hivernal i Y2Y2 és el segiient any.
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Figura 24. Valors de MAAMIw obtinguts per al periode P3 fins a la data actual. La data de I'hivern té el format
Y1Y1Y1Y1Y2Y2, on Y1Y1Y1Y1 és I'any en que comenga la temprada hivernal i Y2Y2 és el segiient any. L’escala de I'eix
d’ordenades és logaritmica.
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3.3 Discussio de la modelitzaci6é empirica estadistica o-3

3.3.1 Consideracions sobre el model obtingut

L’actualitzacié del model a—f ha generat una equaci6 general amb 3 variables significants. Els
parametres del model (varianga, tolerancia, interval de confianc¢a) confirmen la seva robustesa,
amb un coeficient de determinacié R2=0.81. Les 97 allaus del conjunt de dades van ocorrer
durant el segle XX i principis del segle XIX, en condicions climatiques similars a les actuals (o si
més no, similars des del segle XX). Per tant, 'equaci6 proveeix estimacions d’abast d’allaus de
I'ordre dels 100 anys de periode de retorn. Si es resta la desviacié estandard a I'a obtinguda, el

factor de probabilitat de no-excedéncia creix, disminuint, aixi, la incertesa.

Les variables necessaries per aplicar-lo es poden obtenir de forma relativament facil per una

persona experta, tal com s’indica a I'apartat 1.5, Métodes.

Gauer et al. (2010) van trobar que no hi havia dependéncia del volum de neu involucrada ni
del desnivell amb I'abast de les allaus extremes. Tanmateix, I'Equacié 3 mostra una lleugera
relacié amb Lg (distancia horitzontal de I'allau fins al punt ), i Azs (area de la zona de sortida,
una mesura indirecta de la mida de I'allau a la zona de sortida), resultat que conceptualment
contradiu els resultats obtinguts per aquests autors. Ells van explicar que l'erosid i la
incorporacié (entrainment) de neu semblen ser crucials per les allaus per assolir llargues
distancies d’abast, les quals s’alimenten i creixen a través de la incorporacioé de neu al front de
I'allau, pero llargs abasts no sén dependents de la massa total. En el nostre cas, no vam
considerar la incorporacio ni la massa de I'allau a la zona de sortida o a la zona d’arribada, ja
que no sén parametres que poden ser obtinguts directament de la topografia de la zona
d’allaus. Vam usar indirectament variables de la mida de I'allau (Lg i Azs) que contra actuen:
Azs major generen abasts majors i Lg majors generen abasts menors. Aquests resultats poden
explicar-se perque com més llarga és la zona de trajecte, durant més temps actuen les forces
friccionals (aproximadament quan el vessant decreix per sota de 242, Gubler et al., 1986;
McClung i Mears, 1995), i també més altes sdn les forces de friccié degut a la canalitzacio,
rugositat (bosc, terreny), i densificacié del flux (Bakkehgi et al., 1983), especialment per allaus

de flux dens (Wagner, 2016). Aixd pot estar relacionat amb la tendéncia dels vessants més
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petits de proveir abasts majors comparats amb els vessants més llargs. En relacié amb 'area
de la zona de sortida, com més gran és, major és l'abast per la major massa incorporada,
incorporant l'efecte mida indicat per Pudasaini i Hutter (2007). Per tant, com més gran és

I’allau, major pot ser la seva capacitat d’erosionar i incorporar neu.

3.3.2 Comparacio amb el model original

L’equaci6 obtinguda (Equacié 3) proveeix distancies d’abast similars que les obtingudes més
de 20 anys abans amb 'equacié de Furdada i Vilaplana (1998). Aquests autors van indicar que
els resultats obtinguts amb les seves equacions eren probablement infravalorats donada la
incertesa sobre el periode de retorn de les allaus que havien usat en el seu treball, estimat en
superior a 30 anys. Com que l'objectiu era registrar allaus extremes, només es va utilitzar allaus
que sobrepassessin el punt 3, a partir d’informaci6 de danys de les allaus sobre el bosci a partir
de testimonis observacionals com a principals criteris per a determinar-ho. Per tant, d’acord
amb el conjunt de dades, I'’equacié de Furdada i Vilaplana (1998) hauria de proveir resultats
més conservadors, 0 sigui, angles o més baixos que per a un conjunt de dades no censurat com
l'utilitzat en aquest estudi. Tanmateix, a tenor dels resultats obtinguts al aplicar el model sobre
el conjunt de dades, utilitzat en el present treball, el conjunt de de dades a partir del qual van
obtenir el model, probablement correspondria a allaus que n’inclouen algunes de més
freqlients, donat que el model va produir distancies d’abast similars malgrat usar un conjunt
de dades censurat. Comparat amb el conjunt de dades usat en el present estudi, el qual
considera esdeveniments d’allaus de I'ordre de 100 anys de periode de retorn, incloent totes
les allaus, abastant i no abastant el punt  (conjunt de dades no censurat), el conjunt de dades
usat per Furdada i Vilaplana (1998) hauria de correspondre a un periode de retorn menor, tal
com també van suggerir ells. El seu alt coeficient de determinacié (R2: 0.87) probablement va
ser degut a disposar d'un conjunt de dades més homogeni al no incloure allaus que no
arribaven a f. Per tant, malgrat obtenir resultats similars, els conjunts de dades utilitzats en
ambdoés estudis tenen diferencies significatives, que poden ser degudes a: (i) un criteri diferent
en la selecci6 dels esdeveniments d’allaus que alimenten el model (per exemple, censurant els
esdeveniments d’allaus que no arribaven al punt B); (ii) I'area geografica més petita de I'analisi

original (només Pirineus Occidentals catalans, en les arees de clima Oceanic i de Transicid que
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tenen una freqliéncia de MAE més elevada que a la resta del Pirineu catala, Figura 19) i (iii) la

disponibilitat d’eines cartografiques menys precises.

Furdada i Vilaplana (1998) van obtenir 4 models de regressi6 d’acord amb les caracteristiques
topografiques del perfil del terreny. En el nostre conjunt de dades, ni y”, factor de forma que
descriu el perfil del terreny, ni PT, una classificacié de les caracteristiques del terreny a la
transici6 zona de trajecte — zona d’arribada, van tenir significanca estadistica amb la variable
o.. Probablement el conjunt de dades no era prou gran per incloure un nombre estadisticament

significatiu de casos per cada classe de forma.

Per tant, a 'hora d’aplicar el model a—f als Pirineus catalans i, per extensi6 als Pirineus,
considero que és més adequat aplicar el model obtingut en aquest treball ja que (i) esta
construit a partir d’esdeveniments seleccionats de la MADB i, per tant, a partir del coneixement
actual de la dinamica d’allaus al Pirineu catala, (ii) aquests esdeveniments sabem que
corresponen a un periode de retorn estimat de 100 anys i (iii) les allaus amb que s’ha construit
sén representatives de tot el Pirineu catala. Per tant, els resultats que obtindrem a partir de
'aplicaci6 de I'equacié, sabem que correspondran a un periode de retorn estimat de 100 anys,

i que tindran major ajust que aplicant la resta d’equacions obtingudes als Pirineus.

3.3.3 Influencia del terreny i del clima en els abasts extrems

Quan es van analitzar les allaus amb els errors (prediccid respecte a observacid) més extrems
positius i negatius, no es va trobar diferéncies clares segons les divisions climatiques, pero hi
ha diferéncies relacionades amb la topografia de la zona d’allaus, tal com indiquen McClung et

al. (1989).

Les variables que tenen major influéncia en I'abast extrem per sobre i per sota d’a obtingudes
pel model, son les variables relacionades amb la mida (Lg, Hg i Azs) i 'orientacié de la zona de
sortida, Ozs (Taula 13). Zones de sortida més petites i orientades a SE donen abasts majors dels
esperats, per més d’'una desviaci6 estandard. En relacié amb I'orientacié de la zona de sortida
(Ozs), valors negatius (abast major) estan associats amb zones de sortida orientades a SE, i
valors positius (abasts més curts) estan associats a zones de sortida NW. Per tant, en zones de
sortida SE els abasts son majors als prevists. Aix0o es pot explicar per la freqiiéencia major

d’adveccions fredes del NW (Oller et al, 2015), que acumulen neu transportada
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predominantment cap a zones de sortida orientades al SE, formen plaques de vent i generen
allaus de neu freda i seca en vessants orientats al sud. Els patrons atmosferics que generen
allaus als vessants nord s6n menys freqiients i involucren condicions més calides, i aixo podria
explicar perque hi ha més allaus amb un abast menor del predit. L’extensi6 del bosc en aquestes
zones d’allaus és més gran degut a haver-hi menys activitat d’allaus i ofereix major rugositat al
flux de les allaus extremes. La informacié disponible sobre el bosc destruit per les allaus del
conjunt de dades indica que als vessants nord I'area mitjana desforestada per allau és de 3.59
ha i en vessants sud és 2.23 ha, la qual cosa suporta aquesta hipotesi. En zones d’allaus
orientades a SE amb error negatiu (abast major), les zones de sortida sén més petites. L’abast
major observar respecte al predit es podria explicar per I'increment de la massa de neu a causa

de la contribucié del vent a sobrecarregar aquestes zones de sortida.

Aquest resultat és rellevant en termes d’incertesa. Quan s’aplica el model, la resta d’'una
desviacio estandard (SD; reduccié de I'angle o, per tant, i abast predit major) correspon a una
probabilitat de no-excedéncia de P=0.84, el que significa que el 84% de les zones d’allaus tenen
abasts que no excedeixen l'a predita, i aixd representa un alt rang de seguretat. En
conseqliéncia, en zones d’allaus amb aquestes caracteristiques (zones de sortida més petites i
orientades a SE) seria recomanable per a la planificacié territorial i urbanistica considerar

incrementar la probabilitat de no-excedéncia restant 1 SD a I'angle o obtingut amb el model.

3.3.4 Comparacio amb altres models

Atenent a 'exercici comparatiu del model obtingut en el present estudi amb altres models,
sorgeixen algunes consideracions. La primera, obvia, és que el conjunt de dades utilitzat afecta
I'equacié obtinguda i, per tant, els resultats. A tall d’exemple, al Pirineu catalg, les bases de
dades censurades (Furdadai Vilaplana, 1998 Oller et al., 2018) i no censurades (aquest estudi)
poden generar resultats similars, perd la base de dades censurada produeix, en ultima
instancia, un rang d’abasts més conservador i un rang d’errors més grans (Taula 12), donant

lloc a una estimacié més imprecisa de l'abast, tal com hem comentat a I'apartat 3.3.2.

La comparaci6 dels resultats obtinguts amb I'Equacié 3, amb altres equacions obtingudes en
altres serralades del mon (Figura 22), mostra com al Pirineu els abasts s6n menors, pero

relativament propers a altres paisos alpins europeus (per exemple, I'equacié obtinguda dels
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Alps Francesos (3) es podria aplicar al Pirineu catala, toti que I'error és més gran). Els resultats
semblen mostrar certa influéncia climatica: en general, a les regions continentals i a latituds
més altes, els angles a mitjans s6n menors (abast major), i a les regions maritimes i a latitud
inferior els angles a s6n majors (abast menor). McClung et al. (1989) van considerar que el
regim climatic no té una forta influencia en els abasts extrems en una escala temporal de més
de 100 anys. Segons la seva experiéncia, les grans allaus de neu seca presenten els abasts més
grans en la majoria dels casos. Per a periodes temporals de 100 anys, es produiran grans allaus
de neu seca a qualsevol de les regions climatiques, per la qual cosa els models empiric-
estadistics de calcul d’abasts estan ajustats amb dades i corresponen a aquest tipus d’allaus.
McClung et al. (1989) van concloure que la tendéncia per llargues distancies d’abast es podia

explicar pels perfils topografics de les zones d’allaus, pero no per la classificaci6 nivoclimatica.

Suggerim una altra possible variable que pot explicar les diferéncies que mostra la Figura 22, i
és la freqiiéncia amb qué tenen lloc aquestes allaus “extremes” de neu seca. La freqiiéncia
d’allaus extremes pot ser diferent a cada serralada, tal com es comprova a Oller et al. (2015).
Per tant, durant el mateix periode de temps, la probabilitat de registrar una proporcid superior
o inferior d’ocurrencia d’allaus extremes hauria de ser diferent a cada serralada. Aixd podria
explicar per qué en un clima continental/de latitud superior els valors mitjans d’a sén més
baixos que els d’'un clima maritim/de latitud inferior. En el primer cas, les allaus majors
caigudes en 100 anys haurien tingut lloc molt probablement en un episodi amb condicions per
generar aerosols, mentre que en el segon, aquests escenaris serien menys freqiients. A més, les
variables topografiques poden capturar d'alguna manera algunes particularitats climatiques
(vents dominants i nevades, com Ozs en el nostre estudi), introduint aixi diferéncies
significatives d'una serralada a una altra. Aixo també déna suport a la hipotesi que el clima pot
influir en la frequiéncia d’allaus extremes. Per altra banda, la morfologia actual de les serralades
és conseqiiencia de les glaciacions ocorregudes durant el Plistocé. La latitud de les serralades i
la seva proximitat a la costa sén factors que van influir en la intensitat i extensié glacial i els
processos d’erosid i deposicié relacionats, que van donar forma a les valls i influeixen
fortament en la morfo-topografia dels vessants actuals. Per tant, el clima i la latitud
probablement van tenir un paper indirecte en la topografia actual de les zones d’allaus. En
resum, per una banda, les zones d’allaus presenten diferencies morfologiques d'una serralada
al'altra degut a la seva génesi i evolucio particulars controlades per la latitud i el clima (a més

de la geologia) i, per altra banda, algunes caracteristiques climatiques podrien ser capturades
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per les caracteristiques topografiques de cada serralada. En tot cas, s’hauria de fer una analisi

més profunda i més amplia per explicar les diferéncies observades a la Figura 22.
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4 Resum de les conclusions

4.1 Conclusions de la caracteritzacio dels episodis d’allaus majors

El treball amb informacié cartografica de series de dades d’allaus majors ha permés una millor
quantificacié i caracteritzacio dels episodis d’allaus majors en I'espai i en el temps durant els
19 hiverns compresos entre 1995/96 a 2013/14, i s’ha avangat també en el coneixement dels

episodis, el seu abast i la seva magnitud al llarg del segle XX.

L’'index proposat, MAAMI (i la seva versid simplificada SMAAMI), categoritza la magnitud dels
episodis o hiverns d’allaus majors. L’escala de temps considerada depén de la resolucié de les
dades disponibles. Aquest index es va concebre per facilitar la comparacié d’episodis, obtenir
freqiiencies, i siles series son prou llargues, per trobar tendéncies en I'activitat d’allaus majors.
Els valors MAAMI obtinguts a resolucié temporal d’episodi d’allaus major ha mostrat un
coeficient de correlacié molt alt amb la seva corresponent area desforestada, mostrant que per
aindexs corresponents a episodis menys freqiients i de més extensié geografica, major és'area

desforestada.

Els resultats obtinguts confirmen I'hivern de 1995/96 com el que va registrar els valors més
elevats de MAAMI i SMAAMI des dels inicis del segle XX fins a I'actualitat (P2, des de 1900 a
1995, P3, des de 1995 a 2014). També va identificar els hiverns 1937/38, 1971/72, 1974/75,
2005/06 i 2004/05 com els hiverns amb alts valors de SMAAMI. En relacié amb els episodis
(periode P3), el de 22-23 de gener i 6-8 de febrer de 1996 van registrar els valors més elevats
de MAAMIe, seguit pels episodis de 30-31 de gener de 2003, 29 de gener de 2005, 29 de gener
de 2006, 18-19 de febrer de 2013 i 24-25 de gener de 2014, amb valors moderats. Per tant, a
P3 (19 anys) es produeixen 7 episodis de magnitud igual o superior a moderada, i a P2 (95
anys) s’identifiquen 6 hiverns amb magnitud elevada. Fet destacable en una serralada
meridional i relativament poc innivada com els Pirineus, especialment quan es compara amb

d’altres de l'arc Alpf o més septentrionals.

Aquest index, doncs, esdevé una eina ttil per a I'analisi del risc en episodis d’allaus majors, tant

en prediccié com en gestio de crisis. Pot ser usat per definir escenaris de risc per a la protecci6
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civil. Les arees urbanitzades han estat afectades per allaus amb valors de MAAMIe igual o
superiors a moderats (>0.03), totes per patrons atmosférics N/NW. Un millor coneixement

d’aquests episodis millorarien la seva predicci6 temporal i espacial.

Utilitzant aquest index, s’han revisat els limits de les regions nivologiques originals i s’han
definit unes noves regions (MANR) que considerem que caracteritzen millor I'activitat d’allaus

majors als Pirineus catalans (d’oest a est: GA, PN,RP, PE, SN, SL i TF).

Entre aquestes regions, GA, PN i RP destaquen pel major nombre d’episodis d’allaus majors
registrats, i RP i PN pel majors valors de MAAMIe registrats a P3. Es remarcable notar que la
regié GA, malgrat ser 'area amb la major precipitacié de neu dels Pirineus catalans, registra un
nombre similar d’episodis als de les regions veines RP i PN. En relacid als periodes P2 i P3, GA
és la regi6é que registra el major nombre d’episodis d’allaus majors. En el futur, un conjunt de

dades major permetria comprovar aquests resultats.

En relaci6 al periode P2, hi ha un nombre significatiu d’allaus majors registrades que no ha
pogut ser datat a prou resolucié per ser tractats en aquest treball. En el futur, caldra realitzar
un esfor¢ en la reconstruccié6 d’aquests episodis i millorar el nostre coneixement. La
completitud de P2 donaria major consisténcia al conjunt de dades i permetria I'is de metodes
d’analisi de dades més avangat tals com els usats per Eckert et al. (2010a, 2010b), no aplicats
en aquest treball. Podem encara obtenir més informacio, especialment en el camp de la
dendrogeomorfologia. En el mateix sentit, I'estudi de P1 (previa 1900) ens ajudaria a entendre
millor les situacions que generen les allaus de més baixa freqiiéncia, només registrades en

aquest periode, i estar preparats per quan ocorrin de nou.

4.2 Conclusions de la modelitzaciéo empirica estadistica a.-f8

Per actualitzar el model d’abast a—f per als Pirineus catalans s’ha utilitzat un conjunt de 97
allaus extremes ocorregudes durant els darrers 100 anys, i s’ha treballat sobre les bases
topografiques digitals, models digitals del terreny i ortoimatges digitals actuals. Tota la
informacié s’ha emmagatzemat a la MADB. S’ha obtingut una equacié general amb 3 variables
(pendent de la zona d’allaus, B3, longitud horitzontal, L, i area de la zona de sortida, Azs), amb

un alt coeficient de determinacié (R?=0.81) i una alta robustesa estadistica. L’analisi dels
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efectes d’altres variables del terreny sobre l'abast va revelar que no hi ha significanca
estadistica. L’equacié obtinguda en aquest estudi proveeix abasts per a un periode de retorn

de I'ordre dels 100 anys.

Considerant les variables de l'equacié, Azs majors proveeixen abasts majors, molt
probablement perqué com més gran és la zona de sortida, major és la massa i energia de I'allauy,
la capacitat d’erosionar la neu i d’incorporar-ne al llarg de la zona d’allaus i, conseqiientment,
major és l'allau resultant. Lg major proveeix abasts menors probablement degut a que com més
llarg és el recorregut, major és la desacceleracié degut a les forces de friccié que actuen al llarg
de la zona d’allaus i degut a la disminucid de pendent, canalitzacid, rugositat (bosc, terreny), i

la densificaci6 del flux. Aquestes dues caracteristiques actuarien de forma contraria.

L’analisi dels valors extrems del conjunt de dades mostra que les zones d’allaus més grans
(major desnivell, distancia horitzontal, area de la zona de sortida) proveeixen un abast menor
que el predit pel model, i les zones de sortida orientades cap a NW també. La relacié de
'orientacid de la zona de sortida amb I’abast podria estar relacionat amb la major freqiiéncia
de MAE amb transport de la neu pel vent, que més freqiientment sobrecarreguen els vessants
sud i sud-est i, aleshores poden produir allaus més freqlientment, i més grans, en aquests
vessants. En vessants orientats al nord i nord-oest, la menor freqiiéncia d’ocurréncia d’allaus

permet el creixement del bosc, que a la vegada incrementa la rugositat de la zona d’allaus.

Per tant, en planificacié6 territorial i urbanistica, quan s’aplica el model obtingut, per a reduir la
incertesa, es recomana considerar incrementar la probabilitat de no-excedencia reduint a,

especialment en aquelles zones d’allaus amb zones de sortida orientades a S i SE.

La comparacié dels resultats obtinguts amb I'Equacié 3, amb els resultats obtinguts amb
equacions d’altres serralades d’arreu del mén sembla mostrar alguna influéncia climatica i del
terreny. Les diferéncies es podrien explicar per la freqiiencia d’ocurrencia amb queé tenen lloc
els diferents episodis o cicles d’allaus majors que afecten a una serralada, i la morfologia i
caracteristiques topografiques a cada serralada, i pot tenir una influencia indirecta en les

equacions de regressid obtingudes.

El model a—p i els models estadistics estan basats en esdeveniments d’allaus reals i parametres

directament mesurables, i el resultat de la seva aplicacié permet determinar 1’abast d’allaus
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extremes en termes de probabilitat de no-excedencia. Malgrat el model a—f i els models
estadistics no proveeixen variables continues al llarg del perfil del terreny d’'una zona d’allaus
com velocitat o pressié d'impacte, com si que fan els models de dinamica, proveeixen
informacié molt valuosa a la practica de la cartografia de perillositat. Son complementaris dels
models de dinamica, els resultats dels quals poden ser comprovats, calibrats i validats en
termes d’abast. S6n rapids d’aplicar i permeten obtenir una bona aproximacié6 de I’abast en una
zona d’allaus. En aquest sentit, I'actualitzacié de I'equacid per als Pirineus Catalans representa

un aveng significatiu en la caracteritzacid de la perillositat d’aquesta serralada.

4.3 Conclusions globals

S’ha avangat en la caracteritzacio de la perillositat per allaus al Pirineu de Catalunya, tant a
escala territorial, en la dinamica dels episodis d’allaus majors, com a escala de detall, de zona
d’allaus, per al treball de calcul de I'abast extrem de les allaus. La recerca i treball previ de
generacié d'una base de dades d’allaus majors rigorosa i fiable ha esdevingut fonamental per a
la consecuci6 dels resultats. La base de dades, amb extensid i coheréncia regional, ha estat
alimentada per dades de cada zona d’allaus individual; i el fet de disposar d'una base de dades
de tot el Pirineu catala posa en context la dinamica de cada zona d’allaus particular. De la
mateixa manera, les dues linies desenvolupades en aquest treball sén complementaries, donat
que el coneixement de la dinamica d’episodis d’allaus majors (freqiieéncia, magnitud, extensid)
permet entendre i contextualitzar els resultats obtinguts en I'aplicacié del model o—f i ajuda a
comprendre i determinar en quins casos cal disminuir I'angle o per alareduccié de la incertesa.
Tot plegat, permet millorar en el coneixement de la seva perillositat i, per tant, permet millorar

en el coneixement per a la reduccié d’aquest risc.

Els resultats no so6n clarament concloents en relacié amb la influéncia del context d’escalfament
i extremitzacié del clima actual, pero constitueixen una primera referéncia a partir de la qual
seguir aprofundint en el coneixement de com estan afectant els canvis en el clima en la

dinamica del fenomen.
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4.4 Treball futur

Com passa habitualment, com més aprofundeixes en un tema, més portes s’obren i més
t’adones de laimmensitat que encara ens falta per conéixer. Al final, pero, s’ha de posar un punt
i tancar. M’agradaria que fos un punt i seguit, pero tenim només una vida, i ara mateix se’'m fa
dificil saber si és un punt i seguit, un punt i final, o un punt intermitent. En tot cas, aqui deixo

algunes propostes per si a algu altre li fa gracia agafar el relleu:

En relaci6 a I'estudi dels episodis majors, cal seguir aprofundint en el seu coneixement ja que,
al capialafi, és el que ens permet de conéixer la dinamica al detall de les allaus dels Pirineus
i, per tant, avangar en el coneixement de la seva perillositat. Per fer-ho, és necessari seguir
ampliant la base de dades d’allaus majors. Aixd no només ens permet conéixer millor els
episodis del passat, sin6 també preveure que pot passar en el futur, en un periode tant

interessant (i a la vegada, preocupant), d’escalfament global:

- Seguir alimentant la Base de Dades d’Allaus Majors amb:
0 Registres d’allaus recents (intensificar les cartografies “3D”)
O Seguir inventariant amb allaus del passat (informacié documental, testimonial,
dendrocronologica)
0 Ampliar la base de dades a la resta dels Pirineus
- Estendre I'estudi de caracteritzacié d’episodis a tots els Pirineus
- Aprofundir en l'evolucié dels episodis i com la seva magnitud i freqiiéncia és

influenciada per I’evoluci6 del clima, ara, i en el passat.

Pel que fa a I'estimacid de I'abast de les allaus, seria molt interessant seguir alimentant la base

de dades per,

- Estendre I’estudi a tots els Pirineus

- Aprofundir en l'estudi de la influéncia del terreny i del clima en I'abast de les allaus

- Aprofundir en l'obtencié d’equacions que ens permetin diferenciar allaus de T100
respecte d’allaus de T>100.

- Buscar noves variables que permetin ajustar millor els models. Per exemple, el paper

del bosc.
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- Aplicar altres metodes que no han estat aplicats als Pirineus, com per exemple el RR

(Runout Ratio; McClung et al., 1989)
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Major avalanche of a major avalanche episode or winter. Furthermore, it permits a comparison of the magnitude between major
Pyrenees avalanche episodes in a given mountain range, or between mountain ranges, and for a long enough period, it
Magnitude should allow analysis of temporal trends. Major episodes from winter 1995/96 to 2013/14 were reconstructed.
Frequency Their magnitude, frequency and extent were also assessed. During the last 19 winters, the episodes of January
H923rd 22-23 and February 6-8 in 1996 were those with highest MAAMI values, followed by January 30-31, 2003,
Risk January 29, 2006, and January 24-25, 2014. To analyze the whole twentieth century, a simplified MAAMI was
defined in order to attain the same purpose with a less complete dataset. With less accuracy, the same parameters
were obtained at winter time resolution throughout the twentieth century. Again, 1995/96 winter had the
highest MAAMI value followed by 1971/72, 1974/75 and 1937/38 winter seasons. The analysis of the spatial
extent of the different episodes allowed refining the demarcation of nivological regions, and improving our
knowledge about the atmospheric patterns that cause major episodes and their climatic interpretation. In
some cases, the importance of considering a major avalanche episode as the result of a previous preparatory
period, followed by a triggering one was revealed.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction unknowns despite being significant. In any case, either through surveys

At mountain areas that receive frequent large storms, the 10-year
and the 100-year avalanches in a particular path may be similar in
size. In contrast, in some generally low-snowfall areas, the 100-year
avalanche may be many times larger than the 10-year avalanche. The
historical record or the damage to vegetation provides good evidence
of avalanche potential in the heavy-snowfall locations, while the low-
snowfall locations require extensive applications of indirect techniques
to determine the size of the long-return-period event (Mears, 1992).

The Catalan Pyrenees, especially in its southern side present a low
and irregular snowfall regime (Garcia et al., 2007). In this region, migra-
tion of people from mountainous areas to cities during the sixties and
seventies of the last century caused a major human dispersal and thus
difficulty in finding historical memory. These factors make that
avalanche risk, due to low frequency avalanches, still presents many

* Corresponding author at: Institut Cartografic i Geologic de Catalunya Parc de Montjuic
08038 Barcelona Catalonia - Spain.
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0165-232X/© 2014 Elsevier B.V. All rights reserved.

to the Pyrenean population, or through searching in historical archives,
nowadays we know that in Catalonia there are at least 11 villages that
have historically been affected by avalanches (Rodés and Miranda,
2009; Avalanche Database of Catalonia, BDAC), some of which almost
completely destroyed (villages Gessa, Tavascan-Plau, and Arreu in
1444, 1604, and 1803 respectively), and numerous isolated houses, af-
fected or destroyed. Furthermore there are frequent episodes of lower
intensity affecting mountain infrastructures (e.g. roads, ski resorts,
power lines) every winter. This high frequency activity is what causes
victims in winter sports (about 1.5 fatalities per average winter in the
Pyrenees of Catalonia, Martinez and Oller, 2004).

Knowing how often major episodes occur, their intensity, and their
tendency through time, in relation to climate variability, are basic
questions to better understand hazard and to manage avalanche risk
in this mountain range.

Different works have dealt with the characterization of major
avalanche episodes in the Pyrenees, from different points of view.
Esteban et al. (2005) relate the avalanche activity to the snowfall regime
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and characterize the different synoptic circulation patterns that can
generate fresh snow depths susceptible to produce avalanches from a
set of 15 years. Garcia et al. (2007, 2009) proposed the study from the
analysis of atmospheric circulation associated with the occurrence of
major avalanches documented through monitoring and surveillance.
From episodes identified during the past 40 years, they determined
and classified which are the atmospheric configurations that generated
them, and they obtained the probability of occurrence for each one of
the regions established for the regional avalanche forecasting. Finally,
Muntan et al. (2004, 2009) identified new events from dendrochrono-
logical analysis of tree rings from trees affected by avalanches, from
which they reconstructed major episodes and determined their trigger-
ing atmospheric and snowpack conditions over the past 40 years. They
also identified probable events up to 100 years ago.

Extensive work has been performed in the French Alps (Eckert et al.,
2010b; 2013) and the French Pyrenees (Eckert, 2009; Eckert et al., 2007;
2010a; 2013), with observational avalanche data obtained from the EPA
(Enquéte Permanente sur les Avalanches). Avalanche events from
around 3900 paths were systematically recorded since the beginning
of the 20th century. The main goal of this work was to analyze ava-
lanche activity throughout time and space in order to determine
trends or changes, and its possible relation with climate change,
from the use of advanced statistical procedures. Two periods show-
ing different trends were determined during the last 60 years with
a change point around 1978 and a retreat of avalanche runouts
over the last 61 winters for high magnitude events, although the
probability of a high magnitude event has remained constant, sug-
gesting that climate change has recently had little impact on the
avalanching rhythm in France.

Studies in other mountain ranges based on avalanche records as
quantifiers of the magnitude of avalanche episodes, do establish indexes
(e.g. Avalanche Activity Index, AAI) to quantify the daily degree of activ-
ity or the degree of activity for a greater period of time with variable
accuracy depending on the available data (Eckert et al., 2010a; Haegeli
and McClung, 2003; Laternser and Schneebeli, 2002; Schweizer et al.,
1998). Others (Germain et al., 2009), used similar indexes to quantify
avalanche activity identified from dendrochronological analysis. In all
these works the methodology and scale of work are adapted to the com-
pleteness and quality of the database used in each case.

In the present work, we analyzed individual major avalanches to
quantify the magnitude and frequency of major avalanche episodes in
the Catalan Pyrenees. We considered a “major avalanche” (MA) as the
avalanche which extent exceeds the reach of the usual (frequent) ava-
lanches, causing damage in case there is forest or infrastructures in
the vicinity (Schaerer, 1986). These avalanches have been described as
destructive by Schneebeli et al. (1997) and specifically catastrophic
when they affect villages and cause damage to property (buildings,
roads and other infrastructures; Holler, 2009). We observed that these
avalanches typically have a return period over 10 years. We considered
a “major avalanche episode” (MAE) as the period in which the release of
one or more MA occurs due to snowpack instability generally caused by
a severe storm with high snowfalls accompanied by substantial drifting
snow, but also temperature variations causing snowmelt and or fluctu-
ations of the freezing level, designated as “avalanche cycle” by other
authors (Eckert et al.,, 2011; Héller, 2009). It can last from a few hours
to several days. It's relation to climatic factors makes its study highly
valuable to improve avalanche forecasting (Birkeland et al., 2001;
Eckert et al., 2011; Garcia et al., 2009).

We worked with MAs because they cause damage and therefore risk,
and because this fact allows collecting a complete data set of avalanches
obtained from a threshold defined by the observed damage, as applied
by Fitzharris and Schaerer (1980).

The objectives of this paper are: (i) to reconstruct major avalanche
episodes that occurred over the Pyrenees of Catalonia during the twen-
tieth and early twenty-first centuries, (ii) to determine their magnitude,
(iii) frequency, and (iv) spatial extent.

The rest of the paper is organized as follows. Section 2 presents the
main particularities to consider in relation to the avalanching process
and climatic behavior of the study area. Section 3 describes the data
set used for this work and how it was treated. Section 4 analyzes MAE
from time and space points of views considering two temporal periods
according to data accuracy. Section 5 discusses the obtained results
while Section 6 summarizes the main outcomes of the work.

2. Study area

The study area comprises the Catalan Pyrenees, or southeastern part
of the Pyrenean range (Fig. 1), an area of 5000 km?. The highest peaks
just exceed 3000 m a.s.l. Where the terrain is prone to avalanche release,
avalanches can trigger from above 1400 m a.s.l,, and they can reach
elevations as low as 600 m a.s.l. (Oller et al., 2006). In this area, the
Cartographic and Geological Institute of Catalonia (ICGC) carries out
an observation and surveillance survey from which avalanche data is
added in the Avalanche Database of Catalonia (BDAC, Oller et al., 2005).

The forest, widespread all across the range, plays a key role in the
detection of MA. The timberline oscillates between 2100 and 2500 m
a.s.l. (Carreras et al., 1996). Above these elevations, the density of
trees decreases dramatically to a point (treeline) from which only
some individuals develop as a bush. Trees act as sensors that record
any disturbance or impact affecting their growth. The effects remain
for years and can be used to map avalanches even after the disappear-
ance of the avalanche deposit. Therefore, their mapping can be more
systematic than the mapping of avalanches that have not caused
destruction to forest. Avalanches that affect human settlements and
infrastructures were also considered, but vulnerable elements are
distributed irregularly and sometimes they are variable in time, and
this fact makes the analysis more complex.

High frequency avalanches generally occur above the timberline.
Currently it is not possible to get a systematic record of such avalanches,
as observations are made mainly from fixed points covering small areas
of the territory, or they are registered selectively in case of accident.
They are impossible or very difficult to detect after the thaw if they
don't produce any further evidence. In addition, even low frequency
avalanches releasing and arriving above the timberline are very difficult
to detect after the thaw. For that reason, these areas, glacial cirques and
hanging valleys above 2000 m, were considered areas without informa-
tion, or blind areas (shaded in green in Fig. 1). In these areas it was not
possible to obtain an exhaustive inventory of major avalanches.

In 1990 the study area was divided into 8 nivological regions (NRs)
for operational forecasting (Garcia et al., 1996). In 1994 these regions
were reduced to 7 (Fig. 1). This division was based on climate character-
istics, snowpack evolution and avalanche activity (Garcia et al., 2007)
for a better characterization of the snow conditions and for a better
communication of the avalanche forecasting bulletin (BPA). Hence, it
was the empirical result of 20 years of avalanche forecasting. It is not a
climatic classification in a strict sense, because at present meteorologi-
cal data series are not long enough to support it (Garcia et al., 2007).
These regions are Aran-Franja nord de la Pallaresa (AR), Ribagor¢ana-
Vall Fosca (RF), Pallaresa (PL), Perafita-Puigpedrds (PP), Vessant nord
del Cadi-Moixeré (CM), Prepirineu (PR), and Ter-Freser (TF). All the re-
gions drain their waters towards the Mediterranean sea with the excep-
tion of the western half of AR which drains towards the Atlantic ocean.

Three climate varieties were defined (Garcia et al., 2007). The north-
western part has a humid oceanic climate with regular winter precipita-
tion (AR region). The total amount of new snow is about 500-600 c¢m in
winter and the winter average temperature is — 2.5 °C at 2200 m a.s.l.
Towards the south of the western Catalan Pyrenees (RF, PL, PP and CM
regions), the weather gains continental traits, and winter precipitation
decreases. The average new snow depth at 2200 m a.s.l. is 250 cm in
winter and the average temperature is — 1.3 °C. The prevailing winds
are from the north and northwest, and they are more intense than in
the oceanic domain, often with gusts over 100 km/h. In the eastern
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Fig. 1. Location of the Catalan Pyrenees. Nivological regions are demarcated by violet boundaries: AR (Aran-Franja nord de la Pallaresa), RF (Ribagor¢ana-Vall Fosca), PL (Pallaresa), PP
(Perafita-Puigpedrds), CM (Vessant nord del Cadi-Moixerd), PR (Prepirineu), TF (Ter-Freser). Areas susceptible to avalanche activity (shaded in red). Areas without MA information (shaded

in green). Climate varieties identified by Garcia et al., 2007.

Pyrenees the Mediterranean influence takes predominance. Winter
precipitation increases though irregularly distributed (PR and TF re-
gions) and it is linked to Mediterranean cyclogenesis. The prevailing
winds come from north and highest gusts often exceed 200 km/h at
2000 m a.s.l. The total amount of new snow at 2200 m a.s.l. is about
350-450 cm and winter average temperature is —0.8 °C.

Garcia et al. (2009) identified the atmospheric patterns which
generate MAE over the Pyrenees of Catalonia. They worked with 25
episodes from 1972 to 2007 (35 winters), obtaining 6 atmospheric
patterns at synoptic scale at a geopotential height of 500 hPa that
cause major avalanche episodes (Table 1). They observed that the
most common pattern (39% of variance) were north and northwest

advections. The 2nd and 3rd patterns, significantly similar to middle
and low levels (east and southeast advections), occurred with a
frequency of 31%. The other patterns have a lower frequency and they
constitute the remaining 25%. This classification was used in the present
work to analyze the selected MAEs.

3. Material and methods
3.1. Major avalanche data

We worked with avalanches recorded in the BDAC of the ICGC (Oller
et al., 2005). Data were collected over the past 25 years. Currently the

Table 1
Synthesis of the atmospheric patterns defined by Garcia et al. (2009).
Component 500 hPa synoptic configuration Low levels synoptic No. of Snow and avalanche conditions Typical NR Acronym
configuration episodes
1 Azores high pressures extended over the Atlantic N and NW 12 Intense snowfalls, very low AR N/NW
Ocean and deep low pressure on the axis Baltic advection temperature, very active snowdrift.
Sea-Italian Peninsula Major powder avalanches,
sometimes wet.
2 Long trough at 500 hPa exhibiting an oblique axis Low pressures, 4 Weak layers in the snowpack. Heavy PR, TF E/SE1
oriented NW-SE, due to the Siberian high over SE flow precipitation. Dense flow avalanches
Europe which diverts troughs to the
Mediterranean Basin
3 A blocking high pressures situation at 500 hPa over High pressures, Eand 4 Intense snowfalls, mild temperatures. PR, TF, RF E/SE2

Central and North-Western Europe and a cut-off SE advection
low centered over the south of the Iberian
Peninsula-North of Africa

4 A deep low with a very cold core over the Lion Gulf

5 A wide low pressure is located at high and low levels
in the west of the Iberian Peninsula

6 A ridge from the subtropical anticyclonic belt spreads
further north over the Western Mediterranean Sea

N and NE advection

S and SW advection

Worm advection

Dense and wet avalanches

1 Strong northern winds and heavy Any region CL
snowfalls. Major powder avalanches

2 Very intense precipitation, mild PR, CM, RF, TF  S/SW
temperatures. Dense dry and wet
avalanches

2 Sudden melting processes on snow Any region A

cover which contains persistent
weak layers
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BDAC stores 3052 avalanche observation (AO) records, dated from 1971
to present, and 459 avalanche enquiry (AE) registers (called generically
avalanche enquiries although they include enquiries—oral-information
s. s. and also historical documentation) from the Middle Ages to 1997.
In the BDAC, each register is mapped and different qualitative and quan-
titative data are recorded (release date and conditions, morphometrics,
flow characteristics, damage). AO data come from the ICGC observation
network created in 1988 (Furdada et al., 1990) and AE data come from
systematic field surveys performed from 1986 to 2006 to elaborate the
Avalanche Paths Map (Oller et al., 2006) even though nowadays if
new findings are made they get recorded likewise.

For this study an extra effort was done to complete and improve the
MA data of the BDAC. Specially, the photointerpretation of different
flights with complete coverage of the Catalan Pyrenees was reinforced.
Moreover, additional work was done to prepare data for treatment:
(i) selection of major avalanches, (ii) debugging data to avoid mistakes
and repetitions and (iii) completing the series from field work, inquiries
to population and photointerpretation.

Altogether, we used a dataset consisting of 654 major avalanches,
477 of which dated, at least, at winter season resolution, and the rest,
dated with less accuracy.

Avalanche information was obtained through various sources
(Fig. 2): (i) event observation, (ii) photointerpretation, (iii) historical
information and (iv) dendrochronology. Each source contributes in a
different manner, these being complementary sources (Ancey, 2006;
Corona et al,, 2012), the joint use of which improves the reconstruction
of the registered avalanches. An outline of advantages and drawbacks
depending on the source is given further below.

Based on the completeness of the series, we defined 3 periods: (i) P1,
with very sporadic records prior to the twentieth century obtained from
historical documents largely. Usually they are isolated events that affect
localities. The oldest events are dated to the fifteenth century. The
length of the runout of most of these avalanches has not been repeated
since then. The MA register has not have enough continuity to be used in
the time analysis, but the runout distance of these avalanches have
interest as a reference distance in relation to the length of other
avalanches, all in the same avalanche path, as in the corresponding
NR. (ii) P2, which covers the twentieth century, until winter 1994/95.
Mostly, the record was obtained from inquiries to the local population,
but also from dendrochronological analyses (Muntan et al., 2004,
2009). The dataset is incomplete but probably the most important
events were recorded. P3 (iii), from winter 1995/96 to the present,

the record of MAs can be considered systematic and complete.
Avalanches were mapped from the observation of phenomena and
evidence on the vegetation and infrastructures.

Although there are records since the 15th century (P1) in the
dataset, we worked with P2 and P3 data as it was considered that the
series were reasonably complete with respect to the episodes of greater
magnitude (Fig. 2).

3.1.1. Event observation

Events can be mapped from direct observation of their effects during
winter or from effects on vegetation or infrastructures once winter is
over. We call terrain mapping the group of methods used to map
avalanches through their effects. In MAE, during winter, the large num-
ber of fallen avalanches requires a good mapping strategy, because the
lapse of time before avalanche deposits disappear might be short or
weather conditions can be adverse to carry out the task. So, when pos-
sible, helicopter flights were done just after the MAE in order to obtain
an overview of the extent of the episode and the released avalanches
and to take photos. This previous work allowed a prioritization for
subsequent mapping in the field of the most important avalanches;
while the remaining avalanches were mapped from the pictures taken
from the air. The mapping of the avalanche in the field increased the
accuracy of the observations made from the air.

All this procedure was possible, on the one hand, if there were
appropriate flying conditions (visibility and good wind conditions)
and good accessibility over land to the avalanche sites, and, on the
other hand, if subsequent snowfalls, drifted snow accumulations or
high temperatures, had not altered the deposit conservation, hindering
its identification. Orthoimages and topographic base 1:5000 were used
as reference maps, as well as GPS, allowing to georeference all field
observations accurately up to reaching metric resolution. For smaller
magnitude MAEs, the work was done exclusively over land.

Temporal accuracy of the data is often at episode resolution (daily
or almost daily). Normally, although we have no accurate temporal
information of all avalanches recorded, episodes can be reconstructed
from the analysis of the avalanche characteristics and their spatial distri-
bution. Spatial resolution is variable. If the cartography was made from
an oblique photo, and not many references (trees, rocks, forms) could
be identified on the landscape, the error could be up to 100 m. Besides,
if there were good references, the error could be reduced to around
10 m. If the cartography was done in the field by using a high precision
GPS, error was less than 10 m. However, for events involving very dry
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Fig. 2. Decadal distribution of MAs (major avalanches) recorded, and source of the data in P2 and P3 periods. Date of winter has the format Y,Y;Y;Y;Y>Y>, where Y,Y;Y;Y; is the year in

which the winter season starts, and Y,Y- identifies the consecutive year.
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and non cohesive snow, with a powder part, the furthest point of the
runout is sometimes impossible to locate because of the low definition
of the deposit (Eckert et al., 2010a).

Summer field work after avalanche occurrence was always neces-
sary, even though the avalanche had been mapped in winter. When
the avalanche was destructive, especially to forest, it was mapped
during summer from the damage to trees. In addition, conditions for
accessing to the site are better and there is not the haste of the winter
inspection. Evidence may be diverse, but mapping mostly relies on the
external signs that avalanches have left on vegetation.

In addition, it is possible to map the boundaries of the affected area
several years after if there is dead wood. Tree remains can last around
10 years at least before they disappear by decay (Elena Muntan, person-
al observations). The degradation rate of dead wood depends on mois-
ture, temperature and species. As a general rule, humidity and average
temperature is lower as we ascend in the Pyrenees and thus, tree
wood debris lasts longer at high altitudes. In situ stumps of resinous
conifers can last appreciably longer. These are, however, the limits of
the avalanche destruction, and it is not possible to clearly distinguish
the damage caused by the dense part of the avalanche from the powder
part, if a mixed avalanche took place. Only when the avalanche occurred
the winter before the field inspection, it was still possible to see the
scattered twigs carried by the powder part and map the limits of the
area. At this stage, mapping from evidence provided information exclu-
sively from the track and the runout of the avalanche path. When using
a high resolution GPS the georeferenciation accuracy can be very good
(10 to 1 m), but if evidences are not clear, the identification of the limits
of the avalanche can be more imprecise.

3.1.2. Photointerpretation

The analysis of aerial photographs guaranteed the completeness of
the MA cartography, given its geographical extent and precision. Photo-
interpretation was used to search for evidences of MAs not detected
from event observation, to complement the information obtained
from other sources. By comparing aerial photographs before and after
the episodes, not only the avalanches that had destroyed the forest
could be mapped, but also the extent of the devastated forest could be
quantified. In addition, by this method, it was possible to examine the
whole of the affected territory quickly and economically. The first
available flight covering the Catalan Pyrenees in a digital format is the
“American flight” performed from 1956 to 1957. The second digital
flight covering this region was done 33 years later (1990), but the
frequency of new flights has increased up to present, with flights from
the Cartographic and Geological Institute of Catalonia (ICGC) almost
every year. This fact allows a very detailed monitoring of recent activity.

The temporal accuracy of data depends on the frequency of the suc-
cessive flights. In any case, the current resolution is, at best, the winter
season. However, depending on the distribution and characteristics of
MAE occurrence during the time window without orthoimages, some
events can be dated at episode resolution. This resolution decreases
very fast as we go back in time because the spacing between flights
increases rapidly. The combined use of the other information sources
improves the dating of the observed events. The spatial resolution de-
pends on the image resolution, which has been improved from the
first flights available (scale 1:33.000), to the recent flights (mainly
1:5.000), then obtaining a metric resolution when mapping. For dense
flow avalanches, with a well defined deposit, the accuracy can be metric
using recent aerial images. In the case of avalanches with a powder part,
the precision is lower, obtaining a boundary corresponding to the extent
of the avalanche with destructive capacity. Photointerpretation
should always be supported by field observation in order to get a better
accuracy.

3.1.3. Historical information
A basic source of historical information is the survey to people living
in the affected areas, preferably the elderly, which allows obtaining

information of a longer time period. This technique revealed the
occurrence of avalanches during the twentieth century, mainly. Enquiry
data is not continuous and systematic, and the information provided by
respondents is often inaccurate, and in some cases wrong (Ancey,
2006). However, sometimes this information can be refined by other
sources. In any case, this information has improved significantly the
knowledge of avalanche activity during the twentieth century (P2
period).

Temporal accuracy of recounted avalanches is often very imprecise.
Only 23% of the registered events were dated to winter season resolu-
tion. The spatial accuracy is very variable also; it is generally possible
to know the place affected by the avalanche, but not its actual limits.

Search in historical archives and documents directly or indirectly
provided evidence of the occurrence of avalanches. This technique
allowed us to find events before the twentieth century. It is a very
time-consuming and specialized method because it requires the review
of a large amount of documentation to find little information. But
whatever data found is important because normally, if the avalanche
was recorded, it is because it caused damage.

By contrast to other sources, the exact date of the event occurrence is
often found in historical records, being the time resolution, daily. The
spatial accuracy is very variable, because usually information describes
where the damage was, but it is hard to know the actual reach of the
avalanche. In general, the obtained information should be considered
as a minimum distance in the runout. Even more difficult is to get
information of the starting zone.

Note also that historical data are usually biased towards events that
have caused damage to structures or loss of life on the one hand, and
non-existent in areas depopulated on the other (Corona et al., 2012).

3.1.4. Dendrochronology

Dendrochronology provides data about frequency and extent of
avalanche events from the analysis of tree rings. It is therefore nec-
essary that there is forest in the vicinity of the avalanche path.
Samples from trees are collected and analyzed using prevailing
dendrogeomorphological methods as described by Stoffel et al.
(2013). Especially, growth-disturbed trees located in the lower track
and runout were analyzed to find out high magnitude events reaching
the largest distances. In every avalanche path, we used reference chro-
nologies (Stokes and Smiley, 1968) built from undisturbed trees in the
nearby forest to verify datings. Events can be dated with annual resolu-
tion by this technique and the time interval depends on tree age, data
ranging from the oldest evidence to the present. From a spatial point
of view, depending on the sampling effort, a resolution of the order of
10 m can be obtained. Thus, we included data from dendrochronology
in the dataset in the few cases where there was enough information
related to runout extent (Muntan et al.,, 2004, 2009).

3.2. Major avalanche data characterization

We worked with data from 654 MAs registered in 515 avalanche
paths. In Figs. 3,4 and 5 some characteristics of these MAs are compared
with all the avalanche observations (AOs) registered in the BDAC.
Avalanche observations are mainly avalanches that cause winter sports
accidents and affect roads, ski resorts, infrastructures, buildings, etc., or
occur close to them, they are gathered from fixed observation points
and they include artificially released avalanches. They permit compari-
son of a random sample of avalanches documented since 1971 until
today (AO), with MA, a selected set of naturally released avalanches
that comply with Schaerer definition as explained in previous sections.
It is necessary to clarify the term “random” because if AOs are recorded
it is because they have caused some disturbance in human activity.
Although deviations from random are expected because of the existence
of avalanches triggered artificially, different periods of observation
depending on the observer or the affected infrastructure, etc., these
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Fig. 3. Size of documented major avalanches (MAs, n = 528 out of 654) and size of
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are not dealt with in this study. Here AO data have only been used for
comparison with MA data.

As shown in Fig. 3, major avalanches are medium to large size
avalanches (sizes 3 and 4 mainly, according to the Canadian snow
avalanche size classification system, McClung and Schaerer, 2006),
with remarkable destructive capacity. But small size avalanches can
also be considered MAs if they caused damage as indicated in Fig. 3.
Clearly MAs are infrequent avalanches, as can be seen using AO distribu-
tion as the reference distribution. Interestingly, proportions among MAs
are similar to those found out by Barbolini and Keylock (2002) for a sin-
gle avalanche path (Sudavik avalanche path, Iceland; classes 3 + 3.5,
45%, and classes 4 + 4.5, 50% in their case), when explaining which
are the most frequent avalanche sizes reaching an extreme runout.

Regarding the type of observed dynamics (Fig. 4), major avalanches
are mostly avalanches in which a powder part (aerosol) has been ob-
served (purely powder or mixed ones). They are drier and therefore
lighter, faster and more powerful than regular avalanches, which are
mostly wet snow ones.
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Fig. 4. Type of major avalanche dynamics (MAs; n = 223 out of 654) in relation to ava-
lanche observation registered in the BDAC since 1971 (BDAC-AO; n = 1371 out of 3052).

This behavior is due to the fact that occurrence of the episodes is
registered mainly in January, in a very marked peak, decreasing loga-
rithmically towards May (Fig. 5), being January and February the
coldest months in the Catalan Pyrenees (SMC et al., 1997). It explains
why MAs are mainly dry (57%) and often present a powder part
(39%). AOs are more uniformly and normally distributed, being
February the month with the maximum frequency of avalanches
recorded.

3.3. Data treatment

We worked with periods P3 (19 winters from 1995/96 to 2013/14)
and P2 + P3 (113 winters from 1900/01 to 2013/14), separately, taking
into account the different resolution of the data. The common MA
parameters available for both periods, useful for the goal of this
work were the spatial distribution, the temporal distribution and the
runout distance. Runout distance and date of occurrence data together
with vegetation analysis were after used for frequency/intensity
determination.

3.3.1. Common parameters: spatial, temporal distribution and runout
distance

All the recorded events were georeferenced according to their X and
Y coordinates.

Winter season was considered the time unit to work in P2 + P3. This
fact forced us to discard many events in P2 that were not possible to
date at that resolution. However, in P3, most of the events were dated
at MAE time resolution.

Runout distance is the most sensitive parameter, because accuracy is
variable depending on the source of information. The runout distance
considered was determined from the destructive effects of the
avalanche. This is the only common parameter for both periods, P2
and P3. Actually, what we compared is the minimum extent of the
avalanche (Corona et al., 2012) as explained before. It should be noted
that the range of uncertainty is significant, and it must be taken into
account in the interpretation of results.

The extent of the different events for each avalanche path was
mapped on the digital topographic and orthophoto bases 1:5000 of
the ICGC, as shown in the example of Fig. 6.

3.3.2. Frequency/intensity

The relationship frequency/intensity of each event was obtained
from the relative position of the different distances measured in the
runout zone (Fig. 6). In general it is expected that in a given avalanche
path, as the average intensity increases downhill in the runout zone,
the average frequency decreases (McClung, 2008). Thus, intensity is
indirectly determined from the observed frequency. This is based on
the principle that the farther the reach of the avalanche, the more in-
tense it is, and the rarer is the avalanche, the more the probability of
being observed decreases (Mears, 1992). The parameter used to find
out this relationship was the relative runout distance between different
events, in relation to the frequency of occurrence in each avalanche
path.

The return period is the time interval in which the runout distance is
achieved or exceeded in a given point. Frequency is the reciprocal of the
return period. It is therefore possible, in principle, to map return periods
in the runout zone corresponding to different distances downhill, for
example, 1 year, 10 years, and 100 years, corresponding to a mean
annual probability of 1, 0.1, and 0.01. These distances increase in the
runout zone at the same time that the return period increases
(McClung and Schaerer, 2006). Given the lack of data generally every-
where, avalanche frequency can be estimated as an order of magnitude
(Mears, 1992; Weir, 2002). Mears (1992) indicated that the return
period (T) describes a range of time. According to the author, given
this uncertainty, for an avalanche to which we assign a return period
of 10 years based on our observations, the return period would be
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Fig. 5. Frequency of major avalanches (MAs, n = 279 out of 654) in relation to avalanche observation (AO) registered in the BDAC since 1971 (n = 1644 out of 3052).

between 3 and 30 years, while a 100-year avalanche would have a T
between 30 and 300 years. In any case, the range of uncertainty dimin-
ishes in relation to the number of events available for each avalanche
path.

Based on the classification table of mountain hazards by Weir
(2002), a classification of the avalanche frequency was defined for
each avalanche path (Table 2). The error assigned to the frequency is in-
dicated according to Mears (1992).

To determine the frequency in the runout zone three criteria (ab-
solute and relative) were considered: (i) number of times that
events with similar runout distances were repeated in relation to
the lapse of time between them (absolute), (ii) vegetation clues as
a reference (absolute), and (iii) space/time relationship between
runout distances of avalanches recorded in each avalanche path
(relative).

Very high frequency avalanches were not considered MAs accord-
ing to the criteria used in this study. There are no cases in which these
avalanches have affected forest. High frequency avalanches affect
forest often, but not always. At least 20% of the high frequency ava-
lanches recorded in forested paths, did not affect forest. This means
that possibly the record of high frequency avalanches is not complete
in P3 (we cannot guarantee a complete record if there is no evidence).
On the contrary, we consider that the register of moderate to very
low frequency avalanches is almost complete in P3 (Fig. 7). The long
time interval between one avalanche and the next allows the forest
to recover and, in the following episode, it will be affected. The
same, but more pronounced, happens with low and very low frequen-
cy avalanches.

The number of MAs in which the frequency could be determined
in P1, P2 and P3 is shown in Fig. 7. As it can be observed, the older is
the period, the lower is the frequency of the registered MA. Time fil-
ters high frequency events, which are less destructive and therefore
less perceived by the inhabitants, and only the most important MAs
reach us from written and oral sources.

In Fig. 8 the distribution of the registered episodes in P3, number of
MAs registered per episode and its estimated frequency are displayed.
The mean is 1.6 MAE per winter, but with a high variability (standard
deviation equals 1.6), with some winters without MAE and winters
with up to 5 MAEs. Only 7 winters register more than 10 MAs, and the
largest episodes just exceeded 50 MAs (22-23 January and 6-8 February
1996, 30-31 January 2003 and 24-25 January 2014). High frequency
avalanches from 1995/96 episodes were probably underestimated
because at that time, the surveillance service was at its initial stage
and it was less efficient than nowadays.

In three of the registered MAEs (6-8 February 1996; 30-31 January
2003; 24-25 January 2014), urban areas were attained by MA. In the
first case a hostel was seriously damaged, in the second case a house
was totally destroyed and another partially damaged, and in the third
case, a touristic-apartments building was damaged at functional level.
These three episodes are the ones which registered most avalanche
occurrences. It is important to point out that all the damaged buildings
were built after the seventies of the twentieth century in previously
uninhabited areas.

The distribution of MA activity per winter and estimated frequencies
in P3 (Fig. 9) show how the lowest frequencies were registered during
the first half of this period, being the second half more active owing to
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Fig. 6. Example of runout distances reached by different avalanches in a given avalanche path, mapped (left) and plotted in a topographic profile (right). HF, MF and LF: high, medium and

low frequency avalanche reaches.
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Table 2
Frequency classes established for the treated avalanches (based on Weir, 2002). Values in
parentheses indicate the range of uncertainty.

Frequency classes Return period (y) Annual probability of occurrence

Very high (VHF) 5(1-10) 02 (1-0.1)

High (HF) 10 (5-30) 0.1 (0.2-0.03)
Moderate (MF) 30 (10-100) 0.03 (0.1-0.01)
Low (LF) 100 (30-300) 0.01 (0.03-0.003)
Very low (VLF) 300 (>100) <0.003 (<0.01)

the number of major avalanche winters and the frequency of MAE
occurrences (Fig. 10).

4. Analysis and results
4.1. Analysis of the period P3 (1995/96-2013/14)

4.1.1. Temporal analysis

A primary objective of this study was to quantify the magnitude of
the registered MAE. For such a purpose an index was conceived, similar-
ly to Schweizer et al (1998) and Haegeli and McClung (2003). In the
case of these authors, they applied an index on a daily basis (Avalanche
Activity Index, AAI), that is to get a value of the daily activity of ava-
lanches. They based it on the avalanche size, according to the Canadian
avalanche size scale (McClung and Schaerer, 2006). They used the sum
of all observed avalanches considering a weight according to its size. In
our case, since we only worked with MA, mostly sizes 3 and 4, we used
the frequency to emphasize the exceptionality of the episode. Major
avalanches were classified in 4 classes (from 2, high frequency, to 5,
very low frequency) and a weight inversely proportional to the estimat-
ed frequency of each avalanche was assigned (0.1, 0.3, 1 and 3). Like that
we gave prominence to the lower frequency avalanches, the most
intense, and at the same time, the small weight of HF MA prevents sig-
nificant deviations caused by the incompleteness of this frequency class.
The obtained parameter was called Major Avalanche Activity Magnitude
Index (MAAMI). The MAAMI quantifies the magnitude of a MA for a
period of time. It can be applied to the time scale allowed by the data
resolution, e. g., episode, month, winter. In P3 we could apply this
index at MAE resolution following Eq. (1).

MAAMIe

_ Nyre Nyre Nige Nyee
- [ 1)+ (e ©3) * (e ) * (i 3)] 44

(1

For each episode (e), avalanches were grouped according to their
frequency and were divided by the maximum value registered in the
dataset for standardization. Nyre is the number of high frequency MAs
recorded in an episode e, and max(Nyge) is the maximum number of
recorded high frequency MAs in a MAE. The resulting value for each
frequency class is multiplied by the weight assigned to it. The final
value is divided by 4.4, to obtain a result between 0 and 1.

The MAAMIe is also an exceptionality index of the MAE for
the analyzed period. The resulting values respond to a logarithmic
scale. Following the same reasoning about the weight assigned to the
exceptionality of an avalanche, values were classified as shown in
Table 3.

In P3 period (19 winters) the MAAMIe was calculated for the 29
recorded episodes (Fig. 11). We obtained high values for January and
February 1996 episodes, even though January could be considered to
be very high. For 30-31 January 2003, 29 January 2005, 29 January
2006, 18-19 February 2013 and 24-25 January 2014, the MAAMIe
values were moderate, and for the rest of MAE values were low.

For each episode, the extent of the area deforested by avalanches
was mapped and measured (Fig. 12). This parameter is also an indicator
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Fig. 7. Number of major avalanches (MAs) from which we could determine its frequency
in P1, P2 and P3 time periods (n = 633 out of 654). HF, MF, LF, VLF: high, moderate, low
and very low frequency major avalanches.

of the exceptionality of the episode. We correlated the MAAMIe values
with the deforested area values and we obtained a Pearson correlation
coefficient of 0.96, which reinforces the validity of the MAAMIe as an
indicator of MAE magnitude.

The obtained MAAMIe values were associated with each atmospher-
ic circulation pattern defined by Garcia et al. (2009). In Table 4 all regis-
tered episodes, observed dynamics per episode and corresponding
MAAMIe values are listed.

Major avalanche episodes with greatest MAAMIe values correspond
to the pattern S/SW (with a high variability) as shown in Fig. 13, and in
the second place, to patterns E/SE2 and N/NW with less variability. The
MAAMIe decreases considerably in CL and even more in E/SE1 MAE. It is
merely testimonial in A MAE, since in these situations major avalanches
have occurred sporadically.

In relation to the month of MAE occurrence (Fig. 14), the highest
values were obtained in January and February and, in decreasing order
the following months until spring. November and December also regis-
tered low MAAMIe values. In those episodes in which a powder part was
observed, the MAAMIe values were the highest, indicating that these are
the most intense episodes. In contrast, the more dense and wet the
avalanches, the lower the MAAMIe values (Fig. 15).

However, these data must be interpreted with caution, since in some
cases the standard deviation is greater than the average, indicating that
we need to increase the sample size to confirm the results.

Considering winter season as the temporal unit for the same time
period used for episode analysis (P3), we obtained the results shown
in Fig. 16. From the 19 winters in P3 period, MAEs were registered in
16 winters, being 1995/96 the most important Major Avalanche Winter
(MAW), with very high MAAMIw values. On a second position, winters
2005/06,2002/03,2013/14,2012/13 and 2004/05 (in decreasing order),
registered moderate values, and the other winters registered low
MAAMIw values, despite being significative in 2009/10.

Note that when working considering winter season as the time
period, the dataset is larger than when working with episodes, because
we can add data dated at winter time resolution to the dataset. This is
due to the inaccuracy of temporal data when the avalanche mapping
has been done from vegetation clues in summer, in the field, or by
photointerpretation.

We applied a logarithmic transformation to the MAAMIw values
(log_MAAMIw) in order to obtain those for statistical treatment. We ob-
tained a dataset with a good significance with the test of Shapiro-Wilk
(p-value 0.32 for a ot level 0.05), which means that the function fits to a
normal distribution. Considering the data set (log_MAAMIw) a normal
distribution, we obtained the estimated probability values (Table 5).
They indicate the annual estimated probability of occurrence of a
log_ MAAMIw value lower than a given value. For example, the annual
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Fig. 8. Frequency assigned to major avalanches (MAs) per major avalanche episode (MAE) in P3 period. Date of episodes has the format YYYYMMD;D;D,D,, where D;D; is the first and

D,D, the last day of the episode. HF, MF, LF: high, moderate and low frequency.

estimated probability of occurrence of a winter with a MAAMIw value
lower than 0.001 is 40% while the annual estimated probability of
registering a winter with a MAAMIw lower than 0.3 is 97% (conversely,
a MAAMI higher than 0.3 is 3%).

As explained in Section 3, urban areas were affected in 6-8 February
1996, 30-31 January 2003 and 24-25 January 2014 episodes, for which
moderate to very high MAAMIe values were obtained. According to the
results shown in Table 5, the estimated annual probability of occurrence
of a MAAMIw higher than 0.03 (moderate) which could affect urban
areas, is 17%.

4.1.2. Spatial analysis

From the spatial distribution of the MA recorded in each MAE, the
most likely affected area was reconstructed. Our reconstruction was
based on the criterion that the behavior of air masses is strongly influ-
enced by relief, causing 50 to 70% of mountain precipitation in winter
(McClung and Schaerer, 2006). Orographic precipitation models include
the assumption that precipitation is produced at a rate that is directly
proportional to the rate at which the air is lifted (vertical component of
wind velocity) over the mountains. The first mountain struck will usually
induce the most precipitation and subsequent barriers receive less as the
moisture supply in the air mass diminishes (McClung and Schaerer,
2006). This assumption is easily confirmed in the distribution of ava-
lanches depending on the direction of the air mass that generated MAE.

In several occasions the occurrence of avalanches downwind from
the direction of the air mass was observed. In other cases, the orographic
lifting generated by the relief caused the triggering of avalanches
on different aspects, possibly because the air mass was associated

with weaker winds that did not condition the formation of over-
accumulations downwind. On numerous occasions, the occurrence of
major avalanches was not observed until reaching the highest
elevations of the mountain range, although the air mass passed through
avalanche prone areas but with lower elevations.

Taking these observations into account, we based the delimitation of
the spatial extent of the different MAEs according to the following
criteria: (i) when the registered avalanche or avalanches were located
in a valley open to the direction of the air mass, the whole valley was
considered affected unless the extent of the episode could be clearly
cut in a part of the valley, (ii) if the direction of the air mass was perpen-
dicular to the valley, and last avalanches in the direction of the air mass
were located upwind, the limit of the episode was mapped along the
ridge of the valley, and (iii) in the case that avalanches were registered
on the leeward of the ridge, the border of the episode was mapped at
the bottom of the valley. An example of how we mapped the spatial
extent of MAE is shown in Fig. 17 for winter 2002-2003.

These arguments fitted very well for MAE which associated
atmospheric pattern was the triggering factor of conditions leading to
MA occurrence. Instead of this, in some episodes the spatial distribution
of the recorded MA showed a typical configuration from other patterns.
In these cases, the criteria explained in the previous paragraph had to be
adapted. For instance, the 18-19 February 2013 MAE, classified as E/SE1,
showed a typical N/NW pattern affected area (Fig. 18), meaning that
this MAE is the result of a preparation period and a later triggering
one. During the first part, the unstable conditions are prepared, but it
is in the second part that the episode is triggered. In fact, before 18-19
February 2013, two N/NW MAE occurred successively (8-11, and 15
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February) with low MAAMIe values (few MAs were registered). These
prepared the conditions for the following episode, a E/SE1, which
typically affects the easternmost PR and TF nivological regions, but in
this case it affected only the AR region, registering moderate MAAMIe
values. This fact reinforces the idea that the study of MAE from a climatic
point of view needs a wider temporal approach, considering previous
atmospheric conditions (Garcia-Sellés et al., 2013), and at the same
time, it supports the relationship between avalanche activity and a
cumulative NAO index demonstrated by Keylock (2003).

In order to better define the nivological regions (NRs), the spatial
extent of the different MAEs was grouped according to their associated
atmospheric patterns, described by Garcia et al., 2009 (previously
shown in Table 1), and frequency and MAAMIe values were represented
superimposed (Figs. 19 to 25).

The N/NW configuration was the most frequent atmospheric
pattern, with 10 recorded episodes. This pattern affects the north-
western part of the study area more frequently than other parts
(Fig. 19, left). It is characterized by intense snowfalls, strong winds
from the north and northwest and very active snow drift processes.
These episodes affected in a relative uniform way the AR region, and
their frequency decreased towards the south, in PL and RF regions.
The Eastern Pyrenees were only affected by one N/NW episode, except
for the region TF and PP, the northern ones, which registered two
other episodes close to their northern boundaries. In general these epi-
sodes showed high MAAMIe values (Fig. 19, right), but the sum of all
gives a quite homogeneous result for all the regions with the highest
values along the southern boundary of AR region. In the majority
of cases, air masses coming from N and NW are the main drivers for
N/NW episodes, but although the AR region is the most affected, the
strong weight of the MAAMIe obtained for the MAE of 6-8 February
1996, which origin was at least during the 22-23 January 1996 MAE, a
S/SW pattern, gives a MA distribution more typically caused by a
S/SW than by a N/NW MAE.

Table 3
MAAMI values classification.
MAAMI
Classes Numerical value
Low <0.03
Moderate 0.03-0.1
High 0.1-0.3
Very high >0.3

Three E/SE1 episodes (Fig. 20) were recorded. Two of them affected
regions PR and CM with low MAAMIe values. One of these episodes
corresponded to the slushflow occurrence in 1997/98 winter (Furdada
et al.,, 1999), an exceptional phenomenon since avalanche activity is
recorded in the Catalan Pyrenees, which affected a limited area.
The third episode was registered in 18-19 February 2013 which as
explained before, affected only the AR region although the atmospheric
pattern associated to this episode was characterized by a southeast
maritime flow at surface levels producing heavy precipitations in re-
gions closest to the Mediterranean Sea. This MAE registered moderate
values, the highest for a E/SE1 MAE.

The E/SE2 atmospheric pattern typically affects eastern and south-
ern regions by worm and very humid Mediterranean flows on surface
penetrating from east. Only two episodes were registered (Fig. 21),
but the affected areas do not overlap. The first episode affected the RF
region and the southern part of the PL region, while the second one af-
fected almost all the Eastern Pyrenees, excepting the PP region. MAAMIe
values were low for the first episode and moderate for the second. As a
whole, the spatial extent of this pattern affected the southern part of the
Pyrenees.

There was only one CL atmospheric pattern episode registered
(Fig. 22), specifically the one of 8-9 March 2010, characterized by
heavy snowfalls and northern strong winds, Garcia et al (2009). It
affected exclusively the TF region with low/moderate MAAMIe values.

S/SW episodes, typically characterized by south and southwestern
wind flows carrying warm and humid air from the Atlantic and even
the Mediterranean on lower levels over the Pyrenees, were the second
pattern according to their frequency (7 MAE registered, Fig. 23). They
affected all NRs but mainly the RF region and the western part of the
PL region. Towards the east and the north, frequency decreased,
affecting the rest of NRs. In general, the recorded MAAMIe values were
high for the southern regions (RF, PL, PP, CM, PR, TF), but low when
they affected the northern one (AR). In fact, the highest MAAMIe
value of the dataset is reached with the S/SW MAE of 22-23 January
1996, which is the only one considered a very high value. This value
has an important weight in the results.

Despite the fact that in A episodes the warm air mass can embrace a
very large area of the Pyrenees, it only caused the triggering of
avalanches occasionally. During the P3 period, we identified three
episodes (Fig. 24), registering the lowest MAAMIe values.

The superimposition of all the P3 MAEs (29 episodes, Fig. 25)
showed a higher frequency in the AR, RF and western PL, in western
Pyrenees, and TF, PR and CM in eastern Pyrenees. It is important to
emphasize that the PP region was only affected by 2 major episodes
and therefore it is the region with the lowest MAE frequency. This is
possibly due to its location, sheltered from the air masses that gener-
ate MAE, by the surrounding ranges. Instead of this, the southern re-
gions registered higher MAAMIe values than the AR northern region
(which drains mainly towards the north), with the exception of its
eastern arm (which drains towards the south). The highest values
were recorded at the eastern arm of the AR region and northern RF
and PL regions in the western part, and TF, CM and PF regions at
the eastern part of the Pyrenees. Again, this result is dominated by
the very high MAAMIe values from 1995/96 winter, which affected
all the southern NR.

According to the spatial distribution of MAE and its corresponding
MAAMIe values, the NRs were redefined to better characterize the
MAE spatial distribution. The new divisions were called Major
Avalanche Nivological Regions (MANRs). From west to east they are:
GA (Garona), PN (Nord Pallaresa), RP (Ribagorcana-Pallaresa oest),
PE (Pallaresa est), SN (Nord Segre), SL (Segre-Llobregat), and TF
(Ter-Freser) (Fig. 26).

These regions can also be grouped according to the climatic influ-
ence, in oceanic influence regions, affected mainly by N/NW episodes
(GA and PN); continental influence regions, affected mainly by S/SW
episodes, but also N/NW (RP, PE and SN); and Mediterranean regions,
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Fig. 11. MAAMIe values obtained for P3, and observed avalanche dynamics (light blue: aerosol, dark blue: dense dry, orange: dense wet, red: slushflow) per major avalanche episode
(MAE). The scale of the ordinate axis is logarithmic. Date of episodes has the format YYYYMMD;D;D,D,, where D;D; is the first and D,D, the last day of the episode.

affected by a high variety of atmospheric patterns (up to 5; SL and TF,
Fig. 26).

We divided AR NR into GA (chiefly Val d'Aran valley, western part
of AR draining towards the north) and PN (eastern arm of the former
AR, draining towards the south). The GA region is affected mainly
by N/NW episodes (Table 6) and less frequently by S/SW and E/SE1
MAE. The PN region is a transitional MANR, affected by N/NW MAE as
GA region, and less frequently by a more wider variety of MAE due to
its open configuration towards the south. RP MANR is composed by
the addition of the western part of PL NR to RF NR owing to their similar
behavior. The PE region is the remaining part of PL NR, similar to PN but
less active. In regions RP and PE, N/NW episodes occur less frequently
than in AR and PN. They are both affected also by E/SE2 and S/SW atmo-
spheric patterns, but the main difference between them is the frequency
of effect by S/SW episodes. RP is the region most affected by S/SW
episodes, which affect PE region less frequently. GA, PN and RP regions
register the highest frequency of MAE occurrence. The PE region is af-
fected equally by N/NW episodes, and by southern component episodes,
particularly E/SE2 and S/SW. N/NW episodes with high MAAMIe
values are powerful enough to cross regions GA and PN. Episodes
E/SE2 and S/SW can reach the top of the Noguera Pallaresa valley and
adjacent valleys (PN region) due to its SW-NE direction, but they
can't cross the French border ridges. SN is the region which presents
the least MAE activity. It is affected only by the two main episodes of
1995/96 winter (S/SW and N/NW atmospheric patterns), and by one
small N/NW MAE registered in 2013/14 winter. The low activity in
this region may be due to the fact that it is located downwind of most
air masses. The Andorra mountains protect it from N/NW episodes
and the Cadi range in the south protects it from E/SE1 and E/SE2 epi-
sodes mainly. The SL region presents more frequent activity. This region

and the TF region are the most varied regions in relation to the diverse
origin of the MAEs that affect them, mainly by southern episodes, but
also by the N/NW episode of February 1996. In fact, SL is the only
MANR that is affected by MAE generated by all described atmospheric
patterns. It is logical, since the main orographic barrier oriented East-
West (Serra del Cadirange), perpendicular to the direction of air masses
coming from lower latitudes, dominates this region. Usually the main
MA activity is observed on the north face of this range. The last region,
TF, is affected by almost the same number of episodes than SL, but in
this case it is not affected by E/SE1 episodes. Specifically, it is affected
by 2 N/NW episodes, one E/SE2, one CL and one S/SW. It is the only
area affected by CL atmospheric pattern.

From a climatological point of view, the occurrence of the several
atmospheric patterns leading major avalanches is closely linked to low
frequency atmospheric circulation patterns such as North Atlantic
Oscillation (NAO) and Western Mediterranean Oscillation (WeMO)
(Garcia-Sellés et al., 2010). Two patterns are observed: the whole
Catalan Pyrenees shows a good correlation between major avalanche
activity and negative phase of NAO, but the oceanic domain has the par-
ticularity of concentrating major avalanche episodes in weak positive
phases of NAO (N/NW). Even though for the period 1971-2008 NAO
index shows a positive trend, there have been major avalanche situa-
tions linked to periods of highly negative phase of NAO (E/SE1, E/SE2,
S/SW) (Garcia-Sellés et al., 2010).

4.2. Analysis of the period P2 + P3 (1900/01-2013/14)
4.2.1. Temporal analysis

To characterize episodes recorded during P2 + P3 period, we
worked at winter season time resolution in order to adapt to P2 data
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Fig. 12. Deforested area per major avalanche episode (MAE), for P3. The scale of the ordinate axis is logarithmic (2013/14 MAE deforested areas were not added to the dataset because the

mapping process was not finished at the date of the publication of this work).
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Table 4

Registered major avalanche episodes in P3 period and corresponding number of registered
MA, observed dynamics, deforested area and MAAM Ie values. Date of episodes has the for-
mat YYYYMMD1D1D2D2, where D1D1 is the first and D2D2 the last day of the episode.

Episode N  Estimated Comp. Observed Deforested MAAMIe
frequency dynamics area (Ha)
(N)
H M L
1996012223 53 9 30 14 S/SW Dense dry 187.7 0.295
and aerosol
1996020608 54 16 33 5 N/NW Aerosol 1143 0.159
1996032222 1 1 0 0 A Dense wet 0.0 0.001
1997012121 6 2 4 0 E/SE2 Dense dry 2.9 0.009
and dense wet
1997121818 3 0 3 0 E/SE1 Slushflow 0.0 0.006
2000041515 1 1 0 O S/SW Dense wet 0.0 0.001
2001013131 1 0 1 0 N/NW Aerosol 0.7 0.002
2003013031 53 31 22 0 N/NW Densedry 471 0.064
and aerosol
2003022727 6 3 3 0 E/SE1 Densedry 8.6 0.008
2004010203 1 1 0 0 N/NW Aerosol 0.0 0.001
2005012929 13 6 5 2 N/NW Aerosol 4.9 0.046
2006012929 17 7 7 3 E/SE2 Densedry 16.7 0.067
and aerosol
2006032626 1 1 0 0 A Dense wet 0.9 0.001
2008042424 3 2 1 0 S/SW Densedry 2.1 0.003
2009021015 7 5 2 0 N/NW Densedry 2.9 0.007
and aerosol
2009122424 1 1 0 0 S/SW Densewet 0.0 0.001
2010022628 6 4 2 0 S/SW Dense wet 0.7 0.007
2010030809 15 3 12 0 CL Aerosol 1.6 0.027
2011040101 1 1 0 0 A Dense wet 0.1 0.001
2012021718 4 3 1 0 N/NW Dense wet 1.5 0.004
2013011920 20 18 2 0 S/SW Dense wet 9.2 0.015
and dense dry
2013020811 3 2 1 0 N/NW Densedry 0.0 0.003
2013021515 3 3 0 0 N/NW Dense wet 0.7 0.002
and dense dry
2013021819 33 23 10 O E/SE1 Dense wet 22.3 0.034
2013030505 4 4 0 O S/SW Dense wet 3.0 0.002
2013112022 3 2 1 0 N/NW Densedry ND 0.003
and aerosol
2014012425 55 38 17 0 N/NW Dense wet ND 0.060
2014030404 1 0 1 0 N/NW Densedry ND 0.002
2014030808 1 0 1 0 A Dense dry/wet ND 0.002

limitations. Since the dataset was not complete, the calculation of the
MAAMI was simplified considering the minimum frequency obtained
from the entire MAs registered per winter in each MANR, according to
Eq. (2).

N .
_  min(Fw;)
SMAAMI = 3 -~ 2)

i=1
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MAAMIe
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Fig. 13. MAAMIe values (mean and standard deviation) related to their assigned atmo-
spheric patterns.
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Fig. 14. MAAMIe values (mean and standard deviation) related to the month of
occurrence.

This index was called Simplified Major Avalanche Activity Magni-
tude Index (SMAAMI), where min(Fw) corresponds to the lowest
frequency of the MA recorded in one winter (w) for each of the 3
MANRs (i stands for these regions). A low correlation MAAMIw-
SMAAMI forced us to simplify the 7 MANRs to 3, according to the
main climatic divisions, for which the Pearson correlation was 0.75.
The weight for the estimated frequencies (again, 0.1, 0.3, 1 and 3 from
high to very low frequency MA) was assigned in order to highlight the
less probable episodes. Divisor values correspond to the maximum
value of the frequency (3) and maximum number of climatic regions
(N = 3) for standardization of the data.

The SMAAMI is a simplification of the MAAMI devised in case of less
complete data series. It is based on the assumption that larger destruc-
tive avalanches are easier to remember than high frequency avalanches.
Hence, the result has to be interpreted as an approximation. It highlights
the maximum values registered in each region and therefore those epi-
sodes with low frequency MA and less extensive, against very extensive
episodes but with high frequency MA.

In Fig. 27 the calculated SMAAMI values for P2 + P3 are represented.
Winter season 1995/96 shows the highest SMAAMI value, while the
episodes of 1971/72, 1974/75, 1937/38, 2004/05, and 2005/06 show
high SMAAMI values (in decreasing order), together with 14 other
winters bordering the value 0.1. The remaining recorded MAEs
(25 winters) register moderate and low SMAAMI values.

P2 + P3 provides a longer time period than P3 but more incomplete.
For its analysis we adopted a compromise solution as was adopted by
Keylock et al. (1999). We classified SMAAMI values into 6 classes in

0,15 =

0,10 =

MAAMIe

n=1

Dense wet Slushflow

Aerosol Dense dry

Dynamics

Fig. 15. MAAMIe values (mean and standard deviation) of the episodes recorded in func-
tion of the observed dynamics.
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Fig. 16. MAAMIw values obtained for the period P3. Date of winter has the format Y;Y;Y;Y;Y2Y>, where Y;Y;Y;Y; is the year in which the winter season starts, and Y,Y; identifies the

consecutive year. The scale of the ordinate axis is logarithmic.

order to compare frequencies (Fig. 28). Low values are better explained
using P3 data, because the exhaustive surveillance task guarantees a
good high frequency MAW record. On the other hand, we considered
that in P2 4 P3 high SMAAMI values were more reliable because instead
of being an incomplete data set, highest MAW should be those which
would have been preserved through oral sources. For this reason, class
5 was assumed to contain the most realistic frequencies for both
datasets. From this class to the lower ones, the distribution was scaled
according to P3 distribution. Of course this is an approximation in
order to reduce the lack of data in P2 and this weakness has to be
taken into account when interpreting the results.

The statistical analysis of the resulting dataset provided good signif-
icance with the K-S test fitting to a Poisson distribution (p-value 0.28
for a a level 0.05). We obtained the probability values (Table 7). They
indicate the annual estimated probability of occurrence of a SMAAMI
value lower than a given value. For example, the annual probability of
occurrence of a winter with a SMAAMI value lower than 0.03 is 39%
while the annual probability of registering a winter with a SMAAMI
higher than 0.2 is 4%.

Comparing the MAAMIw annual probability estimates (Table 5)
with those of SMAAMI (Table 7), as could be expected, according to
the different distribution function to which each dataset was fitted,
values are significantly different. MAAMIw values are more than 50%
higher for moderate values, decreasing to less than 10% for high values.
It clearly indicates that although there is a high correlation between
MAAMIw and SMAAM], data shows a different MAE occurrence. This
difference could be due to (i) the incompleteness of the P2 series, and
(ii) the short period of P3 series.

4.2.2. Spatial analysis
Given the lack of information in P2, it was not possible to reach the
same level of accuracy for the data set P2 + P3. In many cases, the

Table 5
Exceedance estimated probability of MAAMIw occurrence. The 95% confidence interval of
the fitted distribution is [1.54 x 10~%; 1.01 x 1072].

MAAMIw Estimated accum.
Class Value probability

Very low <0.001 <0.40

Low 0.001-0.03 0.40-0.83
Moderate 0.03-0.1 0.83-0.93

High 0.1-0.3 0.93-0.97

Very high >0.3 >0.97

period P2 only registers one MA per winter. In this case the value 1
was assigned to the MANR that at least recorded a MA per winter. The
results (Fig. 29) show how for P2 + P3, GA is the region where MAW
were registered more often, followed by RP, PN and TF. Regions PE
and SL were affected in a similar way and finally SN was the less affected
region. This result, although NRs are different, is remarkably similar
to the one obtained by Garcia et al (2007), analyzing the 1939-2006
period.

5. Discussion

This study provides a better understanding of the characterization of
MAE over the Catalan Pyrenees. It was essential to have an exhaustive
database with a detailed cartographic record of major avalanches. It
allowed the reconstruction of 29 major avalanche episodes from
winters 1995/96 to 2013/14 (period P3) considering spatial distribution
of MA and the atmospheric circulation patterns defined by Garcia et al.
(2009). On the one hand, it completes the information provided by
these authors and on the other hand it incorporates new episodes.
We did not follow, however, the same criterion to consider major
avalanches. In the case of Garcia et al. (2009) the criterion followed
for considering MA was the size of the avalanche, while in the present
work, the criterion was based on the destructiveness of the event. This
makes the episodes considered not match in some cases.

The Major Avalanche Activity Magnitude Index (MAAMI) allowed
quantifying the magnitude of avalanche episodes over the Pyrenees of
Catalonia for the first time. This is a significant result because it enables
quantifying and comparing the magnitude of avalanche episodes over a
desired or possible time period. The SMAAMI index is a simplified
resource when not much data are available and allows quantifying the
magnitude of MAE at winter season resolution. It is based on the identi-
fication of the lower frequency MA recorded for each MANR per winter.
It allowed us to reconstruct the series of the twentieth and early twenty-
first centuries (P2 + P3 periods), although it is not complete. The results
show that the episodes of January and February 1996 are still the
greatest known in the last 19 winters, and possibly two of the greatest
in the last 100 years. This result is in accordance with that of Muntan
et al. (2009), for the last 40 years. Other winters with high SMAAMI
values were 1971/72, 1974/75, 1937/38, 2004/05 and 2005/06 (in
decreasing order). Although for the temporal periods P3 and P2 + P3
we obtained a good correlation, probabilities obtained in both periods
were significantly different. This result is probably due to the scattered
dataset in P2 and the short temporal period in P3, in relation with the
climatic variability typical of the studied area.
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Winter 2002/03
®  30-31 January MA
® 27 February MA

[ 1 30-31 January (N/NW) MAE
|| 27 February (E/SE1) MAE

Fig. 17. Map of the episodes inferred from the registered avalanches. Example from 2002/03 winter. Two episodes were reconstructed: 30-31 January (component N/NW) and 27 February
(component E/SE1).

We also could characterize the MAE according to its associated was the high values of S/SW episodes. Registered S/SW episodes were
atmospheric pattern in P3. It is important to note that southern atmo- the most powerful, while N/NW episodes were the most frequent.
spheric patterns (E/SE1, E/SE2, S/SW and A) are more varied and fre- These results are dominated by the 1995/96 episode, very infrequent
quent that the northern ones (N/NW, CL). The most surprising result according to the obtained probability, and for that reason results

e P a1
ot S AL : b Y N T i /
, - 2 -‘ff ?TE;@})',;S:. .| 18-19 February 2013 (E/SE1) MAE
P AN Wt AT i A R ®  18-19 February 2013 MA -
Y 3 _Jﬁ 2 I NE - g y {4
‘YA 7 o, 5@ Fins '}J‘; 4.4 P~ D 18-19 February 2013 MAE mapped extent
Ay A j ; ]‘: ?j  ” /S 1 ,// [ Avalanche susceptibility area ;

Fig. 18. Map of 18-19 February 2013 episode inferred from the registered avalanches.
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Fig. 19. Spatial extent of the major avalanche episodes (MAEs) generated by N/NW atmospheric pattern. Frequency of MAE occurrence (left) and sum of the MAAMIe values of the
superimposed events (right). NRs: Nivological regions; ASA: Avalanche susceptibility area.
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Fig. 20. Spatial extent of the major avalanche episodes (MAEs) generated by E/SE1 atmospheric pattern. Frequency of MAE occurrence (left) and sum of the MAAMIe values of the
superimposed events (right). NRs: Nivological regions; ASA: Avalanche susceptibility area.

were probably biased. E/SE2 episodes recorded similar magnitude as
the N/NW ones, but they were much less frequent. Regarding the
frequency with which the different atmospheric circulation patterns
took place in P3, S/SW was more times observed than in the work of
Garcia et al. (2009), although component N/NW is the most registered,

as was also indicated by these authors. The time window was different
and the selection criteria of MAE too, and these facts could have had an
influence on the results. Further analysis should clarify the reason for
these differences. However, the spatial analysis results of this study
match well with the results of Garcia-Sellés et al. (2010), where major
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Fig. 21. Spatial extent of the major avalanche episodes (MAEs) generated by E/SE2 atmospheric pattern. Frequency of MAE occurrence (left) and sum of the MAAMIe values of the
superimposed events (right). NRs: Nivological regions; ASA: Avalanche susceptibility area.
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Fig. 22. Spatial extent of the major avalanche episodes (MAEs) generated by CL atmospheric pattern. Frequency of MAE occurrence (left) and sum of the MAAMIe values of the
superimposed events (right). NRs: Nivological regions; ASA: Avalanche susceptibility area.
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Fig. 23. Spatial extent of the major avalanche episodes (MAEs) generated by S/SW atmospheric pattern. Frequency of MAE occurrence (left) and sum of the MAAMIe values of the
superimposed events (right). NRs: Nivological regions; ASA: Avalanche susceptibility area.

avalanche regions for the Catalan Pyrenees were grouped by applying a unique proximity relationship just with RP. That agrees with the fact
clustering techniques. Attending to the major avalanche activity occur- that in this study, where recent winters are taken into account, RP, GA
ring at the same time (daily scale), regions were grouped in the three and PN show the first position in major avalanche activity, which
climatic domains: oceanic, continental and Mediterranean. On that could be expected from an oceanic region.

study the RP region was considered out of the oceanic domain as the Regarding the risk, MAW which affected buildings reached MAAMIw
shortest proximity distance by Ward method was shown to continental values equal or higher than moderate. The estimated annual probability
regions, but at the same time the isolated GA as oceanic domain showed of occurrence of a MAW higher than moderate is 17%. All the affected
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Fig. 24. Spatial extent of the major avalanche episodes (MAEs) generated by A atmospheric pattern. Frequency of MAE occurrence (left) and sum of the MAAMIe values of the
superimposed events (right). NRs: Nivological regions; ASA: Avalanche susceptibility area.
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Fig. 25. Map with the superimposition of all the registered major avalanche episodes (MAEs). Frequency of MAE occurrence (left) and sum of the MAAMIe values of the superimposed

events (right). NRs: Nivological regions.

buildings were touristic built after the seventies of the twentieth centu-
ry. A better planning policy could avoid these accidents, too frequent
under our point of view.

The spatial reconstruction of MAE from the registered MA
showed, on the one hand, how MA distribution is controlled by
snowpack-atmospheric evolution, and orography. In general, MA
spatial distribution agrees with the low level air movement direction
of the atmospheric pattern that triggers the MAE, following the valleys
and diminishing its power when mountain ranges are arranged against
its moving direction. Yet in 4 out of 29 MAEs, MA distribution showed
clear characteristics from other patterns. This was the case of 6-8
February 1996, a N/NW pattern with a S/SW configuration, the 19-20
January 2013, a S/SW pattern with a N/NW configuration, the 18-19
February 2013 (Fig. 18), a E/SE1 pattern with a N/NW configuration,

and 5 March 2013, a S/SW pattern with a N/NW configuration. This
fact confirms that a MAE cannot only be characterized by the atmo-
spheric pattern that triggered it, but also by a previous preparatory pe-
riod which should be considered (Garcia-Sellés et al., 2013). This period,
variable in time, prepares the conditions that can favor MA activity.
These situations can also be identified indirectly using a cumulative
NAO index (CNI), which exhibits a closer relationship to avalanche
activity than the standard index (Garcia-Sellés et al., 2010; Keylock,
2003). This preparatory process was not considered in the present
work when classifying the MAE, only the atmospheric patterns trigger-
ing MAE were considered.

The analysis of MAE frequency, distribution and extent has enabled
us to define 7 MANRs different from the current NR, more adjusted to
MAE extent, magnitude and frequency. These regions improve the

Fig. 26. Major avalanche nivological regions (MANRs) defined from the frequency and spatial distribution of the registered major avalanche episodes (MAEs). Frequency of MAE occur-
rence in P3 is indicated in brackets. Black lines indicate main climatic divisions and dashed black lines, secondary divisions.
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Table 6

Number of episodes identified in each MANR. Warm advection atmospheric pattern
(A) was not considered because MAAMIe values associated with A episodes are very
low. The intensity of the color indicates how often they have been repeated.

MAE according to its associated atmospheric pattern

MANR N/NW E/SE1 E/SE2 NE

GA 1

PN 1 1

RP 4 1

PE 4 1

SN 2

SL 1 2 1 1

TF 2 1 1

characterization of MAE, but do not replace the existing NRs, which are
also used for high and very high frequency events (not dealt with in this
work), and which were defined for the communication of regional
avalanche forecasting.

According to the climatic zoning defined by Garcia et al. (2007), in
P3, MANR GA and PN would have greater oceanic influence. However
in the GA region, 75% of the received episodes were N/NW, namely 12
(21%). In contrast PN region was also affected (around 50%) by episodes
S/SW, E/SE1 and E/SE2, adding more episodes to the N/NW ones (11,
20%). Eastward frequency decreases, from RP to SN regions, where in
this last region the minimum effect is recorded due to its location down-
wind of most components. This area has only been stricken by the MAE
that affected almost all regions. Thus, MANR RP (21%), PE (13%) and SN
(3%), are located in the area of continental influence. It is an area with a
strong gradient, where one of the most frequently affected and the less
frequently affected regions (RP and SN) are located. In the eastern sector,
MAE:s increase in frequency in the SL and TF regions (11% and 9% respec-
tively) due to the Mediterranean influence.

The results in P2 + P3 also present some significant differences from
the results obtained in the P3 period (Figs. 26 and 29). A surprising
result was that the homogeneity of MAE frequency registered in the
GA, RP and PN regions when analyzing P3 (around 20% each one)
showed a positive deviation towards the GA and TF regions, while the
continental climate regions were less frequently affected in P2 + P3.
These results are in accordance with those obtained by Garcia et al.
(2007) for the period 1939-2006. This imbalance between P3 and P2
+ P3 periods is also identified when comparing the temporal
sequence in both time periods. In our opinion it could be due to three
factors: (i) the deviation caused by data obtained through inquiries in
P2, which favors the collection of data from historically denser
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Fig. 28. Relative frequency of SMAAMI classes for P2 + P3 and P3 separately.

populated areas, (ii) the incompleteness of the P2 series, and (iii) the
climate variability typical of this area, which makes atmospheric circu-
lation to have different patterns at multiannual resolution, in relation
to the relatively short time period analyzed in P3. We believe that a
longer dataset would allow checking these results.

In spite of the fact that our most complete dataset (P3) covers from
1995-96 to 2013-14, 19 winters, and this is a short time interval, some
trends can be pointed out which could be linked to the recent climate
change. The number of MAEs has increased in the second half of this
period and at the same time, wet MAEs, which register high MAAMIe
values (Figs. 10 and 11) are more frequent. We believe that the time
interval is too short for obtaining solid conclusions, but the maintenance
of the MA surveillance, and an effort to complete the MA catalogue in P2
could provide very interesting information in relation to possible trends
and its connection with climate change, as the results obtained by
Eckert et al. (2010a, 2010b, 2013), or Laternser and Schneebeli (2002).

6. Conclusions

The work with cartographic information of avalanche data series
allowed better quantification and characterization of major avalanche
episodes in space and time during the last 19 winters and improved
the treatment of the avalanche data series of the twentieth century in
the Pyrenees.
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Fig. 27. SMAAMI values obtained for P2 + P3 period. Date of winter has the format Y;Y;Y;Y1Y2Y2, where Y;Y,Y;Y; is the year in which the winter season starts, and Y,Y- identifies the

consecutive year.



P. Oller et al. / Cold Regions Science and Technology 110 (2015) 129-148 147

Table 7
Exceedance probability of SMAAMI occurrence. The 95% confidence interval of the fitted
distribution is [2.89; 3.38].

SMAAMI Estimated accum. probability
Class Value

1 <0.01 <0.18

2 0.01-0.03 0.18-0.39

3 0.03-0.06 0.39-0.62

4 0.06-0.1 0.62-0.79

5 0.1-0.2 0.79-0.90

6 >0.2 >0.96

The proposed index, MAAMI (and its simplified version SMAAMI),
is intended to categorize the magnitude of major avalanche episodes
or winters. The time scale depends on the resolution of available data.
It was developed to facilitate comparing episodes, obtaining frequen-
cies, and if the series are long enough, to find trends on major avalanche
activity. MAAMI obtained values at major avalanche episode time reso-
lution showed a very high correlation coefficient with its corresponding
deforested area.

The obtained results confirm the 1995/96 winter as the one which
recorded the highest MAAMI and SMAAMI values from the early
twentieth century to the present (P2, from 1900 to 1995, and P3, from
1995 to 2014). It also identified 1937/38, 1971/72, 1974/75, 2005/06
and 2004/05 as the winters with high SMAAMI values. Regarding the
episodes (P3 period), 22-23 January and 6-8 February 1996 registered
the highest MAAMIe values, followed by 30-31 January 2003, 29
January 2005, 29 January 2006, 18-19 February 2013 and 24-25 January
2014 episodes, with moderate values.

This index is useful for risk analysis in major avalanche events, both
in forecasting and in crisis management. It can be used to define risk
scenarios for civil protection purposes. Urban areas have been affected
by avalanches with moderate to very high MAAMIe values, all of them
by a N/NW atmospheric pattern. A better knowledge of these episodes
would improve its temporal and spatial forecasting.

By employing this index, the former nivological regions were revised
and new regions MANR were defined which better characterize major
avalanche activity over the Catalan Pyrenees (from west to east: GA,
PN, RP, PE, SN, SL and TF).

Among these regions, GA, PN and RP stand out for the highest
number of major avalanche episodes, and RP and PN for the greatest
MAAMIe values registered in P3. It is remarkable to note that the region
GA, despite being the area with the highest snow precipitation of the
Catalan Pyrenees, registers a similar number of episodes to those of its
neighboring regions RP and PN. Concerning both periods P2 and P3,
GA is the region registering the highest number of major avalanche
episodes. In the future, a larger dataset should be used to check these
results.

Regarding period P2 there were a significant number of recorded
major avalanches that could not be dated at enough time resolution to
be dealt with in this paper. In the future, intensive efforts will be re-
quired to rebuild this part of the series and improve our knowledge.
The completion of P2 would give more consistency to the dataset and
would allow the use of more advanced data analysis methods such as
those used by Eckert et al. (2010a, 2010b), not applied in this work.
We still can get more information, especially in the field by using
dendrochronology. In the same way, the study of P1 (previous to
1900) should help us to better understand the situations that generate
the lowest frequency avalanches, only recorded in this period, and be
prepared for when they happen again.
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Abstract

A variation in the a—f model which is a regression model that allows a deterministic prediction
of the extreme runout to be expected in a given path, was applied for calculating avalanche runout
in the Catalan Pyrenees. Present knowledge of major avalanche activity in this region and current
mapping tools were used. The model was derived using a dataset of 97 ‘extreme’ avalanches that
occurred from the end of 19th century to the beginning of 21st century. A multiple linear regres-
sion model was obtained using three independent variables: inclination of the avalanche path,
horizontal length and area of the starting zone, with a good fit of the function (R = 0.81). A lar-
ger starting zone increases the runout and a larger length of the path reduces the runout. The new
updated equation predicts avalanche runout for a return period of ~100 years. To study which
terrain variables explain the extreme values of the avalanche dataset, a comparative analysis of
variables that influence a longer or shorter runout was performed. The most extreme avalanches
were treated. The size of the avalanche path and the aspect of the starting zone showed certain
association between avalanches with longer or shorter runouts.

1. Introduction

Determination of avalanche runout distances is fundamental for avalanche hazard mapping in
land-use planning. This is achieved with complementary methods and using sources of infor-
mation, such as the identification of vegetation clues, historical and eyewitness information,
dendrogeomorphological analysis and the analysis of aerial images as well as digital terrain
models (DTMs) and derived maps (Oller and others, 2015). The determination of avalanche
runout distances becomes more complex in areas where historical information is not available
and vegetation clues are lacking. Calculation models, complementary to the abovementioned
sources and methods, are particularly useful tools in these situations. Usually, dynamic mod-
els, statistical models (including the so-called statistical a—f model) or a combination of both
approaches are applied. Dynamic models generally provide information on velocity, flow
height, impact pressure and runout distances, and are especially suitable for engineering pur-
poses. The main limitation of these models is that the information, which is used to build them
(e.g. snow volume and friction coefficients) is often estimated from a limited set of available
data. Small variations in these parameters can lead to large differences in the runout distances
calculated (Lied, 1998; Ancey, 2006). a—f and statistical models determine the runout distance
from the topographic parameters of the avalanche path, but are unable to determine the other
fundamental parameters for engineering purposes.

The basic idea of the a/f and statistical models is that, having a sufficient number of well-
known avalanche occurrences, relationships among the data can be found as correlations from
the laws of probability. For avalanches, the models are constructed using objective topographic
parameters of a representative set of avalanche occurrences whose runout distances are known.
The obtained correlations can, then, be used as predictors (Ancey, 2006). Hence, statistical
characterisation of extreme avalanche runout using simple topographic inputs is able to pre-
dict maximum runout distance (Delparte and others, 2008). The two most widely used models
are (1) the a—f model (Lied and Bakkehgi, 1980), a regression model that allows a determin-
istic prediction of the extreme runout to be expected in a given path, and (2) the runout ratio
model (McClung and others, 1989), a runout ratio or density function probability model that
fits a Gumbel distribution to the runout avalanche data. Later, Keylock (2005) proposed that
the generalised Pareto distribution is a more appropriate one and since then it has been
applied by other authors (e.g. Favier and others, 2016). Eckert and others (2007) proposed
a method for computing the predictive distribution of snow avalanche runout distances
based on Bayesian modelling, and Lavigne and others (2017) implemented geostatistics
through a Bayesian hierarchical model to tackle the spatial dependence of avalanche runout
altitudes. But, apart from the runout distance, these approaches are unable to determine the
other fundamental parameters for engineering purposes. To overcome the limitations of
these calculation methods, coupled statistic-dynamical approaches have been proposed
(Eckert and others, 2010). They are based on a dynamic model, probability distributions are
chosen for the input variables and fictitious avalanches are generated using Monte Carlo simu-
lations to study the variability of the outputs (Barbolini and Keylock, 1999; Bozhinskiy and
others, 2001; Meunier and others, 2001; Maggioni, 2004). Barbolini and Savi (2001) and
Meunier and Ancey (2004) calibrated simple parametric models using the available local
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2 Oller and others

Table 1. Comparison of the a-f runout models (general equations)

Country (region) Regressive equation R* SD N Reference
Austria (general) a=0.9468 — 0.83° 0.92 15° 80 Lied and others (1995)
Austria (Paznauntal) a=0.915+0.81° 083 1.7° - Fuchs and others (2002)
Austria (Pitztal) a=0.838+4.07° 090 1.3° - Fuchs and others (2002)
Austria (Salzburg, Styria, Tyrol, Vorarlberg, Upper Bavaria and =0.884 —0.226° 0.80 2.53° 44 Wagner (2016)
Allgéu) a=1.035—-3.171 - 3.17° 0.85 2.18°

a=0.9958+ 0.00349H, — 6.994 + 0.0133HA — 091 1.70°

3.63°
Canada a=0.938 075 - 126 McClung and Mears (1991)
Canada (Rockies and Purcells) a=0.956 — 0.784° 0.75 1.75° 126 Nixon and McClung (1993)
Canada (Coast Mount., British Columbia) =0.954f3 — 1.395° 0.74 1.70° 31 Nixon and McClung (1993)
Canada (Glacier Nat. Park, British Col.) a=0.93483 0.891 1.05° 35 Delparte and others (2008)
Canada (Columbia Mountains, British Col.) a=0.908+0.69 0.90 0.045° 33 Johnston and others (2012)
Canada (Fernie-Region, Canadian Rockies, British Columbia) a=0.618+7.60° 0.66 1.19° 30 Johnston and others (2012)
France a=0.823+2.82° 0.66 2.69° 168 Adjel (1995)
Italy (Bacino del Cordevole) a=0.894+0.66° 0.73 1.62° 53 Barsanti (1990)
Italy (Val di Rabi) =0.878+1.71° 0.85 1.46° 54 Castaldini (1994)
Iceland a=0.858 0.52 22° 44 Johannesson (1998)
Japan a=0.54+0.350 — 1.01° 0.63 3.8° 66 Fujisawa and others (1993)
Norway (general) a=0975—-1.4° 0.88 3.5° 111 Lied and Bakkehgi (1980)
Norway (general) a=0.968 — 1.4° 0.85 2.3° 206 Bakkehgi and others (1983)
Norway (Western) a=0.908 087 - 127 McClung and others (1989)
Slovakia (Western Tatras) a=0.918 - 0.04° 090 1.1° 30 Biskupic and Barka (2010)
Spain (Catalan Pyrenees) a=0.978—1.20° 0.87 1.74° 216 Furdada and Vilaplana

(1998)

USA (Rocky Mountains, Colorado) =0.1558°+ 074 148 - Martinelli (1986)

0.87398 — 0.1243A8
USA (Coastal Alaska) a=0.743+3.67° 0.58 - 52 McClung and Mears (1991)
USA (Coastal Mountains) a=0.908 0.74 1.70° 31 Nixon and McClung (1993)
USA (Colorado Rockies) a=0.633+4.68° 050 - 130 McClung and Mears (1991)
USA (Sierra Nevada, California) a=0.678+2.50° 0.60 - 90 McClung and Mears (1991)

Completed and updated form Wagner (2016). R?, Pearson correlation coefficient; SD, standard deviation; N, number of paths used to obtain the model.

data to improve the input distributions that appropriately
represent the variability of the avalanche phenomenon at the
studied site. Ancey and others (2004) developed a coupled, con-
ceptual model that proposes a probabilistic method to deduce
the relationship between the probability distribution of input
and output variables on the used dynamics model. Eckert and
others (2008) described a general Bayesian framework for com-
puting return periods for avalanche hazard zoning; this allows
local data to be used to perform on-site calibration of an ava-
lanche propagation model and computation of design return per-
iods, and Eckert and others (2010) expanded this approach by
including a depth-averaged fluid propagation model with a
Voellmy friction law in the same Bayesian stochastic framework.

In this context of model development, often, for solving a spe-
cific problem, experts will typically combine several of these
methods in their analysis, weighting the estimates in which they
have greater confidence. Thus, the application of a—f models is
only one of the methods used for solving some avalanche pro-
blems (Jones and Jamieson, 2004).

The current study builds on the a-f regression approach,
based on a detailed extreme avalanche database to determine
the runout distance of extreme avalanches solely as a function
of topography. It is a simple statistical regression that explains
observed runout distances using various topographic covariates.
Therefore, this approach can be considered as a deterministic pre-
diction of the extreme runout to be expected in a given path, and
uncertainty considerations only concern statistical uncertainty
related to sample size limitation. Despite its simplicity, the
model is relatively successful for the prediction of extreme runout
distances (Gauer and others, 2010). The model (where o repre-
sents the runout and S the main inclination of the avalanche
track; see Section 3.1) was developed by Lied and Bakkehei
(1980) using data from 111 avalanche paths in Norway that had
very well-defined runout distances. They found that B was the
only significant predictor and, since then, the a-f model has

been adapted to other mountain ranges in Europe, North
America and Japan (Table 1).

Using the equations of the obtained models, one can estimate
the mean value of & for a given path. Assuming the residuals to be
normally distributed, the mean can be assumed to approximate
the median (50th percentile, non-exceedance probability p =0.5;
Jamieson, 2018). By increasing p (& = f(B) — z,Se, were z, is
the corresponding value of the normal distribution for a given
non-exceedance probability p, and Se is the standard error of esti-
mation for the regression), the probability of avalanches to exceed
the predicted « is reduced.

Furdada (1996) and Furdada and Vilaplana (1998) applied the
a-P regression model for the first time in the Pyrenees. They used
1:50 000 topographic maps with 20 m contours (DTMs were still
in development then). Avalanche data came from the first cartog-
raphy campaigns being carried out in the western Catalan
Pyrenees to provide information for the avalanche cadaster of
Catalonia, the forerunner of the Avalanche Database of
Catalonia (BDAC, Oller and others, 2005) that is presently main-
tained and updated by the Cartographic and Geological Institute
of Catalonia (ICGC). Furdada and Vilaplana (1998) emphasised
that the map scale of 1:50 000 was at the limit of the resolution
required for this type of analysis (although it was the most accur-
ate map scale at that time) and that there was a lack of knowledge
about the occurrence of the avalanches in the dataset used for
obtaining the model, which they estimated to be more than
once in 30 years. They considered that their equations only pro-
vide an approximation of the runout on very poorly known ava-
lanche paths, and do not contribute to improve the accurate
mapping of the largest avalanches due to (1) the scale of the avail-
able topographical maps, (2) the relative small dimensions of the
Pyrenean valleys and to (3) the dispersion of the residuals (o SD)
likely due to the poor knowledge of the occurrence of the ava-
lanches treated. The authors agreed with previous studies, such
as that of McClung and Lied (1987), which indicated that the
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independent variable § was the one that best explained the
dependent variable a. They also pointed out that the morphology
of the topographic profile significantly influences the runout dis-
tance and obtained four regression models according to the topo-
graphic characteristics of the terrain profile. Furdada and
Vilaplana (1998) recommended that for future studies, (1) the
avalanche cadastre should be improved to provide more reliable
data, (2) the accuracy of topographic bases should be improved
and (3) DEMs should be used.

Since the study of Furdada (1996), there have been important
advances in digital cartography (e.g. topographic bases, high-
resolution DEMs and digital orthoimagery). Furthermore, the
knowledge of avalanche dynamics in the Catalan Pyrenees has
also improved with the elaboration of the Avalanche Paths Map
(Oller and others, 2006), the implementation of the BDAC
(ICGC; Oller and others, 2005) and a wider knowledge on the
dynamics of major-avalanche cycles (Muntan and others, 2009;
Garcia and others, 2010; Oller and others, 2015). On this basis,
the current study updates the equations obtained by Furdada
and Vilaplana (1998), because more accurate base information
is now available.

The current study aimed to (1) update the a—f model for the
Catalan Pyrenees, using the cartographic tools currently available
and the latest knowledge on avalanche dynamics in this area, par-
ticularly the extreme-avalanche occurrences during the last period
of ~100 years, (2) analyse the factors that influence the runout
distance, taking into account the morphometric and dynamic
characteristics of the avalanches of the dataset and (3) to investi-
gate whether particular characteristics of the paths can have an
influence on the fact that the extreme avalanches do not reach
the B point, as is the case in 21% of the extreme avalanche occur-
rences in the dataset (see Section 3.2), and if on the other hand,
the particular characteristics of the paths can influence the largest
runout distances.

2. Study area

The study area corresponds to the Catalan Pyrenees, which is at
the southeast of the Pyrenees mountain range (Fig. 1). It spans
130 km in the E-W axis and 50 km in the N-S axis. Elevations
range from 600-1000 m in the valley bottoms to heights hardly
exceeding 3000 m for the highest mountain peaks. The timberline
varies between 2100 and 2500 m a.s.l. (Carreras and others, 1996).
Three different climates have been identified (Garcia and others,
2007; Fig. 1). The northwestern part has a humid oceanic climate
with regular winter precipitation. In winter, the total amount of
snowfall is ~500-600 cm and the average temperature is —2.5°C
at 2200 m a.s.l. Towards the south, the climate gains continental
traits and winter precipitation decreases. In winter, the average
new snow precipitation at 2200 m a.s.l. is 250 cm and the average
temperature is —1.3°C. The prevailing winds are from the north
and northwest, and they are more intense than in the oceanic
region, often with gusts that are over 100 km h™". In the eastern
Pyrenees, the Mediterranean influence predominates. Winter pre-
cipitation increases but is irregularly distributed and is linked to
Mediterranean cyclogenesis. In winter, the total amount of new
snow at 2200 m a.s.l. is ~350-450 cm and the average temperature
is —0.8°C. The prevailing winds come from the north and the
strongest gusts often exceed 200 km h™" at 2200 m a.s.l.

Seven regions have been defined (Major Avalanche Nivological
Regions, MANR) according to the frequency and spatial distribu-
tion of major avalanche episodes (MAE) or cycles (Oller and
others, 2015; Figure 1). The oceanic climate regions include
Garona (GA) and Pallaresa Nord (PN). This climate produces
the highest frequency of occurrence of MAEs, with northern
and northwestern advections being the most frequent. The

transition zone comprises the Ribagorcana-Pallaresa region
(RP), Pallaresa Est (PE) and Segre Nord (SN). This area shows
a decrease in the frequency of MAEs from W to E, SN having
fewer MAEs. This large area is considerably influenced by advec-
tions coming from the north and northwest, combined with
southern-southwestern advections. Finally, the area with the
Mediterranean influence comprises Segre-Llobregat (SL) and
Ter-Freser (TF). The frequency of MAEs is higher here than in
SN, but the origin of the advections that generate MAEs is
more varied and characteristically come from the east and
southeast.

3. Materials and methods
3.1 The o-B model

The a-f model is based on a large number (>30) of runout posi-
tions of the so-called ‘extreme’ avalanche occurrences (avalanches
with return periods of ~100 years). As these data originate from
destructive avalanches, it is reasonable to assume that most of
these occurrences correspond to dry-mixed avalanches, relatively
large to their path, partially fluidised and accompanied by a pow-
der cloud (Gauer, 2014) and therefore with similar behaviours
(Lied and Bakkehgi, 1980; McClung and others, 1989; Gauer
and others, 2010).

Lied and Bakkehgi (1980) recorded the maximum known
extent for each avalanche path. They considered the frequency
of occurrence of those avalanches near their maximum extent
may be of the order of 1 in 100 years or lower. In general, authors
considered the extreme runout positions with the same criteria
(McClung and Lied, 1987; Mears, 1988; McClung and others,
1989; Gauer and others, 2010; Wagner, 2016), or even occurring
less than once in 100 years (Sinickas and Jamieson, 2014), but
bearing in mind that the true return period probably ranges
from 30 to 300 years (Jones and Jamieson, 2004; McClung and
others, 1989).

Lied and Bakkehoi (1980) obtained data of ten topographic
parameters, identified through topographic maps, aerial images
and fieldwork. In 1983 Bakkehei and others extended the previ-
ous analysis by increasing the number of avalanche occurrences
to 206 and adding new predictive variables. They found that the
best equation to predict o was function of f and H, (vertical
drop of the avalanche path), and also included the parameters
y" (shape factor or curvature of the path) and 6 (inclination of
the starting zone; see next paragraph). Nevertheless, the only sig-
nificant one was f. Nixon and McClung (1993) obtained, with
other combinations of parameters, similar results.

In Figure 2, the main parameters used for the derivation of the
o—f model are plotted. Various combinations of H, 5, 6 and y”
have been used in regression models for estimating o around
the world (Table 1). « (alpha angle, runout angle) is the inclin-
ation of the line connecting the upper end of the avalanche
path with the maximum observed runout position (a point); a
corresponds to the energy-line parameter defined by Heim
(1932) to estimate the average coefficient of friction of a mass
that moves from its initial position to its stopping position,
being a measure of the energy dissipation along the path for
each avalanche, and it was introduced as a simple measure of run-
out (Heim, 1932; Scheidegger, 1973; Korner, 1980). It may be
used as a criterion or index for empirical avalanche reach (Lied
and Bakkehei, 1980; McClung and Gauer, 2018). § (beta angle)
is the inclination of the line connecting the upper point of the
avalanche starting zone to the point of the topographic profile
where the slope reaches 10° (3 point, used by the model as a ref-
erence point). Gauer and others (2010) included the condition
that the corresponding B angle should be >15° in order to
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Fig. 1. Study area. The MANR are: GA (Garona), PN (Pallaresa Nord), RP (Ribagorgana-Pallaresa), PE (Pallaresa Est), SN (Segre Nord), SL (Segre-Llobregat) and TF
(Ter-Freser). The coloured areas correspond to the areas susceptible to avalanche activity. MANRs with oceanic influence are shown in violet, MANRs in the tran-
sition zone are shown in blue and MANRs with Mediterranean influence are shown in red. The intensity of the colour indicates the frequency of MAE (% in brackets).
Yellow dots correspond to the location of the paths with avalanche occurrences used in the current study.

y Starting point
~
Path profile
3 point
Hp (Slope Angle = 10°)

H
2™ degree S
polynomial x
function y* Maximum

L runout

y min

Fig. 2. Main parameters of the a-8 model (after Lied and Bakkehgi, 1980).

avoid unrealistically low S angles. The reason for using the S
angle, or line, is to generate a simple, best description of the
main inclination of the avalanche starting zone and track (Lied
and Bakkehei, 1980; Bakkehei and others, 1983; Gauer and
others, 2010). Even though in early studies it was thought that
10° represents the transition zone between the track and the run-
out zone for large, dry-mixed avalanches, which start to slow-
down and begin depositing at 10° (de Quervain, 1972; Buser
and Frutiger, 1980), it is certainly not the case (Gauer and others,
2010; Sovilla and others, 2010; Gauer, 2014, 2018). Almost all dry-
mixed avalanches start to decelerate farther upslope (Gauer and
others, 2010). @ (theta angle) corresponds to the slope of the
upper 100 m of the starting zone (600, Bakkehoi and others,
1983). Some studies consider the lower end of the starting zone
to be the point where the slope reaches 28° (Lied and Toppe,
1989; Furdada and Vilaplana, 1998). Recently, Wagner (2016)
applied 6,00, but reducing the length of the measurement if the
25° point was in between the upper 100 m. y” is the second
derivative of the polynomial function that better fits the terrain
profile. It is a shape factor that describes the whole profile
(Bakkehei and others, 1983). The second-degree polynomial

function is of the type: y=ax’+bx+c and, as previously
described by other authors (e.g. McClung and Lied, 1987); this
polynomial provided an excellent fit to the avalanche terrain pro-
files, obtaining determination coefficients (R?) >0.99. H is the ver-
tical drop, measured as the difference between the upper end of
the avalanche path at the y intercept and the minimum point
on the second-degree polynomial function where ' =0. In gen-
eral, it is assumed that H is very close to the vertical drop of
the avalanche (H,), and both values are assimilable given the
proximity to the real slope of the avalanche path (McClung and
Lied, 1987). Hg is the corresponding vertical drop measured
between the upper end of the avalanche path at the y intercept
and the B point. L is the horizontal length of the avalanche
path from the starting point to o point. Lg is the corresponding
horizontal length from the starting point to 8 point.

In general, avalanche occurrences considered by most authors
had a minimum vertical drop of 350 m, a terrain profile with little
or no run-up or irregularities in the runout area, a differentiated
and unique starting zone, and no anthropogenic modifications.

McClung and Lied (1987) and Nixon and McClung (1993)
found that short slopes (<350 m vertical drop) tend to run pro-
portionately farther than larger slopes, and therefore the models
developed for particular mountain ranges using the a-f runout
method may not be applicable to short slopes, and that a particu-
lar need was the analysis of short avalanche paths with a vertical
drop minor than 350 m. Jones and Jamieson (2004) developed a
regression model specifically for short slopes in Canada.
However, Wagner (2016) investigated 49 avalanche occurrences
in Austria some of which with drop heights <300 m and found
that the model still works also for those drop heights.

The a-f model is not intended to include run-up. In contrast
to the study of Lied and Bakkehei (1980) and Bakkehei and
others (1983), as part of the calibration of the model of the
Austrian alpine region (Lied and others, 1995), avalanches reach-
ing small run-ups were also considered for the first time. Delparte
and others (2008) included avalanches with a maximum observed
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runout that involved a run-up the opposing slope of <25 vertical
meters, from the valley bottom up to the recorded stopping point.
They considered that in the avalanche paths that do run up the
opposing slope <25 vertical meters, this difference is lessened as
the winter progresses and the deposition of snow fills the depres-
sion and reduces the run-up amount. In their research, all the
paths that include some run-up had measured run-up that
accounted for <2.5% of their total vertical drop. In the current
study, we have applied the same criteria.

Considering the use of DEMs, Delparte and others (2008)
demonstrated that variations in DEM resolution (5-25 m hori-
zontal resolution) did not significantly affect a-f8 regression
equations.

3.2 The avalanches’ database

Extreme avalanche occurrences used in the current study were
extracted from the Major Avalanches Database (MADB), which
stores major avalanche (MA) data (avalanches that exceeded the
size of usual avalanches; Schaerer, 1986) or destructive avalanche
data (Laternser and Schneebeli, 2002). As defined in Gauer
(2018), ‘major avalanches’ are avalanches that can be considered
as R4, large relative to the path, or R5, major or maximum relative
to the path (Greene and others, 2016, 3.6.5.2. Size-relative to the
path). Information collected in this database comes from the
BDAC managed by the ICGC, whose sources of information
and characteristics are described in detail in Oller and others
(2015), as well as from additional research performed by the
authors. The MADB includes the release date, snow and weather
conditions, morphometries, flow characteristics and the damage
caused by these major avalanches. This information was obtained
from 30 years of avalanche observations (winter surveillance),
photointerpretation (orthoimages available from 1946 to present),
dendrogeomorphology (covering approximately from 1800 to
present; Muntdn and others, 2004, 2009, 2010), eyewitnesses
(20th century mainly) and historical data (since 15th century).
Currently, the MADB stores information on 897 major avalanches
(MA), mapped in 551 avalanche paths. Only one avalanche occur-
rence per path was selected and it was considered to be the largest
in, at least, 100 years (see next paragraph). The quantity and good
quality of the information available enabled us to apply some con-
straints in the selection of the data (discussed below) used to
obtain the best possible model.

MA occurrences since the end of the 19th century were classi-
fied by comparing the distribution of the runout distances in each
avalanche path (Oller and others, 2015) and selecting the largest
one. In a few of the avalanche paths it is known from historical
documents that avalanches occurred before the 19th century.
These occurrences were considered not to correspond to the
same set and were discarded. The reason was that all these ava-
lanches occurred during the Little Ice Age (LIA; from 1300 to
the end of 1800s; Mann, 2002; Oliva and others, 2018). This cli-
matic period, different to the present one and characterised by
cycles with large temperature falls and considerable increases in
precipitation, had increased numbers of severe catastrophic
meteorological-related phenomena (e.g. floods, strong snowfalls,
sea storms, persistent rain and droughts). In Catalonia, a concen-
tration of catastrophic floods was identified during the periods
1580-1620, 1760-1800 and 1840-70 (Barriendos and Martin
Vide, 1998; Barriendos and Llasat, 2003; Llasat and others,
2003; Bloschl and others, 2020). All the avalanches occurring dur-
ing these periods, therefore, probably occurring under climatic
conditions that are different to the present conditions, as it has
been described in 1888 snow avalanche cycle in the Spanish
Cantabrian Mountains (Garcia-Herndndez and others, 2018) or
in 1803 and 1855 snow avalanche cycles in the Pyrenees

(Garcia and others, 2005; Oller and others, 2020), were separated
from the dataset.

The goal of the a—f method is to work with ‘extreme’ occur-
rences. However, the o angles measured in this work are deter-
mined from the distal (downslope end) of the individual
avalanche deposits or effects and not necessarily for maximum
runout positions for the paths, that is, in a similar way that
McClung and Gauer (2018) do and point out in their work.
This means that the dataset includes both, dense flow and powder
runouts, probably from dry-mixed avalanches, as explained in
Section 3.1. Given the uncertainty of the available data, the return
period is likely to vary from 30/50 to 300 years, introducing
unavoidable random variation in the data (McClung and Mears,
1991). Besides, Mears (1992) considers that when many 50 to
200-year-old trees are destroyed by an avalanche, this damage
provides convincing evidence that the avalanche has, about, an
estimated return period of 100 years. In our study, considering
the characteristics of the data in the MADB, we decided to
work with well-estimated avalanches whose occurrence has been
the largest in 100 years, or ‘extreme’ occurrences henceforth.

For the determination of the extreme occurrences, photointer-
pretation was essential. The ICGC website contains orthoimages
of 18 flights covering the whole of the Catalan Pyrenees from
1946 to the present (1946, 1956, 1990, 1993, 1996/97, 2003,
2005, 2007, 2008, 2009, 2011, 2012, 2013, 2014, 2015, 2016,
2017 and 2018). This enables the state of the forest to be com-
pared and analysed between 74 years ago and now. A well-
developed forest in 1946 indicate a minimum previous period
of 30 years necessary for its development without disturbances
(in dendrogeomorphologycal research of several avalanche
paths, the age of the oldest-affected trees was more than 200
years; Muntan and others, 2004, 2009, 2010). The identification
of a major subsequent destructive avalanche through the identifi-
cation of a new path in the forest, together with the analysis of the
occurrences recorded in the same avalanche path, can be used to
qualify this occurrence as extreme in 100 years. In our database,
for avalanche paths with information from winter surveillance,
eyewitness accounts, historical data or dendrogeomorphological
analysis, the time window is longer. In any case, we can affirm
that the extreme avalanches considered in this study were the lar-
gest occurrences at least in 100 years in their corresponding ava-
lanche path.

The selected avalanches had to meet the necessary require-
ments for the o—8 method, i.e. a differentiated and unique starting
zone and no anthropogenic modifications (Sinickas and
Jamieson, 2014). The goal was to work with very well-defined
individual and unmodified avalanche paths. This reduced the
number of avalanches in the dataset used to 97 avalanche occur-
rences (12% of the dataset homogeneously distributed in the
study area; Fig. 1).

The mapping of the avalanches was performed using the
orthoimages described above, on the ICGC 1:5000 topographic
map with 5m contour distances, and a 5m x 5m DEM. The S
point was placed on the topographic map at the point where
the slope between the contours falls below 10°. In avalanche
paths where the slope oscillates ~10°, benches shorter than 3%
of Ls (Fig. 2) were ignored during the selection of the B point
because, according to Sinickas and Jamieson (2014) judgement
and field experience, they are considered negligible compared to
the length of the path. For benches larger than the 3% limit,
other path characteristics were used to inform the decision
based on expert criteria, as also applied by Furdada and
Vilaplana (1998).

During the preparation of the data, we realised that not all the
selected extreme avalanches reached the f point, with 20 ava-
lanches (21%) in our dataset not reaching it. Other studies have
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Table 2. Descriptive statistics of the main topographic and morphometric parameters considered, and the correlation between the response variable « and the

predictor variables used to develop the a-f model

Variable N Mean SD Range R? p-value
al° 97 25.6 3.7 17.6-33.9 - -

B () 97 26.7 3.8 18.9-36.0 0.71 <0.001
0 () 97 345 4.0 25.2-44.4 0.02 0.158
y’ (m™) 97 2.77x107* 1.56x107* 1.20x 107°-8.00 x 10~* 0.03 0.079
Hg (m) 97 877 270 355-1595 0.03 0.115
Lg (m) 97 1770 600 728-3193 0.07 0.009
PT (ordinal) 97 1.4 0.9 1-5 0.03 0.084
Azs (ha) 97 5.70 5.44 0.38-24.68 0.06 0.014
0zs () 97 204 100 2-360 0.03 0.072
Con (%) 97 48.9 25.0 0.0-87.6 0.03 0.080
Cli (ordinal) 97 1.8 0.7 1-3 0.00 0.859
Def (%) 24 317 223 0-67.2 0.12 0.606
L_For (m) 24 644 550 0-2,430 0.00 0.860

N, number of paths where the variable was measured; SD, standard deviation; R?, Pearson coefficient of determination; p-value, statistical significance. The variables that show the best

correlation with a are highlighted in bold.

also reported similar cases, as the pioneer one of Lied and
Bakkehoi (1980), who found that 25% of the well-known ava-
lanches that they used did not reach the B point. As they fitted
the observed runout of the avalanches by linear regression, it is
reasonable to assume that the error around the fit is approxi-
mately normal distributed (it has to be therefore expected that
at least ~16% of the observed avalanches do not reach j). In
order to distinguish the most extreme (smallest) @ angle of each
single avalanche, which might be regarded as a random variable
and the expected value according to the regression model, in
Section 4.2 the parameters that can explain these differences are
explored.

For the selected avalanches, in addition to the morphometric
parameters that were formerly used to evaluate o:f3, H, L, ¥’
and 6 (Lied and Bakkehoi, 1980; Bakkehoi and others, 1983)
(Fig. 2), we measured other parameters that are also considered
to affect runout distances (Table 2).

The variables H and L were substituted by Hsz and Ls because
when applying the regression analysis in an unknown avalanche
path, only these variables can be measured (H and L are
unknown). The topographical profiles (PTs) were classified
according to the topography of the transition track - runout
zones in order to group some usual shapes that can be classified
similarly by different experts as (1) gradual: the slope of the track-
runout zones decreases gradually; (2) abrupt: there is an abrupt
transition from a relatively steep slope to a slope at or near 0°
in the runout zone (hockey-stick, Jones and Jamieson, 2004);
(3) run-up: there is an abrupt transition from a relatively steep
slope to a negative slope; (4) gradual/abrupt run-up: there is a
gradual or abrupt transition ending in a negative slope and (5)
complex (irregular): the slope in the transition track-runout is
irregular (e.g. rocky bars and mounds). The area of the starting
zone (Azs) of each avalanche path was measured on the horizon-
tal projection. The area was defined by the highest estimated ele-
vation of the starting zone, an average width, and for the lower
side, the elevation where the slope decreases below 28°, or
where the morphology of the terrain suggested it (e.g. confine-
ment and cliffs). The mean aspect of the starting zone (Ozs) of
each avalanche path was measured in degrees. Confinement
(Con) was determined by measuring the % of the horizontal
length (L) of the avalanche, confined. It was considered as con-
fined, a relation width/depth of the channel <10. The climate
region (Cli) in which the avalanche path is located (also consid-
ered by Lied and Bakkehei, 1980; Furdada and Vilaplana, 1998;
Jones and Jamieson, 2004) was assigned to: (1) oceanic, (2) tran-
sition or (3) Mediterranean (Fig. 1). Another parameter that
could affect avalanche runout distances is the area of the forest

devastated by the avalanche, since this was an important area
affected by many of the registered avalanche occurrences. The
deforestation was measured by comparing aerial images before
and after the avalanche occurrence. Although it was only possible
to survey 24 cases, two variables were measured according to
Anderson and McClung (2012): the length of the deforested
track (Def) was determined by measuring the percentage of the
horizontal length of the avalanche, deforested. The horizontal dis-
tance to forest penetration (L_For) was measured from the highest
point of the starting zone until the beginning of the forest.

Table 2 presents the descriptive statistics of each parameter, as
well as the Pearson coefficient of determination (R?) and the stat-
istical significance (p-value) of the correlation of each variable
with a.

4. Analysis and results
4.1 Application of the o-B runout model

In order to know the variables that may influence the runout of
the avalanche (@) and their weight, a prediction model was per-
formed by using multiple linear regression. Previously, all partial
bivariate correlations between the dependent variable (a) and the
independent variables of the terrain that have an influence on the
runout distance (Table 2) were carried out. Every variable was
tested for normal distribution using the Kolmogorov-Smirnov
test at 5% confidence level. Not normally distributed variables
were normalised through log-transformation. Thus, to know the
association between a and the rest of the independent variables
of continuous quantitative scale, the Pearson correlation (for
those that follow a normal or parametric distribution) and a
rho of Spearman (for those non-parametric) was performed.
From the results obtained from the bivariate correlations, the vari-
ables associated with o with levels of statistical significance >0.05
were included in the multiple linear regression model.

Given the limited size of the dataset, a general model was con-
structed with 83 avalanche occurrences. From the initial dataset
(97 avalanche occurrences), 14 avalanches (15% of the dataset)
were separated randomly (one of every seven avalanches was
selected according to its position listed by its code) to check the
reliability of the model and validate it later.

The multiple regression model was derived from the variables
B, Azs (log) and Lg, all of them associated with o, with levels of
statistical significance >0.05, and very significant for the function
with p-values <0.001; for all the other measured parameters, the
correlation was very poor (Tables 2 and 3). The non-standardised
B (beta) regression coefficients are positive for the 8 and Lg
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Table 3. Coefficients of the multiple linear regression model with three variables

Non-standardised

coefficients 95% Cl (B) Collinearity statistics
Variable B SD Standardised coefficients t p-value Lower Higher Tolerance VIF
(Constant) 0.614 1.575 0.390 0.698 —2.514 3.741
B 0.901 0.048 0.923 18.728 <0.001 0.805 0.996 0.836 1.196
Lg 0.001 <0.001 0.242 4.362 <0.001 0.001 0.002 0.658 1.519
Ln(Azs) -1.329 0.189 —0.364 —7.045 <0.001 —1.703 —0.954 0.761 1.314

B, beta non-standardised correlation coefficient; SD, standard deviation; t, t statistic; p-value,

variables (Table 3). Thus, when increasing the value of the 8 and
Lg variables, the o value increases. The negative value of the B
coefficient for the variable Azs (log) indicates an inverse associ-
ation with the a variable. The standardised function coefficients
help to determine the weight or influence of each of the variables
included in the model. Thus, the j variable, with a value of 0.923
(standardised coefficient), is the one that shows the most influ-
ence on the runout of the avalanches through the o variable

The goodness of the fit of the regression model to the observed
data has been checked using the coefficient of determination (R?.
The latter indicates that the percentage of variance explained by
the regression line of the model is 81%. When applying the
Fisher’s test, by means of the analysis of variance (ANOVA),
the result with a significance value of <5% confirms the goodness
of the obtained model. The confidence interval (CI) at 95% is pre-
cise enough for each one of the function coefficients, confirming
the robustness of the model. The values of tolerance (percentage
of variance not explained by other predictors) is >0.65, with VIF
values (variance inflation factor) lower than 2, thus so weak that
collinearity of the explanatory variables can be considered inexis-
tent and doesn’t affect the results (Thompson and others, 2017).

Finally, an analysis of the residuals was performed, which con-
firmed that the basic assumptions of normality and non-existence
of heteroscedasticity were met. For the diagnosis performed on
the goodness of the fit and the analysis of the residuals, it can
be confirmed that the model is good and robust.

Equation (1), obtained by multiple linear regression is:

a=0.90 8+ 0.001Lg—1.33 Ln(Azs) 4 0.61°,

5 . ey
R°=0.81, SD=1.63°, N=283

The model was then applied to the 14 avalanche occurrences
selected to check their reliability. The values obtained were
located within the 95% CI (Fig. 3, blue dots), indicating a satisfac-
tory fit of the model.

In Table 4, descriptive statistics of @ and error (« observed — a
predicted) values obtained after applying to the 97 extreme ava-
lanches Eqn (1), and those obtained by Furdada and Vilaplana
(1998) and Oller and others (2018) are shown. Using the general
equation obtained by Furdada and Vilaplana (1998; a=0.978 —
1.20°, R*=0.87, SD=1.74°, N=216), we obtained the same
mean «a angle (24.7°) as the one obtained with our own equation.

Oller and others (2018) obtained a model (= 0.858+ 2.10°,
R*=0.76, SD = 1.87°, N=63) by censoring a dataset similar to
the one used in the current study, although not including the ava-
lanches that did not reach the f point, as Furdada and Vilaplana
(1998) did. In spite of this, results are quite similar (o and error
values, Table 4). Hence, Eqn (1) would be recommended to esti-
mate runout distances for avalanche return periods of the order of
100 years, in this region, like the one obtained by Furdada and
Vilaplana (1998).

As a broader exercise of regression equations comparison, the
results of our Eqn (1) were compared with the results obtained
when applying other equations from other mountain chains to

statistical significance; Cl, confidence interval; VIF, variance inflation factor.
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Fig. 3. Plot of the observed a values with respect to those obtained with regression
Eqgn (1). The outside lines indicate the 95% confidence bands. Red dots: training sam-
ple (to construct the model); blue dots: test sample (to validate the model).

Table 4. Descriptive statistics of a predicted and error (o observed —a
predicted) values obtained after applying to the 97 extreme avalanche
occurrences Eqn (1), and those obtained by Oller and others (2018) and
Furdada and Vilaplana (1998), respectively; Eqn (1) is more accurate (lower
error values)

Error (a observed — o

a predicted predicted)
Equation Mean SD Range Mean SD Range
(1) 247 34 173-335 09 16 —45to04.6
Furdada and Vilaplana (1998) 24.7 3.7 17.1-33.8 09 21 —-64to7.9
Oller and others (2018) 248 3.2 18.2-328 0.8 2.0 -64to73

our avalanche occurrence dataset. In Figure 4, the descriptive sta-
tistics of error and o angle obtained with equations (1 to 11) from
Table 1 are plotted. Equations are ordered from lower (left) to
higher (right) mean a error, being 1, the equation obtained in
this research (Table 3). It can be observed that the mean value
of the error increases as the mean value of a decreases, although
some error values are close to those in Eqn (1) (Canada, 2; France,
3; Norway, 4; Japan, 5; Austria, 6). The dispersion, however, is
much greater, and especially in Japan (5). With the exception of
Canada (2) and France (3), the mean «a values obtained are
lower than that obtained with other equations, especially from
Slovakia (7) to the right side of the graph. Despite the exception
of Canada (2) and Norway (4), in general in continental regions
and at higher latitudes, the mean o angles are smaller (longer run-
out, right sector of the graph), and in maritime regions and at
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Fig. 4. Boxplots of o predicted and error values
obtained after applying to the 97 extreme avalanche 2
occurrences the general equations listed in Table 1, ° °
ordered in increasing order of mean error (from left to -4 ° °
right). 1, Eqn (1); 2, Canada (McClung and Mears, -
1991); 3, France (Adjel, 1995); 4, Norway (Lied and -6 =
Bakkehgi, 1980); 5, Japan (Fujisawa and others, 1993);
6, Austria (Lied and others, 1995); 7, Slovakia (Biskupic -8
and Barka, 2010); 8, USA Coastal Mountains (Nixon .
and McClung, 1993); 9, USA Coastal Alaska (McClung A0

and Mears, 1991); 10, Iceland (Johannesson, 1998); 11,
USA Colorado Rockies (McClung and Mears, 1991).

lower latitude o angles are higher (shorter runout, left side of the
graph).

4.2 Analysis of the extreme values obtained

To study the variables that influence a greater or lower runout of
the avalanches (i.e. that exceed or do not reach the o predicted), a
comparative analysis of the data was performed. As a first step, the
data were grouped into two sets. From the dataset, 64 (66%) ava-
lanche occurrences had a positive error (the observed runout was
shorter than that predicted by the model) and 33 (34%) avalanche
occurrences had a negative error (the observed runout was longer
than that predicted by the model). This suggests that the model
tends to favour longer runout distances. The end values of the dis-
tribution (positive or negative values beyond a SD, 25 and 8 ava-
lanches, respectively) were separated in order to highlight main
differences between the extreme values of the avalanche dataset.
The 20 avalanche occurrences not reaching the S point were
included in the 25 positive occurrences group (Table 5). No dif-
ferences were found between independent datasets based on T,
Mann-Whitney or ANOVA tests, according to the types of vari-
ables analysed.

Analysing comparatively the parameters corresponding to each
population, despite the reduced number of cases of the two data-
sets, there are some differences to be mentioned. On the one
hand, for a similar mean j angle (between 26° and 27°),  angles
are logically lower for avalanches with a negative error (larger
runout). On average, avalanches with a positive error are larger
(larger Hg, Lz and Azs) than the one’s with a negative error.

Oller and others
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The mean aspect of the starting zone of the avalanches with posi-
tive error is NW, whereas for avalanches with a negative error is
SE (Table 5). No tendencies were found in relation to climate
divisions.

5. Discussion
5.1. Considerations about the obtained model

Our update of the o model for the Catalan Pyrenees has pro-
duced a general equation with three significant variables. The
parameters of the model (variance, tolerance and CI) confirm
its robustness, with a coefficient of determination R = 0.81. The
97 avalanches of the dataset took place mainly during the 20th
century, under climatic conditions that are similar to current con-
ditions. Therefore, the equation provides estimates of the runout
distances for avalanches occurring about once in 100 years. If the
SD is subtracted, the non-exceedance probability factor increases,
providing a boundary to the uncertainty.

Gauer and others (2010) found that there was neither volume
nor fall height dependency with runout. However, Eqn (1) shows
a slight relation with Ls (horizontal length of the avalanche until 3
point), and Azs, an indirect measure of the size of the avalanche at
the starting zone, result that conceptually contradicts the results
obtained by these authors. They explained that erosion and
entrainment of snow seem to be crucial for avalanches to reach
long runout distances, which feed and grow through snow
entrainment at the head of the avalanche, but long runouts are
not dependent on the total mass. In our case, we have not
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Table 5. Descriptive statistics of the main topographic and morphometric parameters of the avalanches with positive error >1 SD (observed avalanches don’t reach
predicted runout distances) and negative error <—1 SD (observed avalanches exceed predicted runout distances)

Avalanches with positive error (shorter runout) Avalanches with negative error (larger runout)

Variable N Mean SD Range N Mean SD Range

a () 25 26.9 3.1 19.9-34.0 8 222 3.1 18.4-27.6
B () 25 26.2 3.4 19.9-34.4 8 26.8 36 20.5-32.8
0 () 25 342 35 29.2-44.4 8 37.2 4.8 27.6-43.1
Yy (m™) 25 26x107% 15x107* 1.2x107%6.0x107* 8 35x107* 14x107* 1.8x107%6.0x107*
Hp (m) 25 887 271 355-1290 8 691 180 465-950
Lg (m) 25 1822 591 728-2996 8 1357 259 1007-1754
PT (ordinal) 25 1.2 0.6 1-3 8 1.0 0.0 1-0
Azs (Ha) 25 6.55 5.59 0.58-20.44 8 452 434 0.47-13.83
0zs (°) 25 233 100 50-358 8 148 87 2-300
Con (%) 25 42 25 0-82 8 51 27 14-85
Cli (ordinal) 25 1.8 0.7 1-3 8 1.9 0.8 1-3

considered entrainment and neither avalanche mass at the start-
ing zone or runout zone, because they are not parameters that
can be directly derived from the topography of the path. We
used indirect variables of the size of the avalanche (Lz and Azs)
which counteract: larger Azs provide longer runouts and larger
Lg provide shorter runouts. This result may be explained because
the longer is the track, the longer act the frictional forces
(approximately when slope decrease below 24°, Gubler and
others, 1986; McClung and Mears, 1995), and also the higher
are the friction forces due to channelisation, roughness (forest
and terrain) and densification of the flow (Bakkehoi and others,
1983), especially for dense flow avalanches (Wagner, 2016).
This can be related to shorter slopes tendency to provide larger
runouts compared to longer slopes, as explained in Section 3.1.
In relation to the area of the starting zone, the largest it is, the
longer is the runout because of the higher mass incorporated,
involving the size effect indicated by Pudasaini and Hutter
(2007). Thus, the larger is the avalanche, the higher may be its
capacity of snow erosion and entrainment.

5.2. Comparison with the former model

The equation obtained (1) provide similar runout distances than
those obtained more than 20 years ago by Furdada and Vilaplana
(1998). Furdada and Vilaplana (1998) reported that the results
obtained with their equations were probably undervalued given
the uncertainty about the return period of the avalanches in the
dataset, estimated higher than 30 years. As the goal was to register
extreme avalanches, only avalanches that surpassed the § point
were registered, with the damage caused by past avalanches in
the forest and eyewitness information being the main criteria
used to identify these runout distances. Therefore, according to
the dataset, the Furdada and Vilaplana (1998) equation should
provide more conservative results, that is, lower o angles than
for a non-censored dataset. However, the results were likely to
correspond to avalanches that include some more frequent
ones, given that the model produced similar runout distances des-
pite the use of a censored dataset, and some few less frequent and
rarer ones. Compared to the dataset used in the current study,
which considers avalanche occurrences of the order of 100
years return period, including all avalanches, reaching and not
reaching the 8 point (non-censored dataset), the dataset used by
Furdada and Vilaplana (1998) should correspond to a lower
return period, as they also suggested. Their high coefficient of
determination (R?) value (0.87) was probably due to a more
homogeneous dataset, by not including avalanches not reaching
B. Therefore, despite obtaining similar results, the datasets used
in both studies had significant differences, that can be due to:
(1) a different criterion in the selection of the avalanche

occurrences that feed the model (i.e. censoring of avalanche
occurrences not reaching the § point); (2) the smaller geographic
area involved in the former analysis (only western Catalan
Pyrenees, in the oceanic and western transition climatic areas
that have a higher MAE - major avalanche episode or cycle - fre-
quency, Fig. 1; see next section) and (3) a less precise mapping
tools.

Furdada and Vilaplana (1998) obtained four regression models
according to the topographic characteristics of the terrain profile.
In our dataset, neither y”, the shape factor that describes the ter-
rain profile, nor PT, a classification of the terrain shape at the
transition track-runout zones, had statistical significance with
the variable o. Probably, the dataset was not large enough to
include a statistical significant number of cases for each shape
class.

5.3. Terrain and climate influence on extreme runouts

When analysing the avalanches with the most extreme positive
and negative error, certainly there is not a clear distribution in
function of climate divisions, but there are differences related to
topography of the avalanche paths as McClung and others
(1989) indicate.

The variables that have the most influence on extreme runout,
above and below o obtained by the model, are the variables
related to the size (Lg, Hg and Azs) and the aspect of the starting
zone, Ozs (Table 5). Smaller and SE facing starting zones provide
longer runouts than expected, for more than 1 SD. In relation to
the aspect of the starting zone (Ozs), negative values (larger run-
out) are associated with SE starting zones and positive values
(shorter runout) are associated with NW starting zones. In SE
starting zones runout distances are larger than predicted. This
can be explained by the highest frequency of cold NW advections
(Oller and others, 2015) which accumulate drifted snow towards
SE starting zones, produce storm slabs and generate cold dry snow
avalanches within southern slopes. The atmospheric patterns that
generate avalanches in northern slopes are less frequent and
involve warmer conditions and this may explain why there are
more avalanches with a runout shorter than predicted. Forest
extent in these avalanche paths is larger due to a less avalanche
activity and it offers a higher roughness to the flow to extreme
avalanches. The available information on forest destroyed by the
avalanches of the dataset indicates that in northern slopes the
mean deforested area per avalanche is 3.59 ha and in southern
slopes is 2.23 ha, which supports this hypothesis. In SE facing ava-
lanche, paths with a negative error (larger runout), starting zones
are smaller. This would be explained by the increase of the snow
mass released because of the wind loading contribution in these
starting zones.
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This result becomes very relevant in terms of uncertainty.
When applying the model, the subtraction of 1 SD corresponds
to a non-exceedance probability of p=0.84, which means that
84% of the paths should have runouts that do not exceed the pre-
dicted a, which is a high security range. In consequence, in ava-
lanche paths with such characteristics (starting zones smaller and
facing SE) it would be recommended to land-use planners to con-
sider increasing the non-exceedance probability.

5.4. Comparison with other models

Regarding the exercise of comparison of the model obtained in
this study and other models, some constraints and considerations
arise. The first, obvious one is that the database of avalanche
occurrences affects the obtained equation and the consequent
results. As an example, in the Catalan Pyrenees, censored (Oller
and others, 2018) and non-censored (this study) databases can
generate mean similar results, but censored database ultimately
produce a range of more conservative runouts and a range of lar-
ger errors (Table 4), resulting in a more imprecise estimation of
the runouts.

The comparison of the results obtained with Eqn (1), with
other equations obtained in other mountain ranges around the
world (Fig. 4), shows how in the Pyrenees runouts are shorter,
but relatively close to other European Alpine countries (e.g. the
equation obtained from France could be applied to the Catalan
Pyrenees, even though the SD error is larger). Results seem to
show some climate influence: in general, in continental regions
and at higher latitudes, the mean a angles are smaller (longer run-
out), and in maritime regions and at lower latitude o angles are
higher (shorter runout). McClung and others (1989) considered
that climate regime does not have a strong influence on extreme
runouts on a time-scale of more than ~100 years. According to
their experience, large dry avalanches have the longest runout dis-
tances in the majority of cases. For timescales of 100 years, large
dry avalanches will occur in either climatic regions, thus the run-
out statistic models are fitted with data and correspond to this
type of avalanche. McClung and others (1989) concluded that
the tendency for long runout distances could be explained by
the profiles of the avalanche paths, but not by snow-climate clas-
sifications. We suggest another possible variable that can explain
the differences that shows Figure 4, and is the frequency of these
‘extreme dry’ avalanches. Frequency of extreme avalanches could
be different in each mountain range, as proposed in Oller and
others (2015). Therefore, for the same time period, the probability
to register a higher or lower proportion of extreme occurrences
should be different in each mountain range as a function of the
frequency of occurrence of this type of avalanche. This could
explain roughly why in a continental/higher latitude climate
mean ¢ values are lower than those in a maritime/lower latitude
climate. Furthermore, as presented in Section 5.3, topographic
variables can capture in some way some climatic particularities
(dominant winds and subsequent snowdrifts, as Ozs in our
study), thus introducing significant differences from one moun-
tain range to another. This also supports the hypothesis that cli-
mate can have some influence on the frequency of extreme, large
dry avalanches. Farther, the main current morphology of the
mountain ranges is a consequence of the glaciations occurred dur-
ing the Pleistocene. The latitude of the mountain ranges and their
proximity to the coast are factors that influenced the glacial inten-
sity and extension and the related erosion and deposition pro-
cesses, which gave shape to the valleys and strongly influence
the morpho-topography of the current slopes. Therefore, climate
and latitude likely played an indirect role in the current avalanche
paths topography. In summary, on one hand, avalanche paths will
present morphological differences from one mountain range to

Oller and others

another due to each particular genesis and evolution controlled
by latitude and climate and, on the other hand, some climatic
characteristics could be captured by topographic characteristics
in each mountain range. In any case, a deeper and broader ana-
lysis should be performed in order to explain differences observed
in Figure 4.

6. Conclusions

A dataset of 97 extreme avalanches occurred mainly during past
100 years was used to update the o—f runout model for the
Catalan Pyrenees, using current digital topographic bases,
DEM:s and digital orthoimagery. A general equation was obtained
with three variables (inclination of the avalanche path, f, horizon-
tal length, Lz and area of the starting zone, Azs), with a high coef-
ficient of determination (R* = 0.81) and high statistical robustness.
The analysis of the effects of other terrain variables on runout dis-
tances revealed no statistical significances. The equation obtained
in this study provides runout distances for a return period of
~100 years.

Regarding the significant variables that describe the size of the
avalanche, larger Azs provide longer runouts most likely because
the larger is the starting zone, the larger is the mass and energy of
the avalanche, the capacity of snow erosion and entrainment
along the path and the resulting avalanche. Larger Lg provide
shorter runouts probably related to the longer is the track, the
longer is the deceleration due to the friction forces acting along
the path and due to decreasing slope angle, channelisation, rough-
ness (forest and terrain) and the densification of the flow. These
two characteristics may counteract.

The analysis of the extreme values of the avalanche dataset
showed that larger avalanche paths (larger vertical drop, horizon-
tal distance and area of the starting zone) provide shorter runout
distances than predicted by the model, and starting zones oriented
towards NW too. The relation of the aspect of the starting zone
with the runout distance could be related to the frequency of
snow-drift episodes, which more frequently overload south and
southeast slopes, and therefore can produce more frequent and
larger avalanches. In northern slopes, the lower frequency of ava-
lanches allows the growth of the forest and therefore increases the
roughness of the path.

Therefore, in land-use planning, when applying the obtained
model, in order to reduce the uncertainty, it is recommended to
consider increasing the non-exceedance probability by reducing
a, especially in those avalanche paths with south and southeast
facing starting zones.

The comparison of the results obtained with Eqn (1), with the
results obtained using equations from other mountain ranges
around the world seems to show some climate and terrain influ-
ence. Differences could be explained by the frequency of occur-
rence of MAE (major avalanche episodes or cycles), and the
current morphology and topographic characteristics in each
mountain range, and can have an indirect influence on the regres-
sion equations obtained.

The a-f and statistical models are based on real-avalanche
occurrences and directly measurable parameters, and the result
of their application allows to determine the runout of extreme
avalanches in terms of non-exceedance probability. Although a-
B and statistical models do not provide continuous variables
along the terrain profile of an avalanche path like velocity or
impact pressure, as the dynamical models do, they provide valu-
able information in the practice of hazard mapping. They are
complementary to the dynamical models, which results in
terms of runout can be checked. They are fast to apply and
allow obtaining a quite good approach to the runout of an ava-
lanche path. In this sense, the update of the statistical equation
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valid for the Catalan Pyrenees represents a significant advance in
the hazard characterisation of this mountain region.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2021.50.
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STATISTICAL RUNOUT MODELING OF SNOW AVALANCHES IN THE CATALAN
PYRENEES
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ABSTRACT: In the present study, the statistical runout regression model a-f was applied in order
to update equations obtained 20 years before in the Catalan Pyrenees. This was carried out by in-
cluding the knowledge of major avalanche activity in this region and by using the current mapping
tools. The model was obtained from a dataset constituted by 82 avalanches with an estimated return
period of 100 years (T100). General and specific equations were obtained for different types of ava-
lanche path morphologies. The new, updated equations show a good agreement with those obtained
previously. However, 23% of the T100 avalanches did not reach the beta point, for which the o-f
model could not be applied. The B point is the point on the avalanche profile, at the top of the runout
zone, where slope reaches 10° and the model assumes that the avalanche should exceed it. To find
out the parameters that could explain why there are avalanches that do not reach the B point we ap-
plied a logistic regression analysis. The size of the starting zone (small and very small starting zones),
and their aspect (northwest) were the most powerful parameters to explain the non-arrival to the beta
point. These results can be related with the known, low frequency major avalanche cycles that occur
in the regions where these avalanche paths are located. Probably, T100 major avalanche cycles in
these areas do not provide conditions sufficiently optimal to develop avalanches large enough to ac-
complish with a-f3 model requirements.

KEYWORDS: Avalanche, statistical modeling, regression model, logistic regression model, Pyre-
nees.

(1998) applied the regression model a-f for the
1. INTRODUCTION first time in the Pyrenees. The work was done
The determination of avalanche runout distance using the means available at that time: 1: 50.000
is fundamental for avalanche hazard mapping in topographic maps (DEMs were still a very incipi-
urban planning. One tool, among others, to cal- ent tool), and avalanche data obtained in the first
culate this parameter are the statistical models. cartography campaigns that were carried out to
I . feed the avalanche cadastre of Catalonia, pre-
T_he statistical models aIIow.to obtgm the runout cursor of the Avalanche Database of Catalonia
distance along a topogrqphlc profile of the ava-  (BDAC, Oller et al., 2005), nowadays maintained
lanche path. The model is constructed by using and updated by the Cartographic and Geological
a repre;entatlve set of avalanche' events whose Institute of Catalonia (ICGC). They obtained 4
rynput is known. The two most widely u§ed sta- regression models according to the morpho-
tistical models are the o-f model (Lied and  {556graphic characteristics of the terrain profile.
Bakkehoi, 1980) and the Runout Ratio model o fytyre work, they recommended (i) improving
(McClung et al., 1989). the avalanche cadastre to work with more relia-

The regression model o-p was developed by  ble data, (i) improving the accuracy of topo-
Lied and Bakkehoi (1980) with data from 192 graphical bases and (iii) the use of digital terrain
avalanche paths in Norway with very well de-  Mmodels.

fined runout distances. They found that B was  Since the work of Furdada (1996) there have
the only significant predictor and, since then, a-p been important advances in digital cartography
models have been obtained in other mountain (topographical bases, high resolution DEM, digi-
ranges in Europe, North America and Japan. tal orthoimagery), and also in the knowledge of

. avalanche dynamics in the Catalan Pyrenees
Furdada (1996) and Furdada and Vilaplana with the elaboration of the Avalanche Paths Map
(Oller et al., 2006), the implementation of the

* Corresponding author address: Avalanche Database of Catalonia (BDAC-ICGC;
Pere Oller Figueras, Facultat de Ciéncies de la Oller et al., 2005), and the improvement of the
Terra, Universitat de Barcelona knowledge about dynamics of major avalanche
¢/ Marti i Franqués s/n, 08028 Barcelona; cycles (Muntan et al., 2009, Garcia et al., 2010,
tel: +34 649895504; Oller et al., 2015). All these advances led us to

email: pereof@gmail.com
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consider an update of the results obtained by
Furdada and Vilaplana (1998).

During the preparation of the data set, we real-
ized that not all the avalanches that we consid-
ered T100, reached the B point. These events (a
23%) were analyzed separately to analyze this
fact.

Taking into account this context, the present
study aims (i) to update the a-f model for the
Catalan Pyrenees, based on the cartographic
tools currently available and the current
knowledge of avalanche dynamics in this area,
(i), to analyze the factors that have influence on
the runout distance considering the morphomet-
ric and dynamic characteristics of the ava-
lanches of the dataset, and (iii), to identify the
factors that have the greatest influence on the
fact that the avalanche does not reach f point.

2. STUDY AREA

The study area corresponds to the Catalan Pyr-
enees, which are located at the southeast of the
Pyrenees mountain range (Figure 1). In this
area, three climate varieties (Garcia-Sellés et
al., 2007) and Major Avalanche Nivological Re-
gions (MANR; Oller et al., 2015) were defined.
The north-western part has a humid oceanic
climate with regular winter precipitation. Towards
the south, the weather gains continental traits,
and winter precipitation decreases. In the east-
ern Pyrenees the Mediterranean influence takes
predominance; winter precipitation increases
though irregularly distributed.

FRANCE

Figure 1: Study area. MANR (Major Avalanche
Nivological Regions): GA (Garona), PN
(Pallaresa Nord), RP (Ribagorcana - Pallaresa),
PE (Pallaresa Est), SN (Segre Nord), SL (Segre
- Llobregat), TF (Ter - Freser). Colored areas
correspond to the areas susceptible to ava-
lanche activity. Violet tones: MANR with oceanic
influence. Blue tones: MANR in the transition
zone. Red tones: MANR with Mediterranean
influence. The intensity of the color indicates the
frequency of occurrence of Major Avalanche
Cycles (MAE) (% in brackets). Dots correspond
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to avalanche events from which the present
work has been carried out. Yellow: the ava-

lanche reach the B point. Red: the avalanche
doesn’t reach the B point.

3. MATERIAL AND METHODS

3.1 a-f model

In Figure 2, the main parameters used for the
application of the a-p model are plotted. H, 3, 6
and y” have proven to be useful in regression
models for estimating runout maximums (a) in
mountain regions around the world.

y Starting point

Path profile

P point
(Slope Angle = 10°)

2™ degree o S
polynomial =~~~
function y”

Lp

Maximum
runout

L=

y min

Figure 2: Main parameters of the o-f runout
model (after Lied and Bakkehoi, 1980).

Bakkehoi et al. (1983) demonstrated that B is the
parameter that best predicts run-out distance
and that multiple regression analysis does not
imply a significant improvement of the model
based only on .

3.2 Major avalanche database

Major avalanche data (avalanches that exceed-
ed the size of usual avalanches; Schaerer,
1986) used for this work come from a Major
Avalanches Database (MADB). Information
stored in this database comes from the BDAC-
ICGC), and from additional search performed by
the authors through field work, inquiries to wit-
nesses and photointerpretation. The BDAC
sources of information and stored data charac-
teristics are described in detail in Oller et al.
(2015). The MADB compiles information con-
cerning major avalanche occurrence: release
date and snow and weather conditions,
morphometries, flow characteristics and dam-
age. At present the MADB stores 897 major
avalanches (MA), mapped in 551 avalanche
paths.

For the purpose of the present work, those MA
with an estimated return period of 100 years
(T100) were selected (155 events, correspond-
ing to the 19% of the data set). The selected
avalanches had to accomplish the necessary
requirements for the a-f method: minimum verti-
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cal drop of 350 m, terrain profile without run up
or irregularities in the runout area, differentiated
and unique starting zone, and not having been
modified anthropically (Sinikas and Jamieson,
2014).

Such limitations reduced the data set to 82 T100
avalanche events. These events are homogene-
ously distributed in the study area (Figure 1),
and occurred mainly during the XX and XXI cen-
tury.

Table 1: Descriptive statistics of the topographic
and morphometric parameters considered, and
correlation with the response variable a.

Variable N | Mean SD Range R> | Pvalue
a(®) 82 | 252 3,5 18,5-34,0
B () 65 | 269 3.8 19,7-36,1 | 0,765 | 0,000
6 (°) 82 | 342 4,0 25,3-43,1 10,069 | 0,017
y" (m™) 82 10,0003 | 0,0002 %”%%%%_ 0,060 | 0,026
Ha (m) 82 872 287 300-1665 | 0,001 | 0,760
Lo (m) 82 | 1888 683 541-3562 | 0,169 | 0,000
Azs (Ha) 82 | 6,17 5,67 | 0,38-24,68 | 0,050 | 0,044
Ozs (°) 82 | 201,4 101 2-360 0,042 | 0,063

For the selected avalanches, we obtained the
morphometric parameters that have the greatest
influence on a: B, H, y" and 6 (Figure 2). In addi-
tion to the aforementioned parameters, other
parameters were measured which were also
considered that could have influence on the
runout distance as the shape of the topograph-
ical profile of the avalanche path (PT), the area
of the starting zone (Azs), the aspect of the start-
ing zone (Ozs), the confinement of the ava-
lanche (Can) and the climatic region to which the
avalanche path belongs (Cli), as applied by oth-
er authors (Furdada and Vilaplana, 1998; Jones
and Jamieson, 2004). Another parameter that
we considered is the forest extent devastated by
the avalanche, since in many of the registered
avalanches it was very important. Unfortunately,
this data was not possible to measure for the
whole set of data and this variable was not con-
sidered.

The topographical profile (PT) was classified in
linear/planar (1), concave (2), and hockey stick
(3), according to Jones and Jamieson (2004).
We add a new class, irregular (4), for the profiles
not corresponding to the previous shapes. The
area of the starting zone (Azs) considered in
each avalanche path, was measured on the
horizontal projection. The mean aspect of the
starting zone (Ozs) of each avalanche path was
measured in degrees. The confinement (Can)
was classified into four classes, based on the
transition between the track zone and the runout
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zone, in non confined—non confined (1), non
confined—confined (2), confined—non confined
(3) and confined—confined (4). The climate re-
gion (Cli) in which the avalanche path is located
was assigned to each avalanche path: Oceanic
(1), Transition (2) and Mediterranean (3).

4. ANALYSIS AND RESULTS

4.1 Application of the o~ model

Table 1 shows how only f has a good correla-
tion with a. For the rest of the measured param-
eters correlation is very poor. Taking this into
account, we used only the variable B for the
regression with a.

Given the limited set of data, in a first stage, a
general model was constructed. To do this, we
separated the events that do not reach the B
point, 19, leaving a set of 63 events. We select-
ed 10 avalanches from the data set (16% of the
data set, homogeneously distributed throughout
the study area) in order to apply later the model
and to check and validate its reliability.

From the remaining 53 avalanches, the regres-
sion equation 1 was obtained.

0=0,85B8+2.10° R?=0,76 S=1,87° N=63* (E. 1)
*Includes the 16% of the events for validation.

The coefficient equation shows a positive corre-
lation between parameters and R? indicates that
76% of the a is explained by the independent
parameter 3, which is very large.

The model was then applied to the 10 previously
selected avalanche events. The values obtained
were located within the 95% confidence interval,
which indicates a satisfactory fit of the model.

Applying the general equation obtained by
Furdada and Vilaplana (1998; a=0,973-1,20°
R’=0,87 S=1,74° N=216) to the 63 selected
avalanches, and comparing the results with the
one’s obtained in the present study (Table 2),
differences in mean o angles were negligible.

Table 2: Differences between the results ob-
tained applying the function obtained in this
study and the one obtained by Furdada and
Vilaplana (1998).

This study Furdada & Vilaplana (1998)
(mean+SD) (mean+SD)
| Mean a () 24,98+1,87 24.91+1,74

The comparison of the results obtained in both
models indicate that they are in the same range
of magnitude and always within the range of the
standard deviation. It indicates that the dataset
used by Furdada (1996) would be in the range of
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T100, the same return period of the events used
in the present work. On the other hand, the to-
pography base 1:50.000 used in their work,
should not be a limitation, given the similar re-
sults.

4.2 Avalanches that do not exceed the
S point

The previous treatment of the data revealed that
19 events (23% of the data set) do not reach the
B point. In the same way than the other 63 ava-
lanche events, these are the largest avalanches
ever observed in their respective avalanche path
during the XX and XXI century. These ava-
lanches accomplish the conditions established
by McClung and Lied (1987), and therefore they
should overpass the  point.

Table 4 shows the values obtained for these
avalanche paths, compared with those that
reach the  point. The size and orientation of the
starting zone, the confinement, and the climatic
zone are the variables that present the greatest
differences with respect to the set of avalanches
that do exceed B.

Table 4. Descriptive statistics of the main topo-
graphic and morphometric parameters of ava-
lanches that do not exceed the  point (left), and
exceeding the B point (right).

variables and categorical variables were trans-
formed into dichotomous variables.

The results of the model (table 5) show that As-
pect of the starting zone (Ozs), and Area of the
starting zone (Azs) are significative with a p val-
ue lower than 5% (significant level), indicating
their association with the probability to reach the
B point. That means: (i) avalanches coming from
starting zones oriented to NW have a 85,5% less
probability to reach the B point than avalanches
with SE facing starting zones; (ii) avalanches
coming from small and very small starting zones
have a 66% less probability to reach the p point
than avalanches coming from medium to large
starting zones; and (iii) the obtained function is
more sensitive to identify avalanches that do not
reach the B point (82,4%) with respect to those
that reach this point (61,5%).

Table 5. Results of the logistic regression analy-
sis (equation variables).

95% CIEXP(B)
B Wald Sig Exp (B)
Lower Upper
Azs -1,080 5,057 | 0,025 0,340 0,133 0,870
Ozs -1,933 | 17,900 | 0,000 0,145 0,059 0,354
Constant 1,745 | 19,043 0,000 5,728

Avalanches don’t reach B Avalanches reach f§

Variable N | Mean SD Range | N | Mean SD Range
o) 19] 265 | 26 2323]0 63| 248 | 36 ';150
8() 19] 334 | 25 239926 63| 344 | 43 24533|
y'(m™) 19 10,0003 | 0,0001 %,%%%16_ 63 | 0,0003 | 0,0002 %2)%%%_
Ho (m) 19 | 808 298 1322(3)(_) 63| 892 283 1367;
Lo (m) 19| 1643 647 ;gi(') 63| 1962 680 382622
PT 19 17 0,5 12 |63] 12 0,8 1-4
Azs (Ha) 19 | 3,46 3,38 ?fgé 63| 6,99 5,97 gfgé
Ozs (°) 19 271 85 54-360 | 63 | 180 97 2-358
Can 19 33 1,2 1-4 63 2,8 1,2 1-4
Cli 19| 22 0,7 1-3 63 1,7 0,7 1-3

4.3 Application of the Logistic Regression

We applied the Logistic Regression to explain
why there are avalanches that do not reach the
B point. This technique was applied because it is
one of the most appropriate method when di-
chotomous variables are analysed (to reach, or
not to reach B).

To apply the logistic regression, and taking into
account the reduced number of data, continuous
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The goodness of fit and discrimination ability of
the logistic regression model are confirmed by
the area under the estimation ROC curve (AUC)
with a value 0,766.

5. CONCLUSSIONS

A data set with 82 T100 avalanches has been
used for the update of the a-f model in the Cata-
lan Pyrenees. The morphometry of these ava-
lanches revealed that a 23% of the events do
not reach the f point.

A general equation of the regression model o-f
has been obtained from the 63 T100 avalanches
that reach the B point. The results are in a simi-
lar range of magnitude, and always within the
range of the standard deviation that the one’s
obtained by Furdada and Vilaplana (1998). This
indicates that the dataset used by these authors
would correspond to a similar return period. The
improvement of the topographic information
used for the present work has not represented
significant improvement of the results.

The analysis of the influence of other terrain
variables on the run-out distance shows that
they are not statistically significant.

The application of Logistic Regression has al-
lowed to identify the parameters that better ex-
plain the avalanches than do not reach the B
point, and to quantify the probability that the
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avalanche reaches this point. The parameters
that influence are aspect and area of the starting
zone. Avalanches coming from starting zones
oriented to NW have a 85,5% less probability to
reach the B point than avalanches with SE facing
starting zones. Avalanches coming from small
and very small starting zones have a 66% less
probability to reach the B point than avalanches
coming from medium to large starting zones.

The reason why avalanches do not reach the 8
point can be explained, on the one hand, by the
imprecision in the assignation of the return peri-
od to the avalanche event. On the other hand, It
can be due to a low frequency of Major Ava-
lanche Episodes (MAE) that generate ava-
lanches in northern slopes in Transition climate
zone. In these regions, advections that generate
MAE mainly in northern slopes represent only
the 18% of MAE. It is possible that these MAE
do not generate the conditions to develop ava-
lanches large enough to reach B, as it would be
expected, according to McClung et al. (1989).
The large forest extension that grow in these low
frequency avalanche paths, we believe that
should also have influence on the runout dis-
tance, but this parameter could not be analyzed
in this study.
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Abstract: The purpose of the present study was to reconstruct the avalanche which destroyed
the village of Arreu in 1803 to solve the unknowns about this historic event, and in a broader
context, to improve the knowledge about these low-frequency avalanches in the Pyrenees.
To this end, a multidisciplinary approach was carried out by searching in historical sources and
databases, reviewing aerial imagery, surveying the site for terrain and vegetation inspection, using
dendrogeomorphological analysis, and interviewing local people, to finally apply SAMOS-AT
computational simulations and the statistical «- model. In the Monars avalanche path, 5 major
avalanche events were identified, including the one in 1803. Most of these events were dense
flow avalanches, but evidence of powder-fraction effects was deduced from the vegetation survey.
Frequency analyses assigned a return period of more than 100 years to the 1803 event. Historical
information suggests that a succession of avalanches is necessary for an event to reach the hamlet.
Simulations indicate that a single avalanche of destructive size 5 would be sufficient to cause the
catastrophe, and, at the same time, it would travel 1 km further down along the Arreu river to the
main valley (Noguera Pallaresa).

Keywords: low-frequency snow avalanches; morphological method; dendrogeomorphology;
case study; numerical simulation; statistical x-3 model; SAMOS-AT; Pyrenees

1. Introduction

In 1803 a snow avalanche destroyed the village of Arreu, knocking down houses and killing
its people. Since then, no similar event has happened in that avalanche path. Very little information
has been known before this research was set in motion in 2015, and some details still remain a mystery.

Arreu belongs to the Valls d’Aneu mountain territory in the Catalan Pyrenees. The economy of
this territory was based on herding and mountain agriculture in the past. Its population lives in small
villages, scattered in a big area and exposed to different sorts of mountain hazards. These kinds of
tragedies remain in the collective memory of the people, but time washes off all superfluous details,
and the circumstances of these occurrences have been forgotten. However, these details should be
clear for us to always remain aware.

The first information concerning the snow avalanche disaster came from historical documents.
A prayer devoted to the Mare de Déu de la Neu (Virgin of the Snow) revealed the provenance of the
avalanche [1].

Geosciences 2020, 10, 169; doi:10.3390/geosciences10050169 www.mdpi.com/journal/geosciences


http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
http://dx.doi.org/10.3390/geosciences10050169
http://www.mdpi.com/journal/geosciences
https://www.mdpi.com/2076-3263/10/5/169?type=check_update&version=2

Geosciences 2020, 10, 169 2 of 25

“L’Arreu a V6s consagrava
amb vot ses vides i llars
quan el poble enderrocava
el riu de neu del Mont-ars;
dissort pels avis sentida
no colpira son hereu:
Defenseu la nostra vida,
Mare de Déu de la Neu.”

An interpretation of this prayer is: The people of Arreu ask for protection of their lives and homes
to the Virgin of the Snow after the destruction caused by the river of snow coming from Mont-ars gully.
The misfortune perceived/explained by their elders will not affect the succeeding people now that the
Virgin protects them. And the prayer ends: Defend our lives, Virgin of the Snow.

The year of occurrence and the number of people killed was disclosed from an old document
written in 1846-50 [2]:

“Este pueblo antes de 1803 se hallaba construido 411 de hora mas hacia el N; pero habiéndose
desprendido en dicho afio una gran masa de nieve. la cual arruiné las 10 casas de que
entonces constaba, matando a 17 personas, se edifico en el punto que actualmente ocupa por
conceptuarlo a cubierto de semejantes catastrofes.”

According to this document, the avalanche occurred in 1803. Seventeen people were killed and
ten houses were destroyed (which was the whole village as specified by a pre-event description in
1790 [3]). It also tells that before this catastrophe, the village was located in a nearby siting to the north.

An attempt to reconstruct the historic event was done in [4], but some unknowns persisted, and the
results did not completely explain the disaster. On this occasion, with new findings, we aim to complete
the scenario of this catastrophic event. First, with all the gathered information, we characterized
the avalanche path and pieced together its avalanche history to eventually apply different modeling
approaches to estimate the avalanche runout, and reconstruct the avalanche which destroyed the old
village of Arreu in 1803.

2. Monars Catchment Area

Arreu is an abandoned village of the Pallars-Sobira district in the Pyrenees, placed in a south-eastern
slope (1260 m above sea level (a.s.l.)) (Figure 1). Before 1803, the position of this village was 450 m to
the west of the present location, now called Bordes d’Arreu (1325 m a.s..). The river flowing past both
sites is the Arreu river. Barranc de Monars is a lateral stream coming from the west side. This mountain
stream has a broad watershed, and a narrow gorge between 1650-1400 m a.s.1., just before it discharges
into the Arreu river, which in turn flows into the Noguera Pallaresa river in the main valley. The highest
elevation in the crest of the Monars watershed is la Plana peak (2493 m a.s.1.).

Because of its location at the southern valleys of the Pyrenean range, but close to the main axis, this
area has a transition climate between the humid oceanic climate to the north, and the drier climate with
continental traits to the south, which provides a relative high frequency of major avalanche episodes or
cycles (MAE) [5].

In the Monars catchment, the Cartographic and Geologic Institut of Catalonia (ICGC) has mapped
a single avalanche path, identified as ARR010 (Avalanche Database of Catalonia, BDAC-ICGC [6])
(Figure 1). The highest elevation of this avalanche path is 2450 m a.s.l., and old Arreu is located at
1325 m a.s.l., making up 1125 m of vertical drop. The starting zone, mainly oriented to the east and
south-east, can be divided in two (Figure 2): The main one (A, 31 ha) in the north, more regular, wider
and uniform; and a smaller one (B, 5.7 ha) in the south, more irregular, but steeper. There is a rocky
ridge in between. The slopes of these starting zones end at the Monars creek, with a gorge at 1650 m,
which reaches the Arreu river almost perpendicularly at 1400 m a.s.l.
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Figure 1. Location of the study site: The hamlets of Bordes d’Arreu (old Arreu) and Arreu (new Arreu);
Barranc de Monars (Monars stream), Arreu and Noguera Pallaresa rivers, and la Plana and Muntany6
peaks. The Monars avalanche path is drawn in orange (ARR010, modified from BDAC-ICGC), and
main starting zones (A and B) and major avalanche events are identified.

Figure 2. Starting zone of Monars avalanche path. A: Main starting zone. Its central part is the most
active, being loaded with drifted snow with dominant winds coming from north and north-west
(blue arrows); B: Secondary starting zone, steeper and also active, but smaller. Photo: Sara Orgué
(taken after Gloria storm on 27 January 2020).

In Figure 3, the slope of the avalanche path is represented, considering starting zone A along the
centerline of the avalanche path. This is a homogeneous large slope with a mean inclination of 30°.
At Monars stream, the slope decreases to 20°, increasing again in the gorge (37°), and decreasing after
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before reaching the Arreu river. From the intersection with the Arreu river until the Noguera Pallaresa
river confluence, the slope is very constant, increasing from 9° to 12°at the end.

Pic de la Plana ridge (2470 m a.s.l.)
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2200 +

2000 - Monars gorge

300 ATTBU river
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1600
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Figure 3. Topographical profile of the main centerline of the avalanche path, represented in Figure 1.
3. Materials and Methods

The catastrophic event of Arreu remained in the collective memory of the people living in the
Valls d’Aneu area, but details about the circumstances were unclear. The only information was that the
village had been destroyed by a snow avalanche, and that the surviving inhabitants had been forced to
move to a safer location.

To gather information about the Monars avalanche path and reconstruct the event that occurred
in 1803, customary procedures for avalanche hazard analysis were used [7,8]. These involve
complementary methods and sources of information such as identification of vegetation clues,
compilation of historical and eyewitness information, dendrogeomorphological analysis, and the
analysis of aerial imagery, as well as digital terrain models (DTM) and derived maps. Calculation
models are particularly useful complementary tools, and include numerical or statistical models, or a
combination of both [9].

Data and sample collection, as well as interviews with locals, were carried out in the autumn of
2015 and summer of 2019.

3.1. Historical Approach

3.1.1. Compilation of Historical Documentation

The local cultural council (Consell Cultural de les Valls d’Aneu) searched the three
above-mentioned documents of the historic event and consulted the historical archive of the
Urgell Bishopric.

3.1.2. Search in the Avalanche Data Base of Catalonia (ICGC)

This source contains the avalanche data from the Catalan Pyrenees. Regarding the Monars
catchment, the description of one event that occurred in the ARR010 avalanche path that reached the
Arreu river in 1996 was retrieved.

3.1.3. Site Survey

The ruins of the old and new villages of Arreu and its surroundings were visited and some clues
of the village evolution were discovered.
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3.1.4. Interviews to Local Inhabitants

Several visits to nearby villages were made to interview local people. Only the oldest (of about
70 to 90 years old) recalled some passed on information from preceding generations about the
catastrophic event.

3.2. Morphological Approach

In this stage we used the DTM 5 x 5 and derived maps (e.g., slope map, hillshade map), and the
topographic map 1:5000 (ICGC). Part of the work was performed on the desktop and part in the field.

The precision of the represented data was variable and depended on the source of information
and the mapping accuracy (e.g., evidence of vegetation damage surveyed in the field with a GPS
or on an orthoimage on the desktop; or runouts mapped from an oral description or from a written
document), and, therefore, is variable in space (from one meter to some dozens of meters), and in time
(from the exact date to the winter season or less accuracy).

3.2.1. Checking of Aerial Imagery

The aerial photos and ortho-images taken in different years revealed changes in the landscape
consistent with the descent of snow-avalanche events around Arreu from 1946 to the present.
The available aerial images of the ICGC catalogue that cover the study area correspond to the
years: 1946, 1956, 1991, 1993, 1997, 2003, 2005, 2007, 2008, 2009, 2011, 2012, 2013, 2014, 2015, 2017,
and 2018.

3.2.2. Terrain and Vegetation Inspection

The avalanche path was explored in search of traces of the avalanche in 1803, and of more recent
avalanches. Evidence of snow avalanches on vegetation was recorded and geographically positioned,
as well as the morphological characteristics of the catchment.

3.2.3. Dendrogeomorphological Analysis

Trees growing in avalanche paths are usually affected by avalanche events and these growth
disturbances (GDs) are recorded in their tree rings. As a result, they develop typical shapes [10] on a
cause-effect-reaction basis. However, there is a limited variety of tree-ring signals to GD, regardless
of the origin of the disturbance. For that reason, the way to decide the cause of the GD is based on:
Site inspection to discard other processes (biological, geological, etc.); the proportion of GD trees in
one specific year; and the spatial distribution consistent with an avalanche event trajectory. The final
decision is supported by these judgements.

In the Monars avalanche path we selected: i. Trees with tilted or leaning stems; ii. trees with
curved stems; and iii. trees with scars (Figure 4), because these GDs produce some of the most reliable
responses [11]. Stem inclinations range from slight tilting to horizontal leaning. Over time, tilted trees
tend to develop curved stems or grow vertical branches to substitute the original stem. The impact of
avalanches can also produce wounds on the surface of stems which destroy the cambium locally on
the injured area and compel the subsequent rings to grow from the margins of the wound to close the
injured space generating a scar.
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Figure 4. Tree shapes selected for dendrogeomorphological analysis: (a) Birches affected by a recent
event in 2013-14 with leaning straight stems (upper section of photograph), and by an older event in
1995-1996 with curved stems (lower section of photograph); (b) pine tree with curved stem (tree 21);
(c) ash tree with horizontal stems and post-event grown vertical stems (tree 17); (d) birch with scarred,
leaning stem (tree 13). See tree numbering in Figure 11.

These GDs can be dated to the year of occurrence [12]. In the case of snow avalanches, reactions
to GD appear during the following spring as soon as the tree ring starts to develop, and this evinces
that the disturbance occurred during winter. The correspondence between treering signals and GD
has been established [13], and an example of the calibration of this methodology can be read in [14].
Tree-ring signals related to the GD found in trees sampled for this study were these (Figure 5):

e  Growth suppression—a significant decrease in the growing pace visible on the subsequent tree
rings which get temporarily or permanently narrower;

e eccentricity—tree-ring widths of rings on opposite sides of the stem in the leaning direction
(upslope and downslope sides) undergo an opposed reaction. In angiosperms (birch, ash, and
aspen in the present case), rings on the upslope side of the stem become wider, and on the
downslope, narrower. In gimnosperms (pine trees in this case), it is the opposite: Rings become
wider on the downslope side, and narrower on the upslope side;

e reaction wood—this kind of wood is produced after the inclination of the stem to help the
tree regain the vertical position; which is tension wood in angiosperms and compression wood
in gimnosperms;

e  scars—the destruction of cambium causes tree rings to be locally absent on this part of the stem.
The next tree rings develop from the cambium on the margins of the injury to gradually overgrow
and cover the damaged tissue.



Geosciences 2020, 10, 169 7 of 25

Figure 5. Stem cross-sections and core of: (a) Tilted birch showing scars of two injuries in winters
1971-72 (close to the center) and 1995-96 (more external) (tree 8); (b) leaning birch showing eccentrical
growth after winter 1995-96. First tree rings in the center are round (upright period of the stem) and
become elliptical after this winter. At the same time, tension wood is produced on the upper side of
the stem (slightly darker color of the wood on this species) (tree 9); (c) horizontal ash tree, knocked
down in winter 1995-96. During the first 20 years the tree was growing upright (concentric rings from
1978 to 1995). In the next 20 years, from 1996 to 2015, tree rings develop eccentrically and growth rate
is slowed down (growth suppression) (tree 17); (d) ash tree bearing a lateral scar from an injury in
winter 1995-96. Thereafter, there is a gradual overgrowth to close the gap year after year. The wood is
decaying (dark wood) as a consequence of the injury (tree 19); (e) transversal increment core of the
curved stem of a mountain pine showing GD occurred in winters 1977-78 and 1995-96. Due to the
flexibility of the young stem, it recovered the vertical position after 1978. It was tilted again in 1996 and
a permanent curvature started. At the same time, compression-wood rings (brown) develop on the
downslope side (right) and narrow rings on the upslope side (tree 22).
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Samples from the selected trees (cores or sections from the stem) were obtained and dated
using the ordinary dendrochronological method [15], and were subsequently analysed following
dendrogeomorphological procedures [12].

3.3. Avalanche Modeling

To reconstruct the 1803 event, we applied different modeling approaches. The spatio-temporal
evolution of the avalanche flow was computed with a process-based, dynamic modeling approach.
The resulting runout was then compared to a data-based, topographic—statistical modeling approach.

For the dynamic modeling we used the simulation software SAMOS-AT. Several simulations
were performed in order to reproduce the scenarios defined in previous phases. Dense flow avalanche
(DFA) and powder snow avalanche (PSA) simulations were performed. The resulting runouts were
cross-checked with the statistical «- model [16] by applying the equations obtained in the Pyrennees
by [17].

3.3.1. Dynamic Modeling

Dynamic modeling approaches generally require a numerical solution and provide information
on velocity, flow height, impact pressure, and, subsequently, the resulting runout distances. Different
input parameters, such as slab thickness and extent in the starting zone, and the friction at the base
of the moving snow, must be estimated. These models are very sensitive to input parameters and
therefore runout estimates should be used cautiously [9]. In this study we used the SAMOS-AT friction
model (version 2017_07_05), developed by the Austrian Service for Torrent and Avalanche Control
(WLV). It has been used since 2007 in WLV as the successor to Samos99, and in Iceland, South Tirol, and
Russia [8]. This is an improved version of the SAMOS simulation software for dry-snow avalanches,
used since 1999 [18,19]. It describes both types of avalanche layers: the dense flow avalanche (DFA)
and the powder snow avalanche (PSA) layers, as well as the interaction between them. The employed
friction model includes a Coulomb friction and a velocity dependent friction term, and can therefore
be conceptually compared to the classical Voellmy model [20,21].

For the simulations, the standard friction parameters (standard 03_2017, [19]) for hazard mapping
were used [20,22]. In direct comparison to the well-known Voellmy model, friction relation corresponds
to a Coulomb friction coefficient u = 0.155 and a flow depth velocity-dependent friction coefficient
£ = 1700 ms~2 at a flow depth of 5 m. We chose only to vary the initial conditions (in terms of release
depth) while friction parameters remained constant. Entrainment was not explicitly considered, as it is
also usually done in the hazard mapping approach. This is attributed to the fact that the guideline
parameters implicitly include the effects of entrainment on the total avalanche reach, being optimized
to back calculate extreme events [21].

3.3.2. Statistical Modeling

Statistical models determine the runout distance from the topographic profile of the avalanche
path. We applied the o-3 regression model. Despite its simplicity, the model is relatively successful
for the prediction of extreme runout distances [23]. In the o-f3 regression model, o represents the
angle of the line that joins the highest elevation of the starting zone of an avalanche path with the
maximum reach of the avalanche (the « point) and f3 is the angle of the line that joins the highest
elevation of the avalanche path with the point where the slope of the topographic profile reaches 10°
(the p point). The model was developed by Lied and Bakkehoi (1980) [16]. Furdada and Vilaplana
(1989) [17] obtained different equations from the regression analysis of 216 avalanches in Western
Catalan Pyrenees with an estimated return period of more than 30 years. We applied the general
equation: o« =0.97, § =1.2°% R? =0.87;SD = 1.74°, N = 216 (Rz, Pearson determination coefficient; SD,
standard deviation; N, number of avalanches used for the analysis).
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4. Results

4.1. The Old Village of Arreu

Today the old village of Arreu is a group of ruined walls. The remains of some 9 houses can still
be counted (Figure 6a). A close examination of the ruins shows that, in the beginning, these were
houses (the look of the facades, an arch in a doorway;, etc.) (Figure 6b). After 1803, these buildings
were repaired and used as barns and shelters to keep the livestock, and thereafter renamed as Bordes
d’Arreu, while the people built a new village 450 m to the east (Figure 7). To the south of Bordes
d’Arreu, after crossing the Arreu river, the Mare de Déu de les Neus Chapel (12th Century) stands
with the Monars catchment panorama at the back. The above-mentioned prayer was written to be
sung in this chapel, to beg for protection to the Virgin against snow avalanches. On the other side,
new Arreu, which was abandoned in the 1970s, was built next to the St. Serni Church (9-10th Century).
A carved stone in a wall near this church says 1803, the year of the avalanche occurrence.

Figure 6. (a) Ruins of old Arreu, known today as Bordes d’Arreu; (b) some architectural features such
as this door arch reveal that the old Arreu ruins had been houses before being used as barns.

Figure 7. New Arreu, at present day abandoned (named Arreu in the official map in Figure 1).

Recently, an avalanche took place in the winter of 1995-96 on this avalanche path. This was found
out when reviewing the 1997 summer orthoimages to map the 1995-96 avalanches (which was a major
avalanche season in the Pyrenees [5]) for the Aludex project [14]. Damage to forests allowed us to
map the runout of one avalanche that reached the Arreu river (Figure 8). This avalanche, a dense
flow, followed the Arreu river 160 m down from the confluence with the Monars stream. According to
the affected-forest area, the avalanche would most likely have come from the central part of starting
zone A, and from starting zone B.
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Figure 8. Comparison of prior-to-the-event (1993) and post-event (1997) orthoimages of the avalanche
that occurred in the winter of 1995-96. Forest loss and surficial effects on terrain are clearly visible in
1997 image. The red circle indicates the position of tree 17 in Figure 11 (picture in Figure 4c).

Our enquiries to local people in 2015 were fruitless, but in the summer of 2019 we had the
opportunity to meet some elderly people connected to Arreu, and this added crucial information to
understand the 1803 event. We talked with three eye-witnesses of avalanches fallen in the Monars
avalanche path, people from the neighboring village of Borén, and a woman born in the proper village
of Arreu (new Arreu) in 1932, owner of the meadows from “casa Nadal” which are located in Prats
des Bordes (Figure 1) at the runup of the avalanche. From the conversations with these witnesses, we
could gather information on avalanches in the 1930s, 1950s, and in 1972 (Figure 1). In all these cases,
avalanches crossed the Arreu river and ran up the meadows which, as a consequence, were covered
with transported wood and sediment, and there was a lot of work for the owner family to remove it.
The people of the village believed that the dangerous situation occurred when a first avalanche fell and
filled in the Arreu river with snow, and then a next one had suitable conditions to reach old Arreu.
Although none of them had observed this scenario, it was clear that this knowledge had been passed
on by preceding generations. In relation to the flow regime, none of the interviewees had witnessed
the actual descent of the avalanche, so there was no information about its characteristics. They had
only seen the snow deposit and debris transported by the avalanche some days after its occurrence
(in fact, as students, they had skipped their classes to go and see the avalanche deposit). Another
interesting piece of information was that two of the interviewed people explained that avalanches
used to be triggered from the southern slopes of the Pic de la Plana northern ridge (central part of
starting zone A; Figures 1 and 2).

4.2. Monars Avalanche Path Characteristics

The first information coming from the avalanche path vegetation inspection was that no trees
would be old enough to have registered the event in 1803. The Monars catchment is nowadays quite
forested (Figure 9), but trees are relatively young, most of them less than 60 years old. Birch (Betula
pendula Roth) is abundant on the avalanche slopes, mountain pines (Pinus uncinata Ramond ex DC. in
Lam. et DC.) grow in some patches, the oldest ones on the catchment margins, and ashes (Fraxinus
excelsior L.) are scattered close to pastures and meadows at the lower parts. Other woody species
are present (oaks, willows, rowans, etc.), but these were not used for dendrochronological purposes.
From the disturbed vegetation along the avalanche path, evidence of frequent avalanche activity could
be assessed going from the upper Monars stream, following the thalweg line, and reaching just above
the gorge at 1600 m a.s.l. The width of these frequent avalanches is between 10 and 20 m along the
stream, as could be checked from a recent event in 2013-14 (dendrochronologically dated). Below the
gorge, avalanche evidence on vegetation was not so abundant, and it looked older. Further down,
after the intersection of the Monars creek and Arreu river, evidence could still be detected on a few
trees along the river banks (Figure 4c).
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Figure 9. Vegetation in Monars catchment (autumnal view). Yellow colors from birches, brown from
oaks, blackish green from mountain pine.

Dendrogeomorphological analyses were carried out with samples from 37 trees (11 pines, 12
birches, 13 ashes, 1 aspen (Populus tremula L.)). Samples were gathered from trees showing GD most
likely produced by avalanche events a few meters apart from the Monars thalweg (from 1850 to
1400 m a.s.l.), along the sides of the Arreu river (1400 to 1350 m a.s.l.), and on the meadows above
Bordes d’Arreu (1400 m a.s.L.).

Results from the dendrogeomorphological analysis are shown in Figure 10 (from the total 37 trees,
5 undisturbed trees were used as a reference to accurately date the trees with GD; 3 could not be dated,
so the analysis was done with 29 individuals). According to the number of trees with GD and to the
spatial distribution of these trees, we considered that avalanches had occurred in winters in 1971-72,
1977-78, 1995-96, 2002-03 and 201314 in the Monars path. Winters 1971-72 and 1995-96 registered
the highest percentages of trees with GDs, while winters in 1977-78, 2002-03 and 2013-14 had lower
values, but enough to be contemplated (19%, 14%, 14%, respectively) as explained in [24]. Evidence
from the two most recent events in 2002-03 and 2013-14 was clearly connected to the avalanche process,
but 1977-78 is still being evaluated.

Butler and Sawyer [25] studied the possibility of establishing an index number to assess the
occurrence of high-magnitude snow avalanches. They discussed that in the cases in which sample size
is high, a value of 20% of the trees with GD can be sufficient to confirm the occurrence of an avalanche,
but in the cases with a low number of sampled trees, they advocate for a higher index, such as 40%.
In Arreu the sample size was small, but 1971-72 and 1995-96 were close to the 40% threshold and
therefore were regarded as major avalanches. Note that the immediate years after 1972 and 1996 also
register a significant number of trees with GD. Some of these could be a delayed signal of the tree
response to the disturbance [26].

An estimation of the avalanche frequency at various altitudinal sections along the avalanche track
was performed in [4]. This was done by counting the number of GDs most likely caused by avalanche
impacts on trees growing at different elevations. In Figure 11, some examples of the different ranges of
avalanches along this path are depicted. The highest frequency, with a periodicity of one event every 5
to 6 years, was estimated between 1800 and 1650 m a.s.l., meaning that most avalanches stop just above
the Monars gorge. Two examples of these snow avalanches occurred in 2002-03 and in 2013-14. The
runout of the 1996 event, identified by comparing photos (Figure 8) and by dendrogeomorphology,
and the runouts of 1930s and 1950s avalanches, identified by eye-witnesses, were estimated to have a
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return period of 25 to 30 years; and for the 1972 avalanche event, dated by dendrogeomorphology and
confirmed by eye-witnesses, was estimated in 100 years. Therefore, the runout of the 1803 avalanche
was estimated to have a return period higher than 100 years (Table 1). After the 1803 avalanche, there
is no information about any other similar event, until the events recorded in the 20th century of smaller
size (during the 1930s and 1950s, and in 1972 and 1996). We can assume that there has not been such a
large event since 1803.

ARREU DENDROGEOMORPHOLOGICAL ANALYSIS

[ Trees:with Growth Disturbances

—— Total frees per year : : 5
30 A Sample size 29'Trees | 30

Number of Trees

1960 1970 1980 1980 2000 2010

Calendar Year

Figure 10. Results from the dendrogeomorphological analysis. The number of trees with GD per year
is represented in bars. The lines symbolize the total number of sampled trees (gray line), 20% and 40%
of the total trees (green dashed lines). Winters considered avalanche years are indicated (modified
from [4]). (In this study, GD trees were equally weighed in the calculation despite the number of
tree-ring signals in one year or the intensity of the signals.)

Table 1. Estimated return period of the registered avalanches.

Reference Runout Elevation (m a.s.l.) Estimated Return Period (T, years)
2002-03, 2013-14 1650 5-6
1996, 1930s, 1950s 1370 25-30
1971-72 1350 30-100
1803 <1300 >100

The bearing of trees tilted by avalanche impact is a fine indicator of snow-flow direction. Leaning
directions of 43 trees with GD most likely caused by avalanches were measured in the lower section
of the Monars stream, the confluence with the Arreu river, and the meadows above the old village
(Figure 12). Tilted trees observed relatively far from the main track of the avalanche path reveal an
expansion of the flow close to Monars gorge (between 1500-1400 m a.s.1.), characteristic of the powder

component of the avalanche.
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Figure 11. Extent of different avalanches identified by dendrogeomorphological analysis. Above:
High-frequency events in 2002-03 and 2013-14 (every 5-6 years) which stopped above Monars gorge at
1650 m a.s.l.; below: Lower-frequency events in 1995-96 and 1971-72 which had larger but slightly
different runouts. (All sampled trees are numbered and symbolized by shapes depending on tree
species: Birches, in squares; pine trees, in triangles; ash trees, in circles. In gray, sampled trees showing
no GD in that year. Shapes in two colors symbolize trees with GD from two different events.)

Figure 12. Leaning directions of trees with growth-disturbance evidence most likely caused by

avalanches in the lower section of the Monars torrent, the confluence with the Arreu river, and the
meadows above the old village (dark arrows).
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Along the Arreu river, the course of the inclined trees could be followed down until 1350 m a.s.l.
(trees 6 and 7), but not further down. Here, both avalanches in 1971-72 and 1995-96 could be dated.
On the meadows (Prats des Bordes), after a thorough inspection, only two trees evinced the 1971-72
avalanche event (trees 26 and 27) (dated trees are numbered in Figure 11). Also from this 1971-72
event, tree 37 at the hydrological left of the Monars torrent attests to the amplitude of the flow (65 m
from the Monars torrent thalweg), just when it reached the Arreu river and invaded the above-village
meadows. Although this could have been wider because there are tilted trees 150 m apart from the
stream in this place. In accordance with the known trajectory of 1995-96, channeled along the river,
only disturbed trees growing close to the Arreu river were dated to that season.

In relation to the definition of the starting zones, no pictures of the release areas after avalanche
events were found. We defined more and less active release areas inferred from the damage observed
on vegetation in the avalanche path, dendrogeomorphology data, witness observations, and terrain
characteristics (Figure 13).

i
T 88
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L 0 e | Starting zones Slope (°)  Forest status
- N [ High frequency | |0-10 W9 Persisting forest
Yaa =) [ Medium frequency || 10-18 | Regeneration forest
/A [ Low frequency [711828 __ | Damaged forest
t % B2 SE e = = Avalanche path | ]28-35 [ Devastated forest
1ok ‘ I 3
Gl 0 100 | 200m I 3545
[ — 1 >45

Figure 13. Starting zones of Monars avalanche path, deduced from changes on forest cover,
damage observed on vegetation, dendrogeomorphological analyses, witness observations, and terrain
characteristics. Polygons define probable release areas, which does not mean that all the areas would

release at the same time.

Vegetation inspection was performed by comparing aerial imagery (1946 to present) and field work.
Figure 13 shows the synthesis of this work. Forest cover changes were mapped and classified as follows:
persisting forest (PF), areas where forest cover has not changed during this period; regeneration forest
(RF), areas where forest has regrown after some disturbance; damaged forest (DaF), areas where a great
proportion of trees exhibit avalanche-caused shapes (tilted stems, scars, broken branches, etc.), but are
not destroyed; and devastated forest (DeF), areas where trees have been swept away or are leaning
horizontally (alive). The main differences in trim lines are found in images taken after events 1971-72
(1991 image), 1995-96 (1997 image), and 2013-14 (2014 image). Comparing the 1991 image to 1945 and
1956 images, in RF1a (Figure 13) the forest is regrowing and in RF1b the forest has been cleared. In
RF2a the forest has disappeared and in RF2b there is no forest. These effects are probably due to the
1971-72 event, the largest known during the 20th century. Trimlines in RF1 may have been caused by
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avalanches falling from the B1 release area. Forest destruction in RF2a would have been produced
by an avalanche coming from A4-A5 or A6 release areas. In the 1997 image, the effect of the 1995-96
avalanche can be observed in the DeF area. Attending to all this evidence, the avalanche would have
been released from Al, A2, and A3 release areas, and there are no clear signs from A4 nor B release
areas. In the 2014 image, the damage caused by the 2013-14 avalanche is clearly identifiable along the
DeF area. Evidence indicates that the avalanche came from starting zones A1-A2 and A3. Since the
event that caused the destruction of the forest in RF1 and RF2 (probably in 1971-72), forest extent has
increased to the size shown in Figure 13. In RF3 there are some scattered trees in 1946 and 1956 images,
and trees increase progressively until 2018, although there is no densification.

Dendrogeomorphological analysis revealed GD caused by 1995-96, 2002-03, and 2013-14
avalanches in the DaF area, and by 1971-72, 1995-96, 2002-03, and 2013-14 avalanches in the
DeF area. In RF1, evidence of the 1971-72 avalanche was identified (Figure 11).

From this examination, the release areas shown in Figure 13 were defined, and their main
characteristics are shown in Table 2. In A, starting zone Al is the steepest release area and probably
the most active, but avalanches released from this area would be a small size. This area is relatively
frequent, attending to the forest damage observed in DeF and to its steepness. Area A2 is steep, and
larger than A1, and probably could be released at the same time as A1. It is most likely less frequent,
but there is evidence of activity for T30 avalanches. A less steep area of A starting zone is A3, and it
should therefore be less active than the others, but at the same time, it shows the best configuration
for wind loading. Witnesses declare that avalanches that reach the Arreu river come from this area,
and evidence of 1995-96 and 2013-14 avalanches in DeF confirm its activity. Therefore, we considered
A3 active for T30 avalanches. It could be released together with A1l and A2. The least active release
area would be A4, despite it being steep, because of its lower elevation, and its vegetation condition
does not indicate avalanche activity since 1997. It was probably active during the 1971-72 avalanche
(as shown by the disappearance of RF2a area in the 1991 image). It could release together with the
other A starting zones. From B, sector Bl is steep and the largest starting zone, and it has areas below
that could be released once the avalanche started. It could have been the release area of the avalanche
that caused the damage in RFla and RF1b observed in 1991 image, most likely in the 1971-72 avalanche
event. Therefore, Bl could be considered for large avalanches (T100 or >T100). Starting zone B2 is also
steep, but it has a stepped relief below, with low-slope stretches and other release areas. Therefore,
B2 is probably active, but avalanches can only reach DaF area when they are large and fast. It could also
be released at the same time as B1 (B4). Area B3 is a small and steep slope, probably active frequently.
There is no evidence of its activity. It could be released by B2.

Table 2. Main characteristics of the identified release areas, and synthesis of their activity inferred from
the damage observed on vegetation. Pb: Probable; Ps: Possible; Ul: Unlikely; Uk: Unknown.

. Estimated Activity
Starting Zone = Mean Slope Angle (°) Aspect Area (ha)
1971-72  1995-96 2002-03 2013-14

Al 38 E 1.12 Pb Pb Uk Pb
A2 33 E 2.16 Pb Pb Uk Pb
A3 31 E,SE 6.27 Pb Pb Uk Pb
A4 36 SE 3.37 Pb Ps Ul Ul
Bl 39 SE 2.14 Pb Ps Ps Ps
B2 35 SE 1.42 Ps Ps Uk Ps

B3 39 NE 0.47 Ps Ps Uk Ps
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4.3. 1803 Avalanche Modeling

4.3.1. Simulation with SAMOS-AT

Our first scenario to reconstruct the 1803 catastrophic event by simulation with SAMOS-AT was
based on the hypothesis that two successive avalanches would be required to reach old Arreu, as was
believed by the interviewed local people.

As the initial conditions, we considered different release area sizes and varying release depth. For
high-frequency avalanches (around T30), the high-frequency release areas in Figure 13 (Al, A2, A3,
B1, B2) were considered. For medium-frequency avalanches, medium-frequency release areas were
considered (A4, A5, B4). For lower-frequency avalanches the whole extent of starting zone A (A6) and
B4 were considered.

We implemented the release depth calculation approach developed by [27], which has been
applied for hazard mapping in Switzerland and is therefore well established [28]. The estimation of
release depth was based on the maximum snow depth increase within 3 days (AHS(3)), measured
at automatic or manual weather stations. Release snow depth data for simulations was deduced
from the close-by nivometeorological station, Bonaigua, belonging to the Meteorological Service of
Catalonia (SMC) network (XEMA). A snow depth increase in 3 days was considered for the reference
return periods (T30: 113; T100: 132; T300: 149 cm), as well as the elevation and wind accumulation
corrections [27].

It is relevant to note that the release snow volume is a combination of release extent and release
snow depth parameters, which are related to the return period of the meteorological conditions.
Simulations have been performed from a combination of both initial conditions and the return period
of the release snow depth, which do not necessarily correspond to the same return period of the
avalanche events.

To reproduce the two-successive-avalanches scenario, a first avalanche, similar to the event of
1996, was simulated by subsequently reducing the high-frequency release areas (A1, A2, and A3,
Table 2) and release depths keeping all other simulation parameters constant (Figure 14a, release
volume 7.1 x 10% m3). The simulation filled in the bed of the Arreu river around 150 m long, smoothing
the river thalweg, as in the 1996 event.

The second event was simulated with a variety of scenarios by combining release depths and
different extends of release areas, investigating the sensitivity of the simulation results. We started
simulating a medium-frequency scenario, considering the extent of the mid-frequency areas of the
starting zones, and iterating with release snow depth from T30 to T300. The results showed that the
avalanche did not reach old Arreu after the runup with the minimum snow depth (T30, 192 x 10° m3)
(Figure 14b), nor with the maximum (T300, 260 x 10% m3) (Figure 14c). This effect could be due to the
velocity-dependent part of the friction, limiting the spatial extent of the avalanche at particularly high
velocities. However, the avalanche flowed channeled along the Arreu river to the Noguera Pallaresa
river in the main valley. This phenomenon has never been described, and if it occurred in 1803 event, it
has probably not occurred since then; otherwise, it would most likely have been retained by the people
in the valley.

Therefore, the combination of two avalanches of a lower return period (the 1996 plus an event
corresponding to a T30 or T100, larger than the ones observed during the 20th century) was not enough
to reach old Arreu.

To delve deeper into this scenario, the effect of the powder component of the avalanche was
simulated with the PSA module of SAMOS-AT (Figure 15). With a release volume of 192 x 10° m?
(mid-frequency release areas with release snow depth corresponding to T30), the results show how
old Arreu may have been attained (Figure 15a), but with rather low impact pressures (<7 kPa) strong
enough to break windows, but hardly enough to break walls or roofs [29]. Again in this simulation, the
avalanche ended in the main valley. It is also interesting to observe that the spread of the flow below
1750 m a.s.l. was in accordance with the flow direction observed on the surveyed trees (Figure 12),
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and explains why there are tilted trees so far from the thalweg of the creek, probably due to the effect

of the powder component of the snow avalanche.
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Figure 14. Dense flow avalanche (DFA) dynamic simulations with SAMOS-AT: (a) Simulation of
the 1996 avalanche, considering the release areas Al, A2, and A3, as was observed on that occasion.
A dense flow with a volume of 7.1 x 103 m? was considered; (b) simulation of an event released from

the medium-frequency areas A5 and B4, with a release snow depth corresponding to a return period

of 30 years (192 x 10% m?), and considering the occurrence of a previous avalanche similar to the
one in 1996. The avalanche does not reach old Arreu, but flows along Arreu river to the main valley;
(c) simulation of an event including the medium-frequency release areas A5 and B4, with a release snow

depth corresponding to a return period of 300 years (260 x 10° m3), and considering the occurrence of

a previous avalanche like the one of 1996. The avalanche does not reach old Arreu, but again flows

along Arreu river to the main valley; (d) simulation of an event including the full extent of starting

zone A and B and a snow depth corresponding to a T30 return period (603 x 10° m3) and considering

the occurrence of a previous avalanche like the one in 1996. The second avalanche reaches old Arreu

with peak pressure values of 150 kPa at the western boundary of the hamlet.
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Figure 15. Dynamic simulation with the powder snow avalanche (PSA) module of SAMOS-AT:
(a) Scenario of the medium-frequency release areas A5 and B4 and a release snow depth corresponding

to a return period of 30 years (192 x 103 m?). The peak pressure values at the western boundary of the
hamlet were 7 kPa; (b) scenario of the full extent of the starting zones (A6 and B4) and a release snow
depth corresponding to a return period of 30 years (603 x 10> m?). The peak pressure values at the
western boundary of the hamlet were 17 kPa.

The second avalanche reached old Arreu when the volume was increased up to 603 x 103 m3
(Figure 14d, Table 3). This required considering the whole extent of both starting zones, A and B
(release areas A6 and B4), and a snow depth corresponding to a return period of 30 years. With this
size, the avalanche would reach old Arreu after climbing the opposite slope of the Arreu river, turning
to the east, and flowing towards the small village. At this spot, the dynamic pressure would be
around 150 kPa, enough to cause the damage documented in the literature. The avalanche would
not only reach the village, but would continue along the Arreu river to the Noguera Pallaresa river
at 1115 m a.s.l,, after flowing about 1 km to the east. In accordance with these simulation results,
a substantial flow depth would have generated a considerable deposit at the Noguera Pallaresa river,
and, perchance, blocked it. Still, no observational information has backed this phenomenon.

It is worth pointing out that the effect of the previous avalanche on the total reach is negligible,
particularly considering the large volume of the second avalanche. Therefore, the filling of the Arreu
river and changing of its topography by a prior avalanche does not have a big influence on allowing
subsequent avalanches to cover more distance. The simulations indicate that a very large avalanche,
with or without a previous smaller one, could reach old Arreu likewise. Further, results show that a
previous avalanche filling the Arreu river allows a second avalanche to go 30 m farther in the most
favorable situations, which consequently can affect a larger area, but is not decisive in whether or not
the avalanche reaches old Arreu (Figure 16). Therefore, a larger volume would be more effective to
provide a longer runout. This highlights how sensitive the simulation results are with respect to the
initial conditions, particularly for the location of old Arreu.
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Table 3. Summary of simulations.

Release Area Type O‘f Release Snow Depth ~ Volume Range Peak Pressure in Old Arreu (kPa)
Dynamics Return Period (Years) (m3) with Previous without
Event Previous Event
DFA ! 30 192 x 103 0 0
Mid-Frequency PSA 2 30 192 x 103 * <7
DFA 300 260 x 10° 0 0
PSA 300 260 x 10° * <8
DFA 30 603 x 10° <150 <110
Low-Frequency PSA 30 603 x 10° * <17
DFA 300 816 x 10° <191 <182
PSA 300 816 x 10° * <25

! Dense flow avalanche; 2 powder snow avalanche; * Not simulated (no significant differences expected).

Prays des Bordes
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Figure 16. Detail of the DFA simulations near old Arreu, comparing simulation runs with (lower panels)
and without (upper panels) topographical changes due to the deposition of a previous avalanche event.
Simulation considering a mid-frequency release area and a release snow depth corresponding to T30
(192 x 10% m3, left panels) and simulation considering a low-frequency release area and a release snow
depth corresponding to T30 (603 x 103 m3, right panels).

A PSA simulation was also performed with the same size conditions as the DFA simulation that
reaches old Arreu (603 x 10° m?) (Figure 15b). In this case, the peak pressure values at the western
side of old Arreu would be 17 kPa. In this scenario, the avalanche could cause the damage reported
in the hamlet due, most probably, to the fluidized layer of the PSA, which has a higher capacity to
climb slopes and could attain such pressure values [30]. The powder cloud (suspension layer) of the
avalanche would affect a wide area next to the Arreu river, and even the emplacement of new Arreu,
reaching the Noguera Pallaresa river, but with low pressure values (<3 kPa).

In Table 3, DFA and PSA results from low-frequency scenarios with T300 release snow depth are
shown. As already displayed for the case of the mid-frequency release area, there was a difference
between the T30 and T300 simulations, but compared to the differences induced by the release area
size it appeared negligible. The same was true for the influence of the previous avalanche, particularly
on the PSA.

4.3.2. Statistical Approach

In the Monars avalanche path we applied the general equation obtained by [17] for the Catalan
Pyrenees. Results are shown in Figure 17. To find the « point position by applying the regression
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equation, it was necessary to locate the 3 point and the release point before, thus obtaining the 3 angle.
It was more important, in this case, to evaluate the sensitivity towards the 3 point than the release,
as was done for the dynamical modeling. The runout zone of the Monars avalanche path, from the
confluence of the Monars stream-Arreu river to the Noguera Pallaresa river has a mean slope angle
around 10°, increasing at the end. Therefore, finding the place to position the 3 point had to be
done carefully.

Monars Gorge Arreu river

1800
Runout 1998 ovent

1700
1600 18.3° |
1500 40.1* ! Bordes dArrou Arrou

1400

t 1 Noguera Pallaresa river
1300
1200
1100 * 2%
1000
1500 2000 2500 3000 3500 4000 4500
Figure 17. Detail of the topographic profile of the track and runout zones of Monars avalanche path,
from Monars gorge to Noguera Pallaresa river, showing the « and § points positions.

To evaluate the variability of the model results, we investigated the location of the 3 point by
testing two possible positions: -point 1 and 2 (Figure 17). -point 1 was located where the slope
first decreases below 10°, 255 m downstream of the Monars creek—Arreu river confluence, and the
corresponding & angle would be located between old and new Arreu. The point «-1SD is located
between new Arreu and the N oguera Pallaresa river; while x-25D is located downstream of the Noguera
Pallaresa river. Below 3-point 1, the slope decreases under 10° for 84 m, before increasing again. This
distance corresponds to a 3.5% of the projected length of the avalanche path. In avalanche paths where
the slope oscillates around 10°, benches shorter than 3% of the projected length should be ignored
during the selection of the 3 point because, according to [31], they are considered negligible compared
to the length of the path. In the case of the Monars avalanche path, the bench length is very close to 3%.
If B-point 1 was moved to the next 3 point (3-point 2 in Figure 17), the bench would be much longer
than 3%, and it would be located downstream, between old Arreu and new Arreu, at 1310 m a.s.l. In
this case, x-1SD would just reach the Noguera Pallaresa river, being the probability of reaching this
point higher than with 3-point 1.

According to [32], the mean « angle corresponds to a probability P = 0.5 (non-exceedance
probability of 50%), assuming that residuals are normally distributed. By subtracting 1 standard
deviation, the probability is 0.84, meaning that 84% of the avalanches do not exceed «-1SD. The point
a-25SD corresponds to a non-exceedance probability of P = 0.98. Differences in one or two standard
deviations in documented cases are described in [30] when applying the o-f3 equation obtained for
Norway, and this is explained by the longer runout of the fluidized component of the avalanche.
Therefore, the -3 method indicates that with a low probability, the avalanche could reach the bottom
of the main valley.

5. Discussion

The oral history says that with two successive events, the first one filling in the Arreu river,
the avalanche coming from the Monars creek could have reached old Arreu. This avalanche scenario
was reproduced with SAMOS-AT simulations, but only when we considered very large avalanche
release volumes did the avalanche reach the old village, and, in this case, the same could have happened
potentially without the concurrence of a previous smaller avalanche. Therefore, the most plausible
scenario according to the simulations would have been that of a very large avalanche (with or without
a previous smaller one), in which the entire starting zone would have been activated, with a snow
volume above 0.6 x 10® m3. This is a huge avalanche. With this size, the avalanche would have reached
old Arreu with a dynamic pressure of 150 kPa, enough to cause the destruction of the whole village.
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Both starting zones, A and B together, have an extent of around 37 ha and such a volume would
correspond to an avalanche of destructive size 5 [33]. Avalanches of this order of magnitude are very
rare in the Pyrenees. We believe that this avalanche could be similar to the one that occurred in Arinsal,
Andorra, in February 1996. In the Arinsal catastrophic event, post-avalanche measurements estimated
a volume larger than 0.8 X 10 m® [34] to 1.5 x 10° [35]. In that case, the size of the starting zone was
around 50 ha.

Such a large avalanche would be accompanied by a considerably large powder component, like in
the Arinsal event. If it was a pure PSA, the powder component would expand along the track and
runout zones (Figure 15b). Evidence on trees surveyed beside the track near the Monars gorge indicate
this behavior for the smaller avalanches in recent times. Our previous hypothesis was that the powder
component of a smaller avalanche would have caused the catastrophe, but simulations indicate that
such an event would not have enough energy to cause the reported damage (Figure 15a). A release
volume equivalent to the one of the DFA (0.6 x 106 m3) is required for a PSA to reach old Arreu and
cause the reported damage.

As specified by [29], a dynamic pressure higher than 10 kPa causes considerable damage on
masonry walls, which was the destruction related by [2] in the village of Arreu. The pressures given
by the DFA simulation at old Arreu, 150 kPa (Figure 14d), would completely destroy the village.
The pressures obtained by the PSA simulation for the equivalent size (17 kPa, Figure 15b) would
seriously damage the houses and destroy some of them, but not the whole village. The doorway arch
at the eastern side could attest to this (Figure 6b). The houses were rebuilt after the catastrophe, very
likely because they were not absolutely destroyed. Therefore, a PSA would be the most plausible type
of flow that could have affected the village, or a DFA that would have struck only part of it, like the
low-frequency size avalanche without the occurrence of a previous avalanche shown in Figure 16.

Another hypothesis that could support the scenario of a smaller event was the possibility that old
Arreu was located some meters towards the west before the disaster, and that the part destroyed by
the avalanche would have been abandoned, having disappeared in present times. This hypothesis
was ruled out because, at present, the remnants of 9 buildings still exist in Bordes d’Arreu (in 1790,
10 houses were described in [3], all of which had been destroyed by the avalanche according to the
report written in 1846-50 [2]), and these preserve architectonic characteristics of houses. In order to
optimize resources, it is likely that the remains of the houses would have been reused to build barns
and shelters for livestock in the same place. For this reason, we believe that Bordes d’Arreu is placed
at the same siting as old Arreu in 1803.

Simulations show how the occurrence of successive avalanches has less influence on the results
than the definition of the release area. Therefore, the most important choice for the simulations is
the definition of the release areas. The release snow volume is a combination of release extent and
release snow depth parameters, which are related to the return period of the meteorological conditions.
Simulations have been performed from a combination of both initial conditions and the return period
of the release snow depth, which do not necessarily correspond to the same return period of the
avalanche events. The reference return period of the avalanches in the avalanche path is the one
derived from the avalanche event history of the avalanche path, showing that for return periods smaller
than 100 years corresponding runout altitudes can be assigned, while lower frequency events are
difficult to allocate in the Monars avalanche path (Table 1).

One shortcoming in our approach was that friction parameters were assumed to be constant,
applying those used for hazard mapping scenarios, only introducing variations with respect to different
avalanche types and release depth/area combinations. Although the combination of T30 and T300
release depth, both lead to avalanches of approximate size D5, we concluded that future tools for
proper scenario definitions of different return periods in relation to potential avalanche size would be
beneficial. Overall, for the Arreu case study, we observed that the definition of release areas appeared
to be the most important part (in regards to how sensitive the results were). From the least to most
sensitive, we observed: (1) The sequence of avalanches, meaning there was a first deposition that
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smoothed the topography for the subsequent event/s; (2) the release depth and type of avalanche flow;
and (3) how the release area controlled the release volume. However, particularly the large variations
in potential release area size were a characteristic of the specific case study.

It is worth mentioning that from the distribution of historic runouts in the runout zone, we were
able to infer return periods in this avalanche path. We deduced that, apart from 1803 avalanche, the
largest event known took place in 1972. We assigned an estimated return period of 30-100 years to this
event. Consequently, we assigned a return period higher than 100 years to 1803 avalanche. What we
would like to emphasize is that, according to simulations, this exceptional avalanche, being a DFA or
a PSA, would get as far as the Noguera Pallaresa river, more than 1 km farther than the one of 1972.
This is certainly a rare case, and there are no witnesses, historical documents, or evidence to verify this.
We observed this behavior when we tried to simulate the avalanche to reach old Arreu, but it happens
for smaller avalanches too (Figure 14b,c). Trials with other simulation tools such as RAMMS [36] led to
similar results [4]. The outcome from the «-3 model also confirmed this. Even though the probability
is very low, according to the results of the dynamical and statistical modeling approach, we consider
this is plausible. The simulations further reinforced the hypothesis of the powder snow avalanche
component being responsible for the large runout of the 1803 avalanche, which is usually associated
with the fluidized flow of the avalanche [30]. However, particularly considering the observed damages,
it is worth looking beyond the dense flow—powder dichotomy [37]. This is an interesting case for
avalanche hazard mapping that substantiates the use of numerical simulations for such purposes.

These results also serve to show the limitations of the Avalanche-Paths-Maps mapping
procedure [6] (based on the French CLPA [38]), which is supported by terrain analysis and witness
information. From which, the determination of the runout zone boundaries of the avalanche path
depends on available information and expert criteria. Quite often the runout of an avalanche path
is determined from information of avalanche activity of the last 30-100 years, and this criterion is
not homogeneous for all avalanche paths and could be overcome by the use of avalanche release
models (e.g., [28]). This is also experienced in the US and Canada [39]. For the Monars avalanche
path (ARR010), registered in the Avalanche Database of Catalonia (BDAC-ICGC), the mapped runout
zone reaches and stops in Bordes d’Arreu (old Arreu), but simulations showed that a low-frequency
avalanche could travel a long stretch further down (in fact, it doubled the distance). Therefore,
the reliability of these maps for low-frequency avalanches has to be taken carefully.

Finally, some historical facts suggest some speculation on the uniqueness of the 1803 event.
According to [40], the old village of Arreu is older than 1000 years, while the nearby chapel devoted
to the Virgin of the Snow (Ermita de la Mare de Déu de les Neus) (Figure 1) is dated to the 12th
century [41]. This chapel was built on a naturally sheltered situation. Actually, when observing the
avalanche simulations (Figure 15), it is placed in the most protected spot regarding snow avalanche
trajectories, and the flow does not invade this patch of land in any case. This suggests that this chapel
may have been erected for divine protection after a very old avalanche. In this case, we think that the
event would not have completely destroyed the old village, otherwise they would almost certainly
have moved the village to a safer emplacement before. This would mean that the 1803 avalanche could
have a return period of more than 300 years. In hazard mapping, the areas affected by avalanches with
a return period higher than 100 or 300 years are a matter of controversy and are discussed at length [42],
for although they are considered as avalanche exceptionnelle in France [43] or residual hazard events in
Switzerland [44], when they eventually take place, the level of damage and destruction is massive.

6. Conclusions

An intensive survey to reconstruct the avalanche history of the Monars avalanche path was
performed. Results indicate that during the 20th century, at least 4 avalanche events reached Arreu
river, but none reached old Arreu (Bordes d’Arreu), located around 500 m further down from the
confluence of the Monars stream and the Arreu river. Therefore, the 1803 avalanche that destroyed the
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small village is the largest avalanche occurrring in the last two centuries, and probably the largest in
several centuries.

The dynamical and statistical 1803-avalanche modeling revealed that there is no need for a first
avalanche to smooth the terrain to facilitate a second avalanche to reach the hamlet, as has been passed
on by oral history, since an exceptionally large release snow volume is required to do so, and this would
reach old Arreu with or without a previous smaller avalanche. An avalanche of such dimensions would
have been similar to the one that occurred in Arinsal, Andorra, in February 1996. The results showed
an exceptionally large avalanche that descended to the main valley (Noguera Pallaresa). The statistical
model confirmed this. This finding suggested that, apart from destroying the old village of Arreu
and killing its people, the 1803 avalanche could have obstructed the way through the main valley,
in particular if it was a dense flow avalanche (DFA). We found no reference to this in the literature,
and nobody talks about this circumstance, but perhaps time has pushed this to oblivion in front of the
misfortune that fell upon the people of Arreu. A dense flow avalanche (DFA) would absolutely destroy
the village, and a powder snow avalanche (PSA) would cause serious damage, though not totally
destroy the village. We consider this second scenario more plausible, according to the reported damage.
A PSA would have expanded much more widely than a DFA, but the deposit in the main valley would
have been significantly smaller.

This work highlights the importance of using different disciplines to attain an exhaustive
knowledge of the avalanche history of an avalanche path, as a methodology to find out and reconstruct
these extraordinary-return-period avalanches, which otherwise can remain unnoticed. Sometimes this
methodology, currently established in avalanche hazard analysis, is oversimplified in the practice.

7. Epilogue

During the period of this research (2015-20), old Arreu (Bordes d’Arreu on the map) has visibly
deteriorated and the last walls will soon fall down, but in the meantime, a road has been built that
reaches new Arreu from the main valley road, and some houses are being restored. The whole place
receives the visits of more and more tourists and hikers every day, so it could be said that Arreu is
having a 21st century revival.
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ANNEX 4. Base de Dades d’Allaus Majors
(MADB). Estructura i contingut
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La base de dades esta composta pels segiients camps:

Grup camp Camp Tipus Descripcié

Referéncia Codi Text Codi de I'allau segons la codificacié de la BDAC, segons el format
CCCNcNcNcYYYYNoNo, on CCC és el codi de la vall i NcNcNc és el niimero d’ordre dins
de la val, de la zona d’allaus, YYYY és 'any amb que comenga la temporada hivernal,
i NoNo és el nimero d’allau d’aquell hivern per aquella zona d’allaus

Zona d’allau Text Codi de la zona d’allaus (CCCNcNcNc)

Localitzacio Toponim Text Toponim del barranc, vessant, cim, bosc, etc, de la zona d’allaus

Data Data caiguda exacta Data Data exacta de la caiguda de I'allau

Data caiguda Interval Text Descripci6 de la data estimada de caiguda

Episodi Numeéric Numero format per any, mes i dia d’inici i dia de finalitzacié de I'episodi segons els
format: YYYYMMD1D1D2D2, on D1D1 i D2D2 sén el primer i el darrer dia de
'episodi.

Episodi suposat Numeric Ntmero format per any, mes i dia d’inici i dia de finalitzaci6 suposats de I'episodi
segons els format: YYYYMMD1D1D2D2, on D1D1 i D2D2 sén el primer i el darrer
dia de I'episodi.

Dia Numeric Dia d’ocurrencia de I'allau.

Mes Numeric Mes d’ocurreéncia de I'allau.

Any Numeéric Any d’ocurréncia de I'allau.

Temporada Numeéric Temporada d’ocurréncia de I'allau segons el format Y1Y1Y1Y1Y2Y2, on Y1Y1Y1Y: és
'any d'inici de temporada i Y2Y2 és I'any de finalitzacié de la temporada hivernal
(dues darreres xifres de I'any).

Segle Numeéric Segle d’ocurréncia de I'allau.

Quinquenni Numeric Quinquenni d’ocurrencia de I'allau segons el format Y1Y1Y1Y1Y2Y2, on Y1Y1Y1Y1 és
I'any d'inici del quinquenni i Y2Y> és I'any de finalitzacié del quinquenni (dues
darreres xifres de I'any).

Decenni Numeéric Década d’ocurréncia de I'allau segons el format Y1Y1Y1Y1Y2Y2, on Y1Y1Y1Y1 és 'any
d’inici de la década i Y2Y2 és I'any de finalitzacié de la década (dues darreres xifres
de l'any).

Periode Numeric Periode temporal establert en relacié amb la completesa de la base de dades. 1:
previa 1900; 2: de 1900 a 199495; 3: de 199495 a present

Tipus_dada Numeéric Font d’informaci6 principal a partir de la qual s’ha obtingut la dada. 1: observaci6; 2:
enquesta; 3: documentacio historica; 4: dendro; 5: fotointerpretacié
Trajectoria Aerosol Boolea? Trajectoria definida segons el recorregut de I'aerosol
Modificada Boolea? Trajectoria modificada per actuacions a la zona d’arribada
Dinamica Comport. Numeric Comportament dinamic. 1: Aerosol; 2: flux dens; 3: flux humit; 4: slushflow
Z.Sortida Orientacid Numeéric Orientacié mitjana de la zona de sortida (de 0 a 3609)

Orientaci6 8 clas card Numeéric Orientacié mitjana de la zona de sortida classificada (2). 1: 337,5-22,5; 2: 22,5-67,5;
3:67,5-112,5; 4: 112,5-157,5; 5: 157,5-202,5; 6:202,5-247,5; 7:247,5-292,5;8:
292,5-337,5

Cota Sup Teorica Numeéric Cota superior de la zona d’allaus (m s.n.m.)

Cota Superior Numeric Cota superior de I'allau (m s.n.m.)

Cota inf Numeéric Cota inferior de la zona de sortida de I'allau (m s.n.m.)

Longitud cicatriu Numeric Longitud de la cicatriu en cas d’haver estat cartografiada (m)

Amplada real Numeéric Amplada real de la zona de sortida de I'allau (m)

Amplada calcul Numeric Amplada mitjana de la zona de sortida que s’ha considerat responsable de I'abast de
I'allau (m)

Profunditat Numeric Desnivell en cas de depressié/talveg (positiu), o en cas de convexitat (negatiu) (m)

Rel. Ampl calc - prof Numeéric Profunditat partit per 'amplada de calcul.

Longitud proj. Numeéric Longitud projectada sobre I'horitzontal de la zona de sortida (m)

Pendent Numeric Pendent de la zona de sortida (2)

Superficie proj. Numeéric Superficie projectada de la zona de sortida (Amplada de calcul x Longitud
projectada) (ha)

Gruix cicatriu Numeéric Gruix mitja de la cicatriu (m)
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Grup camp Camp Tipus Descripcio
Intensitat x gruix Numeéric Intensitat de l'allau inferida a partir del gruix de la cicatriu (segons Rapin 2002). 1:
<0,4 m; 2: 0,4-0,6 m; 3: 0,6-1,0 m; 4: 1,0-2,0 m; 5: >2 m.
Volum proj. Numeéric Volum (superficie projectada x gruix cicatriu) (m3)
Massa (T) Numeric Massa, considerant el volum i una densitat mitjana de 300 kg/m3 (T)
Massa Canadencs Numeéric Classificacié de la massa segons I'escala canadenca de mida d’allaus. 1: <45 T; 2: 45-
550 T; 3: 550-5500 T; 4: 5500-55000 T; 5: >55000 T
Z. Trajecte Amplada Inicial Numeric Amplada a l'inici de la zona de trajecte (m)
Estrenyim. Srt-Traj Numeéric Relaci6 amplada de calcul (zona de sortida) - amplada inicial (zona de trajecte)
Amplada mitjana Numeéric Amplada mitjana de la zona de trajecte (m)
Profunditat mitjana Numeric Profunditat mitjana de la zona de trajecte (m)
Pendent mig Numeric Pendent mitja de la zona de trajecte (2)
Amplada final Numeric Amplada final de la zona de trajecte (m)
Relacié amplada/prof Numeéric Amplada mitjana dividit per la profunditat
Transici6 traj-arrib Numeric Transicio trajecte - arribada segons el confinament. 1: no confinada - no confinada;
2: no confinada - confinada; 3: confinada - no confinada; 4: confinada - confinada
Z. Arribada Rel. Ampl. T-A Numeric Amplada mitjana de la zona d’arribada dividit per I'amplada final de la zona de
trajecte
Perfil arribada Numeric Perfil del terreny longitudinal a la zona d’arribada. 1: gradual (disminucié gradual
del pendent); 2: Sec (reducci6 sobtada del pendent, tipus hockey stick; 3:remuntant
(arribada a contrapendent); 4: perfil 1 0 2, acabat en 3; 5: complex (arribada
irregular)
Cota punt P Numeric Cota on se situa el punt  (m s.n.m.)
Longitud proj. Numeric Longitud sobre el pla horitzontal des del punt f fins al punt a., en perfils de tipus 1 o
2
Cota inferior Numeric Cota inferior de la zona d’arribada, que coincideix amb el punt a en perfils de tipus 1
02 (ms.n.m.)
Pendent Perf 1 Numeéric Pendent mitja del terreny en cas que el perfil d’arribada sigui =1 o 2 (%)
Distancia a P Numeric Distancia des del punt de maxima arribada (o) al punt .
Longitud proj. (Pend. Numeéric Pendent del terreny quan I'allau remunta (m)
negatiu)
Cota sup. (Pend neg.) Numeric Cota superior del punt a en cas de remuntada, en perfils de tipus 3 i 4 (m s.n.m.)
Pendent negatiu Numeric Pendent del terreny a la remuntada, en perfils de tipus 31 4 (2)
Cota abast max Numeric Cota d’abast maxim (punt o) (m s.n.m.)
Longitud proj. Total Numeric Longitud total des del punt f fins al punt o independentment del tipus de perfil
% Dist. Arribada Numeric % de distancia respecte a I'abast considerat com a T100 (%)
Respecte T100
Lon. darrer canvi pend. ~ Numeéric Longitud sobre el pla horitzontal del darrer canvi de pendent abans d’arribar al
punt o (m)
Desn. Darrer canvi Numeric Desnivell del darrer canvi de pendent abans d’arribar al punt o (m)
pend.
Pend. Darrer canvi Numeric Pendent del darrer canvi de pendent abans d’arribar al punt o (2)
pend.
Amplada maxima Numeéric Amplada maxima del diposit (m)
Amplada mitjana Numeric Amplada mitjana del diposit (m)
profunditat Numeric Profunditat del terreny (m)
Relaci6é ampl/prof Numeric Profunditat / amplada
Gruix neu Numeéric Gruix del diposit (m)
Longitud diposit Numeric Longitud del diposit en el pla horitzontal (m)
Volum Numeéric Volum del diposit (m3)
Zona d’allaus Longitud proj. Teor. Numeéric Longitud projectada de tota I'allau, des de la cota superior de sortida teorica fins al
punt o (m)
Longitud proj. Real Numeric Longitud projectada de tota I'allau, des de la cota superior de sortida fins al punt o

(m)
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Grup camp Camp Tipus Descripcio
Longitud Canadencs Numeéric Classificacié de la mida de 'allau segons I'escala canadenca. 1: <45 m; 2: 45-550 m;
3:550-1500 m; 4: 1500-3500 m; 5: >3500 m.
Desnivell teoric Numeéric Desnivell mesurat des de la cota superior de sortida teorica fins a la cota inferior
(m)
Desnivell real Numeéric Desnivell mesurat des de la cota superior de sortida fins a la cota inferior (m)
Desnivell fins a teoric Numeric Desnivell mesurat des de la cota superior de sortida teorica fins al punt o (m)
Desnivell fins a real Numeric Desnivell mesurat des de la cota superior de sortida fins al punt o (m)
Pendent o teoric Numeric Pendent de I'angle o des de la cota superior teorica fins al punt o (2).
Pendent a real Numeric Pendent de I'angle o des de la cota superior fins al punt a. (2).
Pendent f teoric Numeric Pendent de I'angle B des de la cota superior teorica fins al punt 8 (2).
RR Numeéric Valor del Runout Ratio (McClung et al, 1989), obtingut a partir de distancies.
RR amb angles Numeric Valor del Runout Ratio (McClung et al, 1989), obtingut a partir dels angles.
Relaci6 Vol ZA/Vol ZS Numeric Volum de la zona d’arribada / volum de la zona de sortida
Superficie total Numeric Superficie total de la zona d’allaus (ha)
Superficie Rapin Numeéric Classificacié segons 'escala d’intensitat de Rapin (2002), basada en la superficie de
I'allau. 1: <0,5 ha; 2: 0,5-2,5 ha; 3: 2,5-10 ha; 4: 10-30 ha; 5: >30 ha.
Danys Superficie Desforest Numeéric Superficie de bosc desforestada (ha)
Conifera Numeéric Superficie de bosc de conifera desforestada (ha)
Caducifoli Numeric Superficie de bosc de caducifolis desforestada (ha)
Desforest Rapin Numeéric Classificaci6 segons I'escala d’intensitat de Rapin (2002), basada en la superficie
desforestada. 1: 0 ha; 2: 0-0,1 ha; 3: 0,1-0,5 ha; 4: 0,5-3 ha; 5: >3 ha.
Descripci6 Text Descripcions de testimonis
Danys materials Text Descripci6 dels danys
Danys Rapin Numeéric Classificaci6 segons I'escala d’intensitat de Rapin (2002), basada en els danys
(valors 1 a5).
Danys Canadencs Numeéric Classificacié segons I'escala de mida d’allaus canadenca, basada en els danys (valors
1las).
Intensitat Rapin Numeéric Valor maxim de les classes de les diferents variables analitzades segons I'escala
d’intensitat de Rapin (2002), valors de 1 a 5.
Mida Canadencs Numeric Valor maxim de les classes de les diferents variables analitzades segons I'escala
d’intensitat de Rapin (2002), valors de 1 a 5.
T Major? Boolea Consideracio de si es tracta d’'una allau major (1) o no (0)
T estimat Numeric Classificaci6 segons el periode de retorn estimat. 1: al voltant de 5 anys; 2: al
voltant de 10 anys; 3: al voltant de 30 anys; 4: al voltant de 100 anys; 5: al voltant de
300 anys (>100 anys)
Cartografia Ortofoto Boolea Font d’informaci6/mitjans utilitzats per a la identificaci6 de I'allau (1: si; 0: no)
Camp estiu Boolea Font d’informacié/mitjans utilitzats per a la identificacié de I'allau (1: si; 0: no)
Camp hivern Boolea Font d’informacié/mitjans utilitzats per a la identificacié de I'allau (1: sf; 0: no)
Enquesta Boolea Font d’informacié/mitjans utilitzats per a la identificaci6 de I'allau (1: si; 0: no)
Dendro Boolea Font d’informacié/mitjans utilitzats per a la identificacié de I'allau (1: si; 0: no)
Fotos Boolea Font d’informacié/mitjans utilitzats per a la identificacié de I'allau (1: si; 0: no)
GPS Boolea Font d’informacié/mitjans utilitzats per a la identificacié de I'allau (1: si; 0: no)
Zona Zona Nivo oficial Numeric Zones nivoclimatiques oficials. 1: Aran - Franja nord de la Pallaresa; 2: Ribagor¢ana
nivoclimatica - Vall Fosca; 3: Pallaresa; 4: Perafita - Puigpedros; 5: Vessant N del Cadi - Moixero;
6: Pre-Pirineu; 7: Ter - Freser.
Zona Nivo major Numeéric Zones nivoclimatiques majors. 1: Garona; 2: Pallaresa Nord; 3: Ribagor¢ana -

Pallaresa; 4: Pallaresa Est; 5: Segre Nord; 6: Segre - Llobregat; 7: Ter - Freser.
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Exemple de fitxa registre d’allau

major






Codi PAL341201401
Zona allau PAL341
Toponim Barranc d'Atics o de Bamoré
Data Tipus_dada 1 | Cartografia
Data caiguda exacta Ortofoto 1
Data caiguda Interval Traj. Camp estiu 0
Episodi 2015022502 Aerosol 0 Camp hivern 1
Episodi suposat 2015022502 Modificada 0 Enquesta 0
Equivalent episodi Dendro 0
Dia Din. Fotos 1
Mes 2 Comport. 2 GPS 0
Any 2014
Temporada 201415 T
Segle 21 Major? 1 Zona Nivo oficial 1
Quinqueni 201015 T estimat 4 Zona nivo major 2
Deceni 201020
Periode 3
Z. Sortida Z. Arribada
Orientacio 170 Rel. Ampl. T-A 2,63
Orientaci6 8 clas card 5 Perfil arribada 3
Cota Sup Teorica 2.490 Cota punt P 1.310
Cota Superior Longitud proj.
Cota inf Cota inferior 1.308
Longitud cicatriu Pendent Perf 1
Amplada real Distancia a P
Amplada calcul 267 Longitud proj. (Pend. negatiu) 36
Profunditat 0 Cota sup. (Pend neg.) 1.315
Rel. Ampl calc - prof 0,00 Pendent negatiu 11
Longitud proj. 162 Cota abast max 1.315
Pendent Longitud proj. Total 36
Superficie proj. (ha) 433 % Dist. Arribada Respecte T100
Gruix cicatriu (m) Lon. darrer canvi pend.
Intensitat x gruix Desn. Darrer canvi pend.
Volum proj. (m3) Pend. Darrer canvi pend. 11
Massa (T) Dist. Pendent<10° anterior a P
Massa Canadencs Amplada maxima 104
Amplada mitjana 84
Z. Trajecte profunditat 2
Amplada Inicial 375 Relacio ampl/prof 0,02
Estrenyim Srt-Traj Gruix neu (m) 10,0
Amplada mitjana 161 Longitud diposit 43
Profunditat mitjana 20 Volum (m3) 36.120
Pendent mig
Amplada final 32
Relacié amplada/prof 0,12
Transicio6 traj-arrib 3
Global Danys
Longitud proj. Teor. 2.251 Superficie Desforest (Ha) 10,73
Longitud proj. Real Conifera
Longitud Canadencs 4 Caducifoli
Desnivell teoric 1.182 Desforest Rapin
Desnivell real Descripcié
Desnivell fins o teoric 1.175 Danys materials
Desnivell fins a real Danys Rapin
Pendent o teoric 28 Danys Canadencs 4
Pendent a. real Intensitat Rapin
Pendent f teodric 28 Mida Canadencs 4

RR

RR amb angles

0,02

Relacié Vol ZA/Vol ZS

Superficie total (Ha)

Superficie Rapin
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Figura 26. MAE 2013112022
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Figura 28. MAE 2014030404
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Figura 29. MAE 2014030808






Caracteritzacié espaciotemporal de la dinamica d’allaus de neu majors al Pirineu catala Annex 5

Tractament espacial dels episodis
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Figura 1. Extensi6 dels episodis d’allaus majors (MAEs) generats per patrons atmosféerics N/NW. Esquerra:
freqiiencia d’ocurréncia de MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions
nivologiques; ASA: area susceptible al desencadenament i abast d’allaus.
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Figura 2. Extensid dels episodis d’allaus majors (MAEs) generats per patrons atmosferics E/SE1. Esquerra:
freqiiencia d’ocurréncia de MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions
nivologiques; ASA: area susceptible al desencadenament i abast d’allaus.
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Figura 3. Extensid dels episodis d’allaus majors (MAEs) generats per patrons atmosferics E/SE2. Esquerra:
freqiiencia d’ocurréncia de MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions
nivologiques; ASA: area susceptible al desencadenament i abast d’allaus.
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Figura 4. Extensid dels episodis d’allaus majors (MAEs) generats per patrons atmosferics CL. Esquerra: freqiiéncia
d’ocurréncia de MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions nivologiques; ASA:
area susceptible al desencadenament i abast d’allaus.

Figura 5. Extensi6 dels episodis d’allaus majors (MAEs) generats per patrons atmosferics S/SW. Esquerra:
freqiiencia d’ocurréncia de MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions
nivologiques; ASA: area susceptible al desencadenament i abast d’allaus.
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Figura 6. Extensid dels episodis d’allaus majors (MAEs) generats per patrons atmosferics A. Esquerra: freqiiéncia
d’ocurréncia de MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions nivologiques; ASA:
area susceptible al desencadenament i abast d’allaus.
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Figura 7. Sobreposici6 de tots els episodis d’allaus majors (MAEs) registrats. Esquerra: freqiiéncia d’ocurrencia de
MAE; dreta: suma dels valors MAAMIe dels episodis sobreposats. NR: Regions nivologiques.
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ANNEX 6. Llistat d’allaus tractades a I’Article 2






X (UTM 3IN/ Y (UTM 3IN/ PT Cli

Code ETRS89) ETRS89) a(°) B 0(°) y" (m") Hg (m) Lg (m) (ordinal) Azs(ha) Ozs(°) Con (%) (ordinal) Def (%) L_for (m)
ARE006201401 368590,88 4720452,70 26,7 26,4 32,8 4,0E-04 675 1358 1 1,26 280 66 2 28 955
BER01401 349712,38 4716800,63 24,7 26,3 38,7 4,0E-04 815 1650 1 2,60 190 63 2
BNGO07101 339784,20 4722848,07 30,9 32,9 31,7 2,0E-04 710 1098 1 4,64 175 0 1
BSCO010PRE46 384502,76 4697857,30 243 245 33,0  4,0E-04 470 1030 1 293 270 44 2
BX0012199501 365090,51 4709220,27 22,6 234 28,7  4,0E-04 460 1065 1 3,39 50 0 2 42 699
BX0030199501 365955,09 4709077,78 22,2 23,8 29,1  4,0E-04 380 863 1 1,08 344 0 2 54 259
BX0043199501 366316,37 4708879,67 238 19,9 323 1,2E-04 740 2039 1 1,85 54 36 2 8 705
ECR401199501 339008,64 4715406,09 33,0 33,0 39,6 2,0E-04 1095 1684 1 0,81 360 17 2 10 689
ESN004XX 341257,03 4712204,46 20,3 223 332 2,0E-04 700 1711 1 11,32 64 22 2
FLM15201 332900,10 4701119,64 26,2 26,2 389 1,2E-05 1190 2417 1 6,19 80 63 2
FLM54401 336037,88 4706360,47 274 29,0 40,5  1,8E-04 875 1581 1 9,63 210 56 2
FRE00601 433908,34 4681600,55 24,6 242 33,0  2,0E-04 770 1716 1 4,23 240 69 3
FRE045199101 435651,81 4691567,50 26,4 30,7 40,3  4,0E-04 990 1667 2 13,32 330 50 3 35 911
FRE25301 430598,31 4690717,81 34,0 34,4 29,5  1,8E-04 970 1416 1 9,33 120 48 3
GAR05002 309682,47 4741138,22 25,0 258 31,5 1,8E-04 1195 2476 1 20,44 140 68 1
GARO052XX 308985,34 4740483,77 21,2 22,6 30,0 2,0E-04 1105 2660 1 11,45 170 72 1
GARO077XX 320837,28 4727738,34 23,0 24,0 253  1,2E-04 860 1934 1 4,80 330 50 1
GARO087XX 321723,22 4727144,46 24,5 24,1 36,3 2,0E-04 1130 2527 1 7,69 330 55 1
GAR13302 325713,31 4731160,81 24,1 27,6 355  4,0E-04 980 1874 1 11,68 185 54 1
GAR141199301 323311,60 4731249,76 31,2 36,1 34,6  2,0E-04 1080 1483 1 24,62 160 75 1 0 1948
GAR14403 322242,09 4730796,95 30,0 323 33,0 2,0E-04 881 1391 3 5,57 170 53 1 0 0
GAR15002 320649,40 4734526,91 23,0 233 359  2,0E-04 1200 2781 1 7,23 200 80 1
GAR15201 320071,07 4735156,19 22,8 232 41,5  1,8E-04 1265 2955 1 8,11 210 88 1
GAR17503 31472437 4740626,40 28,2 29.8 353  1,6E-04 1545 2695 1 521 320 76 1
JOE001XX 311262,00 4732352,85 253 25,6 38,9  4,0E-05 1430 2982 1 3,48 80 46 1
JOEO011XX 310995,19 4729171,06 28,0 30,3 389 2,0E-04 1075 1837 1 348 50 41 1
JOE087XX 314389,07 4730589,79 32,1 32,6 374  4,0E-04 1030 1610 1 1,46 320 68 1
LDR039XX 359579,04 4720309,41 19,1 19,8 353 1,4E-04 700 1940 1 1,62 190 81 2
LDR04801 358237,87 4720618,71 24,6 244 31,5 4,0E-04 905 1995 1 3,40 235 71 2
LDR06503 361138,93 4722231,80 32,2 32,4 30,9 1,2E-04 1184 1865 3 2,22 288 51 2
LDRO73XX 360046,20 4723327,03 334 34,4 374  2,0E-04 1160 1692 3 0,91 275 84 2
LDR074XX 360253,81 4723832,83 30,2 30,5 40,8  2,0E-05 1165 1978 3 2,82 330 54 2
LSA02803 394246,66 4700488,37 25,5 254 30,2 1,2E-04 880 1852 1 3,38 260 57 2
LSA03101 394827,10 4701063,54 23,1 23,5 258  1,2E-04 865 1989 1 3,10 268 55 2
MNY17002 325314,97 4701726,11 23,7 24,5 41,3 2,0E-04 1160 2541 1 9,29 140 82 2
MOL043XX 316352,78 4723424,06 253 27,0 38,7 4,0E-04 905 1779 4 2,97 260 53 2
MOL049XX 316757,05 4722727,20 31,9 32,7 33,7 6,0E-04 755 1175 1 3,50 270 49 2
NTR00401 322804,88 4716821,50 29,2 29,9 26,7  8,0E-05 1030 1794 2 0,57 130 23 2
NTR33703 320574,22 4712364,61 27,5 28,6 34,0 1,4E-04 1230 2259 4 6,86 60 62 2
NTR42501 316026,73 4707892,31 27,0 26,9 31,4  1,4E-04 1255 2475 1 11,52 100 64 2
NUR12701 430022,74 4692459,47 26,5 28,1 31,8 4,0E-04 470 879 3 1,43 125 45 3
0SC008199501 373350,73 4707158,67 28,5 27,7 32,8 1,6E-04 835 1593 1 2,29 290 70 2 59 601
0SC013199501 373836,79 4707596,18 23,5 26,5 29,3 4,0E-04 480 964 1 3,72 310 42 2 33 679
0SC109199501 369287,30 4705924,86 24,7 25,7 30,6 6,0E-04 595 1238 1 4,90 118 68 2 55 412
PAL20501 343808,35 4731571,42 26,6 28,6 36,7 4,0E-04 790 1447 4 6,87 40 56 1
PAL21201 344014,53 4730830,45 29,9 30,2 36,3 4,0E-04 870 1497 1 2,88 140 27 1
PAL330XX 339420,68 4737005,73 294 31,8 36,7 4,0E-04 781 1260 2 2,43 170 53 1
PAL34101 347094,96 4729490,14 27,1 28,0 35,5  1,6E-04 1180 2217 3 9,38 315 32 1
PAL351200401 346795,08 4732688,54 239 253 444 2,0E-04 1106 2345 3 16,05 320 58 1
PAL35601 346610,50 4734764,48 20,9 24,6 36,1  2,0E-04 940 2056 1 22,80 225 59 1
PAL376200401 343615,63 4737256,61 21,9 24,3 384  8,0E-05 1020 2254 3 3,51 255 41 1 2 2430
PAL38804 342269,14 4738245,82 19,5 28,0 43,1  2,0E-04 890 1677 1 13,83 180 61 1
PEGO002PRES6 339986,30 4714589,07 243 259 37,1 1,8E-04 830 1707 1 525 62 21 2
PEG008XX 340214,90 4714278,18 27,6 32,8 37,6 4,0E-04 950 1474 1 6,58 100 77 2
PEG01201 339800,11 4714001,22 24,5 26,6 37,1  8,0E-05 740 1478 1 1,82 90 48 2
PMN16602 340764,96 4698916,74 19,9 20,2 30,2 1,2E-04 830 2257 1 17,25 50 82 2
RDT18302 368322,09 4717078,78 214 22,6 39,1 1,6E-04 1235 2972 4 16,23 135 85 2
RDT19601 367913,55 4717204,90 20,9 232 355  1,8E-04 1260 2935 1 24,68 225 55 2
RIB022PRES6 318932,67 4720828,36 254 27,9 30,9 4,0E-04 855 1612 1 14,99 340 0 2
SDS161PRES6 395339,52 4671832,00 26,7 249 31,8 2,0E-04 795 1713 1 0,96 305 75 3
SDS226PRES6 398790,49 4671749,10 26,6 25,6 342 4,0E-04 600 1250 1 0,38 360 65 3
SDS228PRES6 398605,72 4671903,16 25,8 24,1 34,0 4,0E-04 570 1273 1 0,45 350 74 3
SGR249200501 396783,34 4683163,85 24,7 254 353 4,0E-04 515 1086 1 0,49 50 30 3 12 306
SGR250200501 396587,31 4683216,20 24,4 25,7 39,1  6,0E-04 595 1238 1 3,70 35 31 3 40 436
SGR566PRE56 383476,56 4682903,85 24,0 29,9 40,8  6,0E-04 580 1007 1 5,59 2 18 3
SGR596PRE56 382593,29 4682683,08 28,1 254 33,0  2,0E-04 1070 2252 1 0,66 290 57 3
SGR647199501 380526,67 4682140,24 29,0 26,0 378  6,0E-04 355 728 1 0,58 320 0 3 43 276
SMG048199501 367885,96 4705365,31 28,1 25,0 33,7 4,0E-04 525 1127 1 1,72 230 65 2 15 541
SMG113199501 364108,34 4705281,46 31,2 272 33,5 4,0E-04 665 1296 1 0,80 184 42 2 32 416
SMG133199501 362931,73 4705659,01 23,1 27,0 39,6  4,0E-04 660 1295 1 2,34 208 85 2 18 724
SMG136199501 362637,30 4705605,19 19,0 25,5 33,7 4,0E-04 600 1259 1 3,94 146 75 2 53 302
SNCO052XXA 326868,61 4711388,39 26,8 28,8 35,0 1,2E-04 930 1692 1 2,63 336 29 2
SNC052XXB 326974,44 4711515,39 29,0 29,5 342  1,4E-04 1133 2002 1 2,51 320 33 2
SNC48904 328899,55 4714573,38 32,0 352 374  4,0E-04 850 1206 5 2,22 112 54 2
TER016201501 444656,75 4696063,38 17,7 18,9 274 1,8E-04 580 1694 1 3,86 180 79 3 0 0
TERO50PRE46 442808,17 4696989,66 18,4 20,5 38,9 1,8E-04 465 1246 1 0,47 135 32 3
TER05701 442187,50 4696488,49 21,7 24,0 28,3  4,0E-04 575 1293 1 2,35 175 73 3
TER19001 439724,85 4693454,33 26,4 28,4 33,7 4,0E-04 810 1496 1 3,93 50 65 3
TNTO55XX 339386,31 4719499,73 20,3 20,7 33,7 1,6E-04 1070 2830 1 6,53 50 28 1
TOR00803 316218,34 4739790,67 27,2 282 352 4,0E-04 1090 2029 1 10,66 340 28 1
TOR254XX 323308,15 4743442,99 254 29,3 37,8  4,0E-04 660 1176 1 6,57 182 39 1



Code
TVC004XX
TVC53002
UNH00301
UNHO00502
UNH25501
UNH25603
UNH27203
UNRO027XX
VFR005199501
VFR007199501
VFR008199501
VFRO015199501
VFR22301
VFR42201
VFRS556PRES6
VFR887XX

X (UTM 3IN/
ETRS89)
356957,40
353787,47
329790,92
330117,75
327854,61
327107,08
32783844
350984,77
362021,53
362541,40
362927,87
362541,40
36753181
365004,96
369401,83
361147,46

Y (UTM 3IN/
ETRS89)
4725166,92
472673545
4730811,03
4731127,04
473398146
4733642,29
4731519,72
4723243 66
4707647,09
4707607,23
4707610,96
4707607,23
4719196,33
4717320,74
4719805,97
4719828,72

o ()
29,6
22,4
238
23,7
22,0
18,9
313
227
28,5
27,1
25,7
22,1
30,1
25,1
23,0
278

B
29,5
23,6
246
253
257
19,7
327
225
22,5
27,5
237
213
32,8
26,5
262
29,0

0(°)
35,0
31,2
33,7
36,3
27,6
27,9
36,9
318
32,7
36,1
292
348
428
34,0
28,0
33,0

y" ()
1,4E-04
2,0E-04
4,0E-04
4,0E-04
2,0E-04
8,0E-05
6,0E-04
2,0E-04
4,0E-04
4,0E-04
2,0E-04
1,2E-04
8,0E-04
1,4E-04
4,0E-04
2,0E-04

Hg (m)
1290
890
585
540
845
895
680
1090
1115
530
560
1225
495
1595
685
905

Ly (m)
2276
2040
1275
1142
1754
2497
1058
2629
2696
1016
1277
3147

768
3193
1394
1632

PT
(ordinal)

1
1
1
1
1
4
1
1
1
1
1
1
2
1
1
3

Azs (ha)
6,44
7,77
2,93
0,62
2,77
4,68
242

10,18
0,63
5,54
0,99
581
1,16

11,47
7,83
1,74

025 ()
195
160
248
300
115
150
180
255
352
358
358
340

90
225
235
146

Con (%)
50
59

0
14
48
77

0
72

0

6

0
59

58

83

Cli
(ordinal)

RN N R RN = = = e e

Def (%) L_for (m)

60
65
30

236
310
661
965
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