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Abstract

With the aim of better understanding avalanche inisthe Catalan Pyrenees, the present work focasdbe analysis of
major (or destructive) avalanches. For such purposgor avalanche cartography was made by an etaust
photointerpretation of several flights, winter aswinmer field surveys and inquiries to local popatatMajor avalanche
events were used to quantify the magnitude of gigodes during which they occurred, and a Majorl&wehe Activity
Magnitude Index (MAAMI) was developed. This indexbased on the number of major avalanches regdisterd its
estimated frequency in a given time period, henaguantifies the magnitude of a major avalancheag® or winter.
Furthermore, it permits a comparison of the magi@tbetween major avalanche episodes in a given taiourange, or
between mountain ranges, and for a long enouglogeiti should allow analysis of temporal trends jod@pisodes from
winter 1995/96 to 2013/14 were reconstructed. Theignitude, frequency and extent were also asseBseithg the last
19 winters, the episodes of January 22-23 and eepi@+8 in 1996 were those with highest MAAMI vaduéollowed by
January 30-31, 2003, January 29, 2006, and Jardsa@b, 2014. To analyze the whole twentieth centargimplified
MAAMI was defined in order to attain the same puwpavith a less complete dataset. With less accutheysame
parameters were obtained at winter time resolutiooughout the twentieth century. Again, 1995/96tes had the highest
MAAMI value followed by 1971/72, 1974/75 and 1938 MBinter seasons. The analysis of the spatial éxtiethe different
episodes allowed refining the demarcation of nigalal regions, and improving our knowledge abowt #tmospheric
patterns that cause major episodes and their étirmerpretation. In some cases, the importanceookidering a major

avalanche episode as the result of a previous g&Epy period, followed by a triggering one wasealed.
Key words

Major avalanche, major avalanche episode, Pyrenesgnitude, frequency, hazard, risk.
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1 Introduction

At mountain areas that receive frequent large stotire 10-year and the 100-year avalanche in éplart path may be
similar in size. In contrast, in some generally {emowfall areas, the 100-year avalanche may be rtiamgs larger than
the 10-year avalanche. The historical record orddm@age to vegetation provide good evidence ofamehle potential in
the heavy-snowfall locations, while the low-snowflalcations require extensive applications of iedirtechniques to

determine the size of the long-return-period eybfears, 1992).

The Catalan Pyrenees, especially in its southel® giesent a low and irregular snowfall regime ¢&aet al., 2007). In
this region, migration of people from mountainousas to cities during the sixties and seventigbefast century caused
a major human dispersal and thus difficulty in firgd historical memory. These factors make thatawethe risk, due to
low frequency avalanches, still presents many unkisodespite being significant. In any case, eithesugh surveys to
the Pyrenean population, or through searchingstotical archives, nowadays we know that in Caialtimere are at least
11 villages that have historically been affectechisglanches (Rodés and Miranda, 2009; Avalanchatiaae of Catalonia,
BDAC), some of which almost completely destroyed§&a, 1444; Tavascan-Plau, 1604; Arreu, 1803),namtkerous

isolated houses, affected or destroyed. Furtherrtiweee are frequent episodes of lower intensiteaiiig mountain

infrastructures (e.g. roads, ski resorts, poweesljrevery winter. This high frequency activity ibat causes victims in

winter sports (about 1.5 fatalities per averagetevii the Pyrenees of Catalonia, Martinez andrQ604).

Knowing how often major episodes occur, their istgn and their tendency through time, in relatiorclimate variability,

are basic questions to better understand hazartbandnage avalanche risk in this mountain range.

Different works have dealt with the characterizatad major avalanche episodes in the Pyrenees, @iffierent points of
view. Esteban et al. (2005) relate the avalanchigigcto the snowfall regime and characterize thifferent synoptic
circulation patterns that can generate fresh snepihd susceptible to produce avalanches from afsi8 years. Garcia-
Sellés et al. (2007 and 2009) proposed the studs fthe analysis of atmospheric circulation assediawith the
occurrence of major avalanches documented througtitaring and surveillance. From episodes iderdtifiering the past
40 years, they determined and classified whichtle@eatmospheric configurations that generated tlzemd,they obtained
the probability of occurrence for each one of thgions established for the regional avalanche &stéwy. Finally, Muntan
et al. (2004 and 2009) identified new events froemdfochronological analysis of tree rings from dredfected by
avalanches, from which they reconstructed majoscgf@s and determined their triggering atmospherit snowpack

conditions over the past 40 years. They also ifiedtprobable events up to 100 years ago.
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Extensive work has been performed in the Frencls fiizkert et al., 2010b; 2013) and the French RgeitEckert et al.,
2007; 2010a; 2013; Eckert, 2009), with observaii@valanche data obtained from the EPA (EnquétenBeente sur les
Avalanches). Avalanche events from around 3900spatére systematically recorded since the beginoihthe 20

century. The main goal of this work was to analgz@lanche activity throughout time and space ireotd determine
trends or changes, and its possible relation withate change, from the use of advanced statispoatedures. Two
periods showing different trends were determinatinduthe last 60 years with a change point aroitBland a retreat of
avalanche runouts over the last 61 winters for miglgnitude events, although the probability of ghhinagnitude event

has remained constant, suggesting that climategehlaas recently had little impact on the avalanghitythm in France.

Studies in other mountain ranges based on avalamdwoeds as quantifiers of the magnitude of avadlanepisodes, do
establish indexes (e.g. Avalanche Activity IndedIpto quantify the daily degree of activity or tdegree of activity for a
greater period of time with variable accuracy delyeg on the available data (Schweizer et al., 1998ernser and
Schneebeli, 2002; Haegeli and McClung, 2003; Eoseat., 2010a). Others (Germain et al., 2009)d s$milar indexes to
quantify avalanche activity identified from dendnognological analysis. In all these works the mdtilogy and scale of

work is adapted to the completeness and qualitheflatabase used in each case.

In the present work, we analyzed individual majealanches to quantify the magnitude and frequeficyajor avalanche
episodes in the Catalan Pyrenees. We consideratbpr' avalanche" (MA) as the avalanche which extaeeds the
reach of the usual (frequent) avalanches, causaingade in case there is forest or infrastructurekerwvicinity (Schaerer,
1986). These avalanches have been described asafiestby Schneebeli et al (1997) and specificaiyastrophic when
they affect villages and cause damage to propeéritdings, roads and other infrastructures; HOIBG09). We observed
that these avalanches typically have a return gemi@r 10 years. We considered a "major avalanpisoee" (MAE) as
the period in which the release of one or more M&uns due to snowpack instability generally causga severe storm
with high snowfalls accompanied by substantialtifigf snow, but also temperature variations causimgwmelt and or
fluctuations of the freezing level, designated agalanche cycle” by other authors (Holler, 2009t et al., 2011). It
can last from a few hours to several days. It'stieh to climatic factors makes its study highlyuable to improve

avalanche forecasting (Birkeland et al., 2001; (@eet al., 2009; Eckert et al., 2011).

We worked with MA because they cause damage amdftire risk, and because this fact allows collectircomplete data

set of avalanches obtained from a threshold defiryettie observed damage, as applied by Fitzharéig&Q).

The objectives of this paper are: (i) to recondtmajor avalanche episodes occurred over the PgseoieCatalonia during

the twentieth and early twenty-first century, {d)determine their magnitude, (iii) frequency, &iwl spatial extent.
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The rest of the paper is organized as follows. i8ec@ presents the main particularities to considerelation to the
avalanching process and climatic behavior of thdysarea. Section 3 describes the data set useHdisovork and how it
was treated. Section 4 analyses MAE from time grate point of views considering two temporal pesiadcording to

data accuracy. Section 5 discusses the obtainelisreghile section 6 summarizes the main outconfi¢Beowork.

2  Study area

The study area comprises the Catalan Pyreneesytivesstern part of the Pyrenean range (Figuranlyea of 5000 ki
The highest peaks just exceed 3000 m a.s.l. Wiergetrain is prone to avalanche release, avalancée trigger from
above 1400 m a.s.l., and they can reach elevasistiew as 600 m a.s.l. (Oller et al., 2006). Iis thiea, the Cartographic
and Geological Institute of Catalonia (ICGC) casraait an observation and surveillance survey frdiichvavalanche data

is added in the Avalanche Database of CataloniaA@®Oller et al., 2005).

The forest, widespread all across the range, fld§esy role in the detection of MA. The timberlinecdlates between 2100
and 2500 m a.s.l. (Carreras et al., 1996). Aboesdlelevations, the density of trees decreasesatcatly to a point

(treeline) from which only some individuals develap a bush. Trees act as sensors that record stuybdince or impact
affecting their growth. The effects remain for yeand can be used to map avalanches even aftdistigpearance of the
avalanche deposit. Therefore, their mapping cambee systematic than the mapping of avalancheshina not caused
destruction to forest. Avalanches that affect hursettlements and infrastructures were also coresildsut vulnerable

elements are distributed irregularly and sometitheg are variable in time, and this fact makesaelysis more complex.

High-frequency avalanches generally occur abovdithieerline. Currently it is not possible to gesystematic record of
such avalanches, as observations are made maaonty fixed points covering small areas of the teryitoor they are
registered selectively in case of accident. Theyimpossible or very difficult to detect after tiaw if they don’t produce
any further evidence. In addition, even low-frequiemvalanches releasing and arriving above thedifime are very
difficult to detect after the thaw. For that reastimese areas, glacial cirques and hanging vabéyse 2000 m, were
considered areas without information, or blind aréshaded in green in Figure 1). In these areast not possible to

obtain an exhaustive inventory of major avalanches.
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Figure 1. Location of the Catalan Pyrenees. Niviclaigregions are demarcated by violet boundarieR: (Aran-Franja
nord de la Pallaresa), RF (Ribagor¢ana-Vall Fodeh)Pallaresa), PP (Perafita-Puigpedrés), CM (®iesaord del Cadi-
Moixerd), PR (Prepirineu), TF (Ter-Freser). Areasceptible to avalanche activity (shaded in redgaa without MA

information (shaded in green). Climate varietiemtified by Garcia et al., 2007.

In 1990 the study area was divided into 8 nivolagiegions (NR) for operational forecasting (Gaetial., 1996). In 1994
these regions were reduced to 7 (Figure 1). Thissidh was based on climate characteristics, snolgaolution and
avalanche activity (Garcia-Sellés et al., 2007) dobetter characterization of the snow conditions or a better
communication of the avalanche forecasting bulléBRA). Hence, it was the empirical result of 2@Gnrgeof avalanche
forecasting. It is not a climatic classification anstrict sense, because at present meteoroladgtalseries are not long
enough to support it (Garcia-Sellés et al., 200fpse regions are Aran-Franja nord de la Palla@&B3, Ribagorcana-
Vall Fosca (RF), Pallaresa (PL), Perafita-Puigpedi®P), Vessant nord del Cadi-Moixeré (CM), Prepui (PR), Ter-
Freser (TF). All the regions drain their waters &otls the Mediterranean sea with the exception®fatbstern half of AR

which drains towards the Atlantic ocean.

Three climate varieties were defined (Garcia-Sedtésl., 2007). The north-western part has a hwuoahnic climate with
regular winter precipitation (AR region). The tothount of new snow is about 500-600 cm in winted the winter

average temperature is -2.5°C at 2200 m a.s.l..afdsvthe south of the western Catalan PyreneesRRFPP and CM
regions), the weather gains continental traits, &imder precipitation decreases. The average new stepth at 2200 m
a.s.l. is 250 cm in winter and the average tempegas -1.3°C. The prevailing winds are from thetn@nd northwest, and
they are more intense than in the oceanic domdten owith gusts over 100 km/h. In the eastern Pgesnthe

Mediterranean influence takes predominance. Wiptecipitation increases though irregularly disttésti (PR and TF

regions) and it is linked to Mediterranean cyclagg@s. The prevailing winds come from north and bghgusts often
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exceed 200 km/h at 2000 m a.s.l. The total amofinew snow at 2200 m a.s.l. is about 350-450 cmwainter average

temperature is -0.8°C.

Garcia-Sellés et al (2009) identified the atmosigheatterns which generate MAE over the PyreneeSathlonia. They
worked with 25 episodes from 1972 to 2007 (35 wajteobtaining 6 atmospheric patterns at synoptiales at a
geopotential height of 500 hPa that cause majdaache episodes (Table 1). They observed that it common pattern
(39% of variance) were north and northwest advestidhe 2nd and 3rd patterns, significantly simitamiddle and low
levels (east and southeast advections), occurrddanirequency of 31%. The other patterns haveneddrequency and

they constitute the remaining 25%. This classiftzatvas used in the present work to analyze trextsd MAE.

Table 1. Synthesis of the atmospheric patterns defin€gtbgia-Sellés et al (2009)

gﬁ;’i 500 hPa synoptic configuration Lov[\:l ;ﬁ;gljr;ggﬁpuc eﬁiibgfnes Snow and avalanche conditions Ty’\[l;;: el Acronym
Azores high pressures extended over the Atlantic Intense  snowfalls, very lo
1 chan anq deep low pressure on the axis Baltic & and NW advection 12 temperature, very active snowdrif AR NNW
Italian Peninsula Major powder avalanches, sometimes
wet.
Long trough at 500 hPa exhibiting an oblique akxis
> oriented NW-SE, due to the Siberian high oyetow pressures, SH 2 Weak layers in the snowpack. Hea: PR TE E/SEL
Europe which diverts troughs to the Mediterrangafiow precipitation. Dense flow avalanches !
Basin
A blocking high pressures situation at 500 hPa over
3 Central and North-Western Europe and a cut-off Ipwigh pressures, H 2 Intense snowfalls, mild temperatures.PR, TF, E/SE2
centered over the south of the Iberian Peninsylaand SE advection Dense and wet avalanches RF
North of Africa
4 A deep low with a very cold core over the Lion Gul N and NE advection 1 Strong north_em winds and hea yAny cL
snowfalls. Major powder avalanct regior
A wide low pressure is located at high and low leve Very intense precipitation, mild PR,
5 in the west of the Iberian Peninsula S and SW aibrec 2 temperatures. Dense dry and wetCM, SISW
avalanche RF, TF
A ridge from the subtropical anticyclonic belt spds Sudden melting processes on sn Wan
6 further north over the Western Mediterranean Sea rm\axvection 2 cover which contains persistent we: kreg};on A
layers

3  Material and methods

31

Major avalanche data

We worked with avalanches recorded in the BDAChef ICGC (Oller et al., 2005). Data were collectedrahe past 25
years. Currently the BDAC stores 3052 avalancheembsion (AO) records, dated from 1971 to presamg 459
avalanche enquiry (AE) registers (called genercallalanche enquiries although they include engsiiFioral- information
s. s. and also historical documentation) from thddié Ages to 1997. In the BDAC, each register apped and different
qualitative and quantitative data are recordeccés? date and conditions, morphometrics, flow chariatics, damage).
AO data come from the ICGC observation network te@an 1988 (Furdada et al., 1990) and AE data cthoe

systematic field surveys performed from 1986 to @00 elaborate the Avalanche Paths Map (Oller £t2806) even

though nowadays if new findings are made they emtnded likewise.
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For this study an extra effort was done to complatel improve the MA data of the BDAC. Speciallyeth
photointerpretation of different flights with conaeé coverage of the Catalan Pyrenees was reinfofdedeover,
additional work was done to prepare data for treatm(i) selection of major avalanches, (ii) delinggdata to avoid

mistakes and repetitions and (iii) completing thges from field work, inquiries to population aplotointerpretation.

Altogether, we used a dataset consisting of 654n®jalanches, 477 of which dated, at least, atewgeason resolution,

and the rest, dated with less accuracy.

Avalanche information was obtained through varisosrces (Figure 2): (i) event observation, (i) foiiraterpretation, (iii)
historical information and (iv) dendrochronology.adh source contributes in a different manner, theseng
complementary sources (Ancey, 2004; Corona et28ll?2), the joint use of which improves the recargtion of the

registered avalanches. An outline of advantagegleantbacks depending on the source is given futibw.

Based on the completeness of the series, we defingetiods: (i) P1, with very sporadic records ptio the twentieth
century obtained from historical documents largelgually they are isolated events that affect itieal The oldest events
are dated to the fifteenth century. The lengthhef tunout of most of these avalanches has not isgrated since then.
The MA register has not have enough continuitydaibed in the time analysis, but the runout digai¢hese avalanches
have interest as a reference distance in relatidhe length of other avalanches, all in the sawagaache path, as in the
corresponding NR. (ii) P2, which covers the twethtieentury, until winter 1994/95. Mostly, the redavas obtained from
inquiries to the local population, but also froomdechronological analyses (Muntan et al., 2004 20@P). The dataset is
incomplete but probably the most important evergsewecorded. P3 (iii), from winter 1995/96 to firesent, the record
of MA can be considered systematic and completalaches were mapped from the observation of phenanand

evidence on the vegetation and infrastructures.

Although there are records since thd t&ntury (P1) in the dataset, we worked with P2 RBdlata as it was considered

that the series were reasonably complete with mtdpehe episodes of greater magnitude (Figure 2).
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Figure 2. Decadal distribution of MA (Major Avaldmes) recorded, and source of the data in P2 angkR8ds. Date of
winter has the format ¥ ,Y1Y1Y,Y,, where YY,Y1Y; is the year in which the winter season starts, ¢, identifies

the consecutive year.

311 Event observation

Events can be mapped from direct observation of gifects during winter or from effects on vegéaiator infrastructures
once winter is over. We call terrain mapping theugr of methods used to map avalanches througheffeicts. In MAE,
during winter, the large number of fallen avalarhequires a good mapping strategy, because tise lafptime before
avalanche deposits disappear might be short oheeabnditions can be adverse to carry out the skwhen possible,
helicopter flights were done just after the MAEoirder to obtain an overview of the extent of thisege and the released
avalanches and to take photos. This previous wimlved a prioritization for subsequent mappinghe field of the most
important avalanches; while the remaining avalaschere mapped from the pictures taken from theTéie mapping of

the avalanche in the field increased the accur&tyeoobservations made from the air.

All this procedure was possible, on the one hahthere were appropriate flying conditions (visityiland good wind
conditions) and good accessibility over land toakalanche sites, and, on the other hand, if sulesgcsnowfalls, drifted
snow accumulations or high temperatures, had nteresl the deposit conservation, hindering its ifieation.

Orthoimages and topographic base 1:5000 were seeference maps, as well as GPS, allowing to {ererece all field
observations accurately up to reaching metric teigwl. For smaller magnitude MAE, the work was derelusively over

land.

Temporal accuracy of the data is often at episad®lution (daily or almost daily). Normally, alttgiu we have no

accurate temporal information of all avalanchesmed, episodes can be reconstructed from the sisalf/the avalanche
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characteristics and their spatial distribution. tppaesolution is variable. If the cartography wasde from an oblique
photo, and not many references (trees, rocks, foocmsld be identified on the landscape, the erowid be up to 100 m.
Besides, if there were good references, the epoldde reduced to around 10 m. If the cartography done in the field
by using a high precision GPS, error was less fltam. However, for events involving very dry anchramhesive snow,
with a powder part, the furthest point of the runisusometimes impossible to locate because ofavedefinition of the

deposit (Eckert et al., 2010a).

Summer field work after avalanche occurrence wasyd necessary, even though the avalanche hadrbapped in
winter. When the avalanche was destructive, esihyettaforest, it was mapped during summer from daenage to trees.
In addition, conditions for accessing to the sit laetter and there is not the haste of the winsgection. Evidence may

be diverse, but mapping mostly relies on the edlesigns that avalanches have left on vegetation.

In addition, it is possible to map the boundariethe affected area several years after if thedesd wood. Tree remains
can last around 10 years at least before they pésaby decay (Elena Muntéan, personal observatidie degradation
rate of dead wood depends on moisture, temperatatespecies. As a general rule, humidity and aeetegperature is
lower as we ascend in the Pyrenees and thus, wed debris lasts longer at high altitudés.situ stumps of resinous
conifers can last appreciably longer. These areieler, the limits of the avalanche destruction, &nd not possible to
clearly distinguish the damage caused by the dpaseof the avalanche from the powder part, if agdiavalanche took
place. Only when the avalanche occurred the wibégore the field inspection, it was still possibtesee the scattered
twigs carried by the powder part and map the liroftthe area. At this stage, mapping from evidgoeided information
exclusively from the track and the runout of th@lamche path. When using a high resolution GPSy#ueeferenciation
accuracy can be very good (10 to 1 m), but if evigés are not clear, the identification of the Isrof the avalanche can be

more imprecise.

312 Photointerpretation

The analysis of aerial photographs guaranteed dheleteness of the MA cartography, given its geplgiGal extent and
precision. Photointerpretation was used to seackvidences of MA not detected from event obs@mato complement
the information obtained from other sources. By panng aerial photographs before and after theodpts, not only the
avalanches that had destroyed the forest coulddmped, but also the extent of the devastated foredtl be quantified.
In addition, by this method, it was possible toraeige the whole of the affected territory quicklydaeconomically. The
first available flight covering the Catalan Pyresiée a digital format is the “American flight” perfmed from 1956 to

1957. The second digital flight covering this regwas done 33 years later (1990), but the frequehayew flights has

9
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increased up to present, with flights from the Ggraphic and Geological Institute of Catalonia ([CGlmost every year.

This fact allows a very detailed monitoring of retactivity.

The temporal accuracy of data depends on the freguef the successive flights. In any case, theecuiresolution is, at
best, the winter season. However, depending ordiftebution and characteristics of MAE occurremging the time
window without ortoimages, some events can be dategpisode resolution. This resolution decreaseg fast as we go
back in time because the spacing between flighdeeases rapidly. The combined use of the otherrimdition sources
improves the dating of the observed events. Théiadp@solution depends on the images resolutioniclv has been
improved from the first flights available (scale83:000), to the recent flights (mainly 1:5.000)rhobtaining a metric
resolution when mapping. For dense flow avalanchés, a well defined deposit, the accuracy can le¢rim using recent
aerial images. In the case of avalanches with adpowart, the precision is lower, obtaining a bamdorresponding to
the extent of the avalanche with destructive capaBhotointerpretation should always be suppobtedield observation

in order to get a better accuracy.

3.1.3 Historical information

A basic source of historical information is theay to people living in the affected areas, prdigrahe elderly, which
allows obtaining information of a longer time petidrhis technique revealed the occurrence of achks during the
twentieth century, mainly. Enquiry data is not édonbus and systematic, and the information providgdespondents is
often inaccurate, and in some cases wrong (Andeg6)2 However, sometimes this information can bmee by other
sources. In any case, this information has impraigdificantly the knowledge of avalanche actiuiyring the twentieth

century (P2 period).

Temporal accuracy of recounted avalanches is oéeynimprecise. Only 23% of the registered evergsewdated to winter
season resolution. The spatial accuracy is veriabkr also; it is generally possible to know thagel affected by the

avalanche, but not its actual limits.

Search in historical archives and documents diramtlindirectly provided evidence of the occurrenfeavalanches. This
technique allowed us to find events before the tigdm century. It is a very time-consuming and spleed method
because it requires the review of a large amourntostimentation to find little information. But wieaer data found is

important because normally, if the avalanche waerded, it is because it caused damage.

By contrast to other sources, the exact date ofetlet occurrence is often found in historical rdsp being the time

resolution, daily. The spatial accuracy is veryialale, because usually information describes wheelamage was, but it

10
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is hard to know the actual reach of the avalanthgeneral, the obtained information should be m®red as a minimum

distance in the runout. Even more difficult is &t qformation of the starting zone.

Note also that historical data are usually biasseatds events that have caused damage to structuless of life on the

one hand, and non-existent in areas depopulatéideosther (Corona et al., 2012).

314  Dendrochronology

Dendrochronology provides data about frequency extént of avalanche events from the analysis & tiegs. It is
therefore necessary that there is forest in thimitycof the avalanche path. Samples from treescatlected and analysed
using prevailing dendrogeomorphological method$hsas described by Stoffel (2013). Especially, grodisturbed trees
located in the lower track and runout were analy®efind out high-magnitude events reaching thegdat distances. In
every avalanche path, we used reference chronsldgimkes, 1968) built from undisturbed trees i tiearby forest to
verify datings. Events can be dated with annuallut®n by this technique and the time interval elegls on tree age, data
ranging from the oldest evidence to the presemFa spatial point of view, depending on the sangpéiffort, a resolution
of the order of 10 m can be obtained. Thus, weutheti data from dendrochronology in the datasdterféw cases where

there was enough information related to runoutrex@untan et al., 2004, 2009).

32 Major avalanche data characterization

We worked with data from 654 MA registered in 51&lanche paths. In Figures 3, 4 and 5 some chaistae of these
MA are compared with all the avalanche observati@®) registered in the BDAC. Avalanche observati@me mainly
avalanches that cause winter sports accidents féext eoads, ski resorts, infrastructures, buildinegtc., or occur close to
them, they are gathered from fixed observation fgoand they include artificially released avalarsch&hey permit
comparison of a random sample of avalanches dodemhesince 1971 until today (AO), with MA, a seletteet of
naturally released avalanches that comply with 8adradefinition as explained in previous sectidhss necessary to
clarify the term "random" because if AO are recdritds because they have caused some disturbartwenian activity.
Although deviations from random are expected bezafsthe existence of avalanches triggered arifici different
periods of observation depending on the observéneraffected infrastructure, etc., these are mattdvith in this study.

Here AO data have only been used for comparisdm MA data.

As shown in Figure 3, major avalanches are mediorfatge size avalanches (sizes 3 and 4 mainly,rdicapto the
Canadian snow avalanche size classification systée@lung and Schaerer, 2006), with remarkable destre capacity.

But small size avalanches can also be consideredifMidey caused damage as indicated in figure 8a@} MA are
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287

288

infrequent avalanches, as can be seen using A@bdistn as the reference distribution. Interediingroportions among
MA are similar to those found out by Barbolini akdylock (2002) for a single avalanche path (Sudawi&lanche path,
Iceland; classes 3+3.5, 45%, and classes 4+4.5,ii5@&ir case), when explaining which are the nfiesjuent avalanche

sizes reaching an extreme runout.

o
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w H U1
o
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[
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I . 5
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Canadian snow avalanche size scale

o

W BDAC (AO) mMA

Figure 3. Size of documented Major Avalanches (MA= 528 out of 654) and size of avalanches obseavedi
documented in BDAC since 1971 (BDAC-AO, n = 2054 ou3052) according to the Canadian snow avalastteescale

(McClung and Schaerer, 2006).

Regarding the type of observed dynamics (Figuremgjor avalanches are mostly avalanches in whiglowader part
(aerosol) has been observed (purely powder or mixesd). They are drier and therefore lighter, fastel more powerful

than regular avalanches, which are mostly wet sooes.
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290  Figure 4. Type of Major Avalanche dynamics (MA; 232out of 654) in relation to Avalanche Observatiegistered in

291  the BDAC since 1971 (BDAC-AO; n=1371 out of 3052).

292  This behavior is due to the fact that occurrencéhef episodes is registered mainly in January, wery marked peak,
293  decreasing logarithmically towards May (figure B&ing January and February the coldest monthseilCttalan Pyrenees
294  (SMC, UB, ICC, 1997). It explains why MA are mairdyy (57%) and often present a powder part (39%). ge more

295  uniformly and normally distributed, being Febru#ing month with the maximum frequency of avalanaleesrded.
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Figure 5. Frequency of Major Avalanches (MA, n=21 of 654) in relation to Avalanche ObservatiorO)registered in

the BDAC since 1971 (n=1644 out of 3052).

3.3 Datatreatment

We worked with periods P3 (19 winters from 1995t862013/14) and P2+P3 (113 winters from 1900/02Q0t3/14),
separately, taking into account the different resoh of the data. The common MA parameters avilédr both periods,
useful for the goal of this work were the spatigtribution, the temporal distribution and the ruhalistance. Runout
distance and date of occurrence data together wébetation analysis were after used for frequentsisity

determination.

331 Common parameters: spatial, temporal distribution and runout distance

All the recorded events were georeferenced acogtditheir X and Y coordinates.

Winter season was considered the time unit to vimfR2+P3. This fact forced us to discard many evénf2 that were

not possible to date at that resolution. HoweveR 3, most of the events were dated at MAE timelugisn.

Runout distance is the most sensitive parameteguse accuracy is variable depending on the satfiricdormation. The
runout distance considered was determined fromdesructive effects of the avalanche. This is thdy @wommon
parameter for both periods, P2 and P3. Actuallyatwhe compared is the minimum extent of the avdlar(€Corona et al.,
2012) as explained before. It should be notedttiatrange of uncertainty is significant, and it inws taken into account

in the interpretation of results.

The extent of the different events for each avdiangath was mapped on the digital topographic atttbphoto bases

1:5000 of the ICGC, as shown in the example of fedu

33.2  Frequency/Intensity

The relationship frequency/intensity of each evesas obtained from the relative position of the efiint distances
measured in the runout zone (Figure 6). In geneialexpected that in a given avalanche pathhasaterage intensity
increases downhill in the runout zone, the averfagguency decreases (McClung, 2008). Thus, intensitindirectly
determined from the observed frequency. This iethas the principle that the farther the reacthefavalanche, the more
intense it is, and the rarer is the avalanche,ntioee the probability of being observed decreasesafl] 1992). The
parameter used to find out this relationship waes riilative runout distance between different eventselation to the
frequency of occurrence in each avalanche path.
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Figure 6. Example of runout distances reached figrdnt avalanches in a given avalanche path, nthip#t) and plotted

in a topographic profile (right). HF, MF and LFghi, medium and low frequency avalanche reaches.

The return period is the time interval in which tiu@out distance is achieved or exceeded in a gdoént. Frequency is
the reciprocal of the return period. It is therefguossible, in principle, to map return periodstie runout zone
corresponding to different distances downhill, é@ample, 1 year, 10 years, 100 years, corresportdisgmean annual
probability of 1, 0.1 , 0.01. These distances iaseein the runout zone at the same time that tenr@eriod increases
(McClung and Schaerer, 2006). Given the lack oadgnerally everywhere, avalanche frequency caesbmated as an
order of magnitude (Mears, 1992; Weir, 2002). M¢a@9?2) indicated that the return period (T) dészsia range of time.
According to the author, given this uncertainty, &m avalanche to which we assign a return perfdtDoyears based on
our observations, the return period would be betw&and 30 years, while a 100-year avalanche woald a T between
30 and 300 years. In any case, the range of umugr@diminishes in relation to the number of eveatsilable for each

avalanche path.

Based on the classification table of mountain hdgdry Weir (2002), a classification of the avalandrequency was

defined for each avalanche path (Table 2). The essigned to the frequency is indicated accortbrigears (1992).

Table 2. Frequency classes established for theettesvalanches (based on Weir, 2002). Values ienplaeses indicate the

range of uncertainty.

. Annual

Frequency classe: Sl e probability of

v occurrenc
Very high (VHF 5 (1-10) 0.2 (1-0.1)
High (HF) 10 (5-30) 0.1 (0.2-0.03)
Moderate (MF 30 (1¢-100 0.03 (C.1-0.01)
Low (LF) 100 (3(-300; | 0.01 (€.03-0.003
Very low (VLF) 300 (>100) <0.003 (<0.01)

To determine the frequency in the runout zone tleréeria (absolute and relative) were considef@daumber of times

that events with similar runout distances were agge in relation to the lapse of time between thatvsolute), (ii)
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vegetation clues as a reference (absolute), ahgdace/time relationship between runout distafes/alanches recorded

in each avalanche path (relative).

Very high frequency avalanches were not considbtAdaccording to the criteria used in this studyeféare no cases in
which these avalanches have affected forest. Hgfukency avalanches affect forest often, but neay. At least 20% of
the high frequency avalanches recorded in forgségials, did not affect forest. This means that fpbgshe record of high
frequency avalanches is not complete in P3 (we @agnarantee a complete record if there is no exiele On the
contrary, we consider that the register of moderateery low frequency avalanches is almost conepietP3 (figure 7).
The long time interval between one avalanche aacdhéxt allows the forest to recover and, in thiofahg episode, it will

be affected. The same, but more pronounced, hapg#ntow and very low frequency avalanches.

The number of MA in which the frequency could beedmined in P1, P2 and P3 is shown in Figure 7.itAsn be
observed, the older is the period, the lower isfteguency of the registered MA. Time filters hilgaguency events, which
are less destructive and therefore less perceiyatebinhabitants, and only the most important Mach us from written

and oral sources.

300+

200

Number of MA

100 -

P1 P2 P3
Period
Figure 7. Number of Major Avalanches (MA) from whiwe could determine its frequency in P1, P2 andirR8 periods

(n=633 out of 654). HF, MF, LF, VLF: high, moderalawv and very low frequency major avalanches.

In Figure 8 the distribution of the registered ediss in P3, number of MA registered per episode ienestimated
frequency is displayed. The mean is 1.6 MAE pertavirbut with a high variability (standard deviatiequals 1.6), with
some winters without MAE and winters with up to 5AEL Only 7 winters register more than 10 MA, ane targest

episodes just exceeded 50 MA (22-23 January anéFéb8uary 1996, 30-31 January 2003 and 24-25 Jara0dr). High
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frequency avalanches from 1995/96 episodes wetgaptp underestimated because at that time, theeslance service

was at its initial stage and it was less efficigwain nowadays.
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Figure 8. Frequency assigned to Major Avalanched)(ider Major Avalanche Episode (MAE) in P3 periddate of
episodes has the format YYYYMMD;D;D,, where OD; is the first and ED, the last day of the episode. HF, MF, LF:

high, moderate and low frequency.

In three of the registered MAE (6-8 February 198®:31 January 2003; 24-25 January 2014), urbars aveee attained by
MA. In the first case a hostel was seriously dardagethe second case a house was totally destraygdnother partially
damaged, and in the third case, a touristic-apantsnieuilding was damaged at functional level. Thibsee episodes are
the ones which registered most avalanche occurseitds important to point out that all the dareddpuildings were built

after the seventies of the twentieth century irvignesly uninhabited areas.

The distribution of MA activity per winter and estted frequencies in P3 (Figure 9) show how theeftvirequencies
were registered during the first half of this pdrideing the second half more active owing to thenler of major-

avalanche winters and the frequency of MAE occuesr(Figure 10).
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379  Figure 9. Frequency assigned hajor Avalanches MA) per winter in P3 period. Date of winter has thenfat
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383  Figure 10. Number of Major Avalanche Episodes (MAEY winter registered for P3, and observed avakmynamic:
384  (light blue: aerosol, dark blue: dense dry, orangeseleret, red: slushflow). Date of winter has therfar Y;Y,Y1Y1Y,Y,

385 where YY1Y,Y;is the year in which the winter season starts,¥,Y ;the decade of the consecutive yt
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4  Analysisand results

41 Analysis of the period P3 (1995/96-2013/14)

411 Temporal analysis

A primary objective of this study was to quantifetmagnitude of the registered MAE. For such a aemn index was
conceived, similarly to Schweizer et al (1998) &takgeli and McClung (2003). In the case of thetkaas, they applied
an index on a daily basis (Avalanche Activity IndéAl), that is to get a value of the daily activivf avalanches. They
based it on the avalanche size, according to tadian avalanche size scale (McClung and Sch&2066). They used
the sum of all observed avalanches consideringighivaccording to its size. In our case, since wg avorked with MA,
mostly sizes 3 and 4, we used the frequency to asiph the exceptionality of the episode. Major avehes were
classified in 4 classes (from 2, high frequency5tovery low frequency) and a weight inversely pmdipnal to the
estimated frequency of each avalanche was assi@h&d 0.3, 1 and 3). Like that we gave prominernzehe lower
frequency avalanches, the most intense, and ataine time, the small weight of HF MA prevents digant deviations
caused by the incompleteness of this frequencys.clébe obtained parameter was called Major Avalan8btivity
Magnitude Index (MAAMI). The MAAMI gquantifies the agnitude of a MA for a period of time. It can bepkgxd to the
time scale allowed by the data resolution, e. gisage, month, winter. In P3 we could apply thideir at MAE resolution

following the expression 1.

Nure Nwmre Nire NyLre )
maamie =|( 01)+ 03) +( 1)+ -3)]/2a soression 1
e [max(NHpe) e ) G ge U S 3V (expression 1)

For each episodeg), avalanches were grouped according to their #aqu and were divided by the maximum value
registered in the dataset for standardizatiof-eNs the number of high frequency MA recorded inepisodee, and
max(Nye€) is the maximum number of recorded high frequeki@y in a MAE. The resulting value for each frequency

class is multiplied by the weight assigned to heTinal value is divided by 4.4, to obtain a retegtween 0 and 1.

The MAAMIe is also an exceptionality index of the MAE for thealyzed period. The resulting values respond to a
logarithmic scale. Following the same reasoningualloe weight assigned to the exceptionality ofasalanche, values

were classified as shown in table 3.

Table 3. MAAMI values classification.

MAAMI |
| Classe | Numerical valu_|
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412

413

414

415

416
417

418

419

420

421

422

423

Low <0.03
Moderate 0.03-0.1
High 0.1-0.3
Very high >0.3

In P3 period (19 winters) the MAAMIwas calculated for the 29 recorded episodes (Eigd). We obtained high values
for January and February 1996 episodes, even thdaghary could be considered to be very high. BeB81B January
2003, 29 January 2005, 29 January 2006, 18-19 Bepr2013 and 24-25 January 2014, the MAAMialues were

moderate, and for the rest of MAE values were low.
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2003013031
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2006012929
2006032626
2008042424
2009021015
2009122424
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2013011920
2013020811
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2013112022
2014012425
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>

E

Figure 11. MAAME values obtained for P3, and observed avalanchandigs (light blue: aerosol, dark blue: dense dry,
orange: dense wet, red: slushflow) per Major AvelienEpisode (MAE). The scale of the ordinate axisgarithmic. Date

of episodes has the format YYYYMMD,D,D,, where QD; is the first and ED, the last day of the episode.

For each episode, the extent of the area deforéstegalanches was mapped and measured (Figur@Hi®)parameter is
also an indicator of the exceptionality of the epis. We correlated the MAAMIvalues with the deforested area values
and we obtained a Pearson correlation coefficieft@6, which reinforces the validity of the MAARIRs an indicator of

MAE magnitude.
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424

425  Figure 12. Deforested area per Major Avalanche dgfas(MAE), for P3. The scale of the ordinate asidagarithmic
426  (2013/14 MAE deforested areas were not added tdldkeset because the mapping process was notethatthe date of

427  the publication of this work).

428  The obtained MAAMe values were associated with each atmosphericlation pattern defined by Garcia-Sellés et al.

429  (2009). In table 4 all registered episodes, obsbdymamics per episode and corresponding MAAN&Iues are listed.

430 Table 4. Registered Major Avalanche Episodes inpBBod and corresponding number of registered MBseoved

431  dynamics, deforested area and MAAMalues.

Episode N El_slt [nated If/lr Ealliene) I(_N) Comp. Observed dynamics E:f;r ?ﬁg)d MAAMIe
1996012223 53 9 30 14 S/ISW Dense dry and aerosol 7.718 0.295
1996020608 54 16 33 5 N/NW Aerosol 114. 0.159
1996032222 1 1 0 0 A Dense wet 0. 0.001
1997012121 6 2 4 0 E/SE2 Dense dry and dense|wet 9 [2. 0.009
1997121818 3 0 3 0 E/SE1 Slushflow 0. 0.006
2000041515 1 1 0 0 S/ISW Dense wet 0.p 0.001
2001013131 1 0 1 0 N/NW Aerosol 0.7] 0.002
2003013031 53 31 22 0 N/NW Dense dry and aerosql 147 0.064
2003022727 6 3 3 0 E/SE1 Dense dry 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 Dense dry and aerosol 7 1p. 0.067
2006032626 1 1 0 0 A Dense wet 0. 0.001
2008042424 3 2 1 0 SISW Dense dry 2.1 0.003
2009021015 7 5 2 0 N/NW Dense dry and aeroso 2.9 .0070
2009122424 1 1 0 0 SISW Dense wet 0.p 0.001
2010022628 6 4 2 0 SISW Dense wet 0.7 0.007
2010030809 15 3 12 0 CL Aerosol 1.6 0.027
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432

433

434

435

436

437
438

439

440

441

442

2011040101 1 1 0 0 A Dense wet 0. 0.001
2012021718 4 3 1 0 N/NW Dense wet 1. 0.004
2013011920 20 18 2 0 S/ISW Dense wet and dense dry .2 9 0.015
2013020811 3 2 1 0 N/NW Dense dry 0. 0.003
2013021515 3 3 0 0 N/NW Dense wet and dense|dry .7 0.002
2013021819 33 23 10 0 E/SE1 Dense wet 2213 0.034
2013030505 4 4 0 0 S/ISW Dense wet 3p 0.007
2013112022 3 2 1 0 N/NW Dense dry and aeroso ND 003.
2014012425 55 38 17 0 N/NW Dense wet NI 0.060
2014030404 1 0 1 0 N/NW Dense dry ND 0.002
2014030808 1 0 1 0 A Dense dry/wet ND 0.002

Major avalanche episodes with greatest MA&M&lues correspond to the pattern S/SW (with a kagfability) as shown
in Figure 13, and in the second place, to pattéf8E2 and N/NW with less variability. The MAAKIdecreases
considerably in CL and even more in E/SE1 MAE.sltierely testimonial in A MAE, since in these sitoias major

avalanches have occurred sporadically.

0,15=

0,10 =

MAAMIle

0,05=

0,00 =
NNW ESE1 ESE2 cL SSw A

Component

Figure 13. MAAME values (mean and standard deviation) relatedeio #issigned atmospheric patterns.

In relation to the month of MAE occurrence (Figde, the highest values were obtained in Januadyrafruary and, in
decreasing order the following months until springvember and December also registered low MAAMHIues. In those
episodes in which a powder part was observed, tA&MI e values were the highest, indicating that thesettaemost

intense episodes. In contrast, the more dense ahtheavalanches, the lower the MAAdMIalues (Figure 15).
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444  Figure 14. MAAMLEe values (mean and standard deviation) relatedetontbnth of occurrence.

0,15=

0,10=

MAAMle

n=1

Aerosol Dense dry Dense wet Slushflow

Dynamics

445

446  Figure 15. MAAME values (mean and standard deviation) of the epsaoecorded in function of the observed dynamics.

447  However, these data must be interpreted with causince in some cases the standard deviationeiater than the

448  average, indicating that we need to increase timpleasize to confirm the results.

449  Considering winter season as the temporal unitHiersame time period used for episode analysis (#3)obtained the

450  results shown in figure 16. From the 19 winter®8period, MAE were registered in 16 winters, beif§5/96 the most
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important Major Avalanche Winter (MAW), with veryigh MAAMIw values. On a second position, winters 2005/06,
2002/03, 2013/14, 2012/13 and 2004/05 (in decrgamider), registered moderate values, and the etlters registered

low MAAMI w values, despite being significative in 2009/10.
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Figure 16. MAAMMW values obtained for the period P3. Date of wihizs the format YY,Y,Y1Y,Y,, where YY,Y Y, is
the year in which the winter season starts, apd,Ydentifies the consecutive year. The scale of thdinate axis is

logarithmic.

Note that when working considering winter seasonth@stime period, the dataset is larger than whenkiwg with
episodes, because we can add data dated at winerdsolution to the dataset. This is due to tfae¢uracy of temporal

data when the avalanche mapping has been donevirgetation clues in summer, in the field, or bytphderpretation.

We applied a logarithmic transformation to the MAMWvalues (log_MAAMW) in order to obtain those for statistical
treatment. We obtained a dataset with a good sigmi€e with the test of Shapiro-Wilk (p-value 082 aa level 0.05),
which means that the function fits to a normalritistion. Considering the data set (log_MAAN)Ia normal distribution,
we obtained the estimated probability values (t&)leThey indicate the annual estimated probabdityccurrence of a
log_MAAMIw value lower than a given value. For example, theual estimated probability of occurrence of a afint
with a MAAMIw value lower than 0.001 is 40% while the annuaimested probability of registering a winter with a

MAAMI w lower than 0.3 is 97% (conversely, a MAAMI highiean 0.3 is 3%).

Table 5. Exceedance estimated probability of MAAMiccurrence. The 95% confidence interval of theditdistribution

is [1.54x10% 1.01x107.

MAAMI w Estimated accum
Class | Value probability
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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

As explained in section 3, urban areas were affeitte5-8 February 1996, 30-31 January 2003 and32dahuary 2014
episodes, for which moderate to very high MAAM/falues were obtained. According to the resultsvshim table 5, the
estimated annual probability of occurrence of a MMAv higher than 0.03 (moderate) which could affectanrlreas, is

17%.

412  Spatia analysis

From the spatial distribution of the MA recordeddach MAE, the most likely affected area was regaoged. Our

reconstruction was based on the criterion thab#tevior of air masses is strongly influenced Bigfecausing 50 to 70%
of mountain precipitation in winter (McClung andh@erer, 2006). Orographic precipitation modelsudelthe assumption
that precipitation is produced at a rate thatiisally proportional to the rate at which the ailified (vertical component of
wind velocity) over the mountains. The first mountatruck will usually induce the most precipitatiand subsequent
barriers receive less as the moisture supply imathenass diminishes (McClung and Schaerer, 2006 assumption is

easily confirmed in the distribution of avalancliepending on the direction of the air mass thaeggad MAE.

In several occasions the occurrence of avalancbeswind from the direction of the air mass was obse. In other
cases, the orographic lifting generated by theefataused the triggering of avalanches on diffespgects, possibly
because the air mass was associated with weaketsvifrat did not condition the formation of overaoclations
downwind. On numerous occasions, the occurrencenajbr avalanches was not observed until reachieghighest

elevations of the mountain range, although thenaiss passed through avalanche prone areas bubwih elevations.

Taking these observations into account, we basedi¢timitation of the spatial extent of the differ®AE according to
the following criteria: (i) when the registered kareche or avalanches were located in a valley opéhe direction of the
air mass, the whole valley was considered affeatddss the extent of the episode could be clearyirca part of the
valley, (ii) if the direction of the air mass wasrpendicular to the valley, and last avalanchethéndirection of the air
mass were located upwind, the limit of the episedes mapped along the ridge of the valley, (iii)the case that
avalanches were registered on the leeward of thyerithe border of the episode was mapped at ttienbaf the valley.

An example of how we mapped the spatial extent AENk shown in Figure 17 for winter 2002-2003.
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Avalanche suscpetibility area

ANDORRA

Figure 17. Map of the episodes inferred from ttggstered avalanches. Example from 2002/03 winteto €pisodes were

reconstructed: 30-31 January (component N/NW) &Bebruary (component E/SEL).

These arguments fitted very well for MAE which adated atmospheric pattern was the triggering faofoconditions
leading to MA occurrence. Instead of this, in scepé&sodes the spatial distribution of the recordedl fiowed a typical
configuration from other patterns. In these caties,criteria explained in the previous paragrapth teabe adapted. For
instance, the 18-19 February 2013 MAE, classifiedE£5E1L, showed a typical N/NW pattern affectech gdfégure 18),
meaning that this MAE is the result of a preparagieriod and a later triggering one. During thetfjgart, the unstable
conditions are prepared, but it is in the secontl that the episode is triggered. In fact, befaBel® February 2013, two
N/NW MAE occurred successively (8-11, and 15 Februaith low MAAMI e values (few MA were registered). These
which prepared the conditions for the following ssmle, a E/SE1, which tipically affects the eastastnPR and TF
nivological regions, but in this case it affectedyoAR region, registering moderate MAAKIValues. This fact reinforces
the idea that the study of MAE from a climatic goof view needs a wider temporal approach, consigeprevious
atmospheric conditions (Garcia et al., 2013), anthesame time, it supports the relationship betwavalanche activity

and a cumulative NAO index demonstrated by Keyl@203).
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Figure 18. Map of 18-19 February 2013 episode iafefrom the registered avalanches.

In order to better define the nivological regioéR|, the spatial extent of the different MAE wasgped according to
their associated atmospheric patterns, describe@drgia et al., 2009 (previously shown in tableatid frequency and

MAAMI e values were represented superimposed (Figures 29)t

The N/NW configuration was the most frequent atnhesjz pattern, with 10 recorded episodes. Thisepataffects the
north-western part of the study area more frequetithn other parts (Figure 19, left). It is chaesized by intense
snowfalls, strong winds from north and northwestl aery active snow drift processes. These episadiexted in a
relative uniform way the AR region, and their freqay decreased towards the south, in PL and RBriegirhe Eastern
Pyrenees were only affected by one N/NW episodeggbdfor the region TF and PP, the northern onéschwregistered
two other episodes close to their northern bouedatin general these episodes showed high MAélues (figure 19,
right), but the sum of all gives a quite homogersemsult for all the regions with the highest valaong the southern
boundary of AR region. In the majority of cases, masses coming from N and NW are the main drifersN/NwW
episodes, but although AR region is the most affiscthe strong weight of the MAAMIobtained for the MAE of 6-8
February 1996, which origin was at least during 28623 January 1996 MAE, a S/SW pattern, gives a disibution

more typically caused by a S/SW than by a N/NW MAE.
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Figure 19. Spatial extent of the Major AvalanchésBdes (MAE) generated by N/NW atmospheric pattEraquency of
MAE occurrence (left) and sum of the MAABIValues of the superimposed events (right). NR:oMigical Regions;

ASA: Avalanche susceptibility area.

Three E/SE1 episodes (Figure 20) were recorded. @wbem affected regions PR and CM with low MAAdNalues.
One of these episodes corresponded to the slushfbeaurrence in 1997/98 winter (Furdada et al. 91.98n exceptional
phenomenon since avalanche activity is recordedeérCatalan Pyrenees, which affected a limited. &Fka third episode
was registered in 18-19 February 2013 which asaéx@dl before, affected only the AR region althotiyd atmospheric
pattern associated to this episode was charaaebiyea southeast maritime flow at surface levelsdpcing heavy
precipitations in regions closest to the Mediteem Sea. This MAE registered moderate values, itifeest for a E/SE1

MAE.

Wes, o FRANCE E/SE1 MAE FRANCE E/ESE1 MAE
4 2 g Nr MAE NR MAAMIe sum [ MR
5 0,00-0,05 I AsA

PR

Eag
¢ r',‘" PYRENEES
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E‘Sr
ERpN
~ ‘“IQ“MPYRENEES

Figure 20. Spatial extent of the Major AvalanchésBgdes (MAE) generated by E/SE1 atmospheric pattemequency of
MAE occurrence (left) and sum of the MAARIVvalues of the superimposed events (right). NR:oligical Regions;

ASA: Avalanche susceptibility area.
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The E/SE2 atmospheric pattern typically affectstexasand southern regions by worm and very humidliMeanean

flows on surface penetrating from east. Only twiseges were registered (Figure 21), but the afteeteeas do not

overlap. The first episode affected RF region dregouthern part of PL region, while the second affected almost all

the Eastern Pyrenees, excepting PP region. MA&Iues were low for the first episode and modef@at¢he second. As

a whole, the spatial extent of this pattern affé¢te southern part of the Pyrenees.

E
ASTegy,
b)-Puigcerda
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PYRENEES
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7 TERN pyrengES

E/ESE2 MAE
MAAMIe sum [_|NR
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I o0s-0.10

Puigcerdd

Figure 21. Spatial extent of the Major AvalanchésBges (MAE) generated by E/SE2 atmospheric pattemequency of

MAE occurrence (left) and sum of the MAARIVvalues of the superimposed events (right). NR:oligical Regions;

ASA: Avalanche susceptibility area.

There was only one CL atmospheric pattern episedgstered (Figure 22), specifically the one of 8@rch 2010,

characterized by heavy snowfalls and northern gtwimds, Garcia et al (2009). It affected exclusiveF region with

low/moderate MAAME values.

‘V ~gf Uigcerda

EASTERN

CL MAE

Nr MAE NR
1
ASA
_—

PYRENEES

CL MAE

MAAMIe sum D NR
0,00-0,05 [ AsA
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556  Figure 22. Spatial extent of the Major AvalanchasBges (MAE) generated by CL atmospheric patteregéency of
557  MAE occurrence (left) and sum of the MAABIValues of the superimposed events (right). NR:oMigical Regions;

558  ASA: Avalanche susceptibility area.

559  S/SW episodes, typically characterized by south southwestern wind flows carrying warm and humid feom the
560 Atlantic and even the Mediterranean on lower levaler the Pyrenees, were the second pattern aogotdi their
561 frequency (7 MAE registered, Figure 23). They atecall NR but mainly the RF region and the westeart of the PL
562 region. Towards the east and the north, frequercyedised, affecting the rest of NR. In generalréoerded MAAME
563  values were high for the southern regions (RF,FR,,CM, PR, TF), but low when they affected thetmenn one (AR). In
564 fact, the highest MAAM# value of the dataset is reached with the S/SW MAB2-23 January 1996, which is the only

565  one considered a very high value. This value hamportant weight in the results.

SISW MAE ‘r wEer FRANCE SISW MAE
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9 ? y'i’slv 000-0.05 [ ASA
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Z I 020025

I 025030

I 00035
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567  Figure 23. Spatial extent of the Major AvalanchasBges (MAE) generated by S/SW atmospheric pattereguency of
568 MAE occurrence (left) and sum of the MAABIValues of the superimposed events (right). NR:oMigical Regions;

569  ASA: Avalanche susceptibility area.

570 Despite the fact that in A episodes the warm aissnzan embrace a very large area of the Pyrerieaslyicaused the
571  triggering of avalanches occasionally. During P8que we identified three episodes (Figure 24),seging the lowest

572 MAAMI e values.
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Figure 24. Spatial extent of the Major AvalanchésBges (MAE) generated by A atmospheric patteragéency of MAE
occurrence (left) and sum of the MAABalues of the superimposed events (right). NR:ohigical Regions; ASA:

Avalanche susceptibility area.

The superimposition of all the P3 MAE (29 episodégure 25) showed a higher frequency in the AR aR& western PL,
in western Pyrenees, and TF, PR and CM in eastegenPes. It is important to emphasize that PP regias only affected
by 2 major episodes and therefore it is the regiith the lowest MAE frequency. This is possibly dieits location,
sheltered from the air masses that generate MAEhégurrounding ranges. Instead of this, the soothegions registered
higher MAAMIe values in comparison with the northeme AR (which drains towards the north), with éxeeption of its
eastern arm (which drains towards the south). Tigleest values were recorded at the eastern armeoAR region and
northern RF and PL regions in the western part, FAdCM and PF regions at the eastern part of jlierfees. Again, this

result is dominated by the very high MAABWalues from 1995/96 winter, which affected all smaithern NR.

P3 MAE
MAAMIsum  NR
o00-010]
010-020
I 020-030
I 0%0-0.40
I 0.40-050
I 050- 060
. 050-070

Figure 25. Map with the superimposition of all thegistered Major Avalanche Episodes (MAE). Freqyeot MAE

occurrence (left) and sum of the MAABIValues of the superimposed events (right). NRoMigical Regions.
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According to the spatial distribution of MAE and itorresponding MAAM# values, the NR were redefined to better
characterize the MAE spatial distribution. The ndiwisions were called Major Avalanche Nivologicatdtons (MANR).
From west to east they are: GA (Garona), PN (Natfiafesa), RP (Ribagorcana-Pallaresa oest), PEa(Esd est), SN

(Nord Segre), SL (Segre-Llobregat), TF (Ter-Fregeigure 26).

These regions can also be grouped according telilatic influence, in oceanic influence regionffeeted mainly by
N/NW episodes (GA and PN); continental influencgioaes, affected mainly by S/SW episodes, but al#§W (RP, PE

and SN); and Mediterranean regions, affected bigta Variety of atmospheric patterns (up to 5; SH &, figure 26).

WESTERN FRANCE
P

YREIV
S GA\(21%) (s 568

PN((20%)

PE(13%))

) 12 ANDOR
REI1%) B .

Figure 26. Major Avalanche Nivological Regions (MRN defined from the frequency and spatial distiutof the
registered Major Avalanche Episodes (MAE). FreqyeoictMAE occurrence in P3 is indicated in brackdtack lines

indicate main climatic divisions and dashed blan&d, secondary divisions.

We divided AR NR into GA (chiefly Val d’Aran valleywestern part of AR draining towards the north)l &N (eastern
arm of the former AR, draining towards the soultt)e GA region is affected mainly by N/NW episod€alfle 6) and less
frequently by S/SW and E/SE1 MAE. The PN regioa isansitional MANR, affected by N/NW MAE as GA ieg, and

less frequently by a more wider variety of MAE doeits open configuration towards the south. RP NRAN composed
by the addition of the western part of PL NR to IRR owing to their similar behavior. PE region i tfemaining part of
PL NR, similar to PN but less active. In regions &f@l PE, N/NW episodes occur less frequently thakR and PN. They

are both affected also by E/SE2 and S/SW atmospbatterns, but the main difference between thethadrequency of
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affectation by S/SW episodes. RP is the region rafistted by S/SW episodes, which affect PE redgss frequently.
GA, PN and RP regions register the highest frequesfcMAE occurrence. PE region is affected equddly N/NW
episodes, and by southern component episodesgydarty E/SE2 and S/SW. N/NW episodes with high MAKe values
are powerful enough to cross regions GA and PNsdgfgs E/SE2 and S/SW can reach the top of the Kadalaresa
valley and adjacent valleys (PN region) due t&Wg-NE direction, but they can't cross the Frenctdboridges. SN is the
region which presents the least MAE activity. ltai$ected only by the two main episodes of 1995/@@&er (S/SW and
N/NW atmospheric patterns), and by one small N/N\WWBWregistered in 2013/14 winter. The low activitythis region
may be due to the fact that it is located downwehdnost air masses. Andorra mountains protecoinfN/NW episodes
and the Cadi range in the south protects it fro®ER/ and E/SE2 episodes mainly. SL region presewte finequent
activity. This region and the TF region are the m@sied regions in relation to the diverse origfrthe MAE that affect
them, mainly by southern episodes, but also byNiNW episode of February 1996. In fact, SL is tidydVMANR that is
affected by MAE generated by all described atmosphmatterns. It is logical, since the main orodviapbarrier oriented
East-West (Serra del Cadi range), perpendicultrealirection of air masses coming from lower latés, dominates this
region. Usually the main MA activity is observed the north face of this range. The last region, i§Rffected by almost
the same number of episodes than SL, but in tlge itds not affected by E/SE1 episodes. Specijicdlis affected by 2

N/NW episodes, one E/SE2, one CL and one S/SW tlta only area affected by CL atmospheric pattern.

From a climatological point of view, the occurrerafehe several atmospheric patterns leading mejafanches is closely
linked to low frequency atmospheric circulation tpets such as North Atlantic Oscillation (NAO) aidestern
Mediterranean Oscillation (WeMO) (Garcia-Sellésalet 2010). Two patterns are observed: the wholal&@a Pyrenees
shows a good correlation between major avalanchieitgcand negative phase of NAO, but the oceardmdin has the
particularity of concentrating major avalanche eges in weak positive phases of NAO (N/NW). Eveoutih for the
period 1971-2008 NAO index shows a positive trahdre have been major avalanche situations linkepetiods of

highly negative phase of NAO (E/SE1, E/SE2, S/S@gr€ia-Sellés et al., 2010).

Table 6. Number of episodes identified in each MANRarm advection atmospheric pattern (A) was notsitered
because MAAMe values associated to A episodes are very low.ifiteasity of the color indicates how often they @éav

been repeated.

MAE according to its associated atmospheric pattern
MANR | N/NW | E/SE1 | E/SE2 | NE
GA 1 12 (21%)
PN 1 1 11 (20%)
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RP 4 1 12 (21%)
PE 4 1 2 | 7@sw) |
SN 2 1
sL 1 2 1 1 1

TF 2 1 1 1 | 5(9%)

42  Analysisof the period P2+P3 (1900/01-2013/14)

421 Temporal analysis

To characterize episodes recorded during P2+P8desie worked at winter season time resolutionrdeoto adapt to P2
data limitations. Since the dataset was not comapldte calculation of the MAAMI was simplified cadering the
minimum frequency obtained from the entire MA régjied per winter in each MANR, according to expi@sg.

N

SMAAMI = w (expression 2)

i=1
This index was called Simplified Major Avalanchetikity Magnitude Index (SMAAMI), where min(Fw) casponds to
the lowest frequency of the MA recorded in one eir(w) for each of the 3 MANR (i stands for thesgions). A low
correlation MAAMIw-SMAAMI forced us to simplify thé7 MANR to 3, according to the main climatic divss, for
which the Pearson correlation was 0,75. The wdigtthe estimated frequencies (again, 0.1, 0.3)dL3afrom high to very
low frequency MA) was assigned in order to highlighe less probable episodes. Divisor values cpomd to the

maximum value of the frequency (3) and maximum nends climatic regions (N=3) for standardizationtloé data.

The SMAAMI is a simplification of the MAAMI deviseth case of less complete data series. It is baadtie assumption
that larger destructive avalanches are easiernteemeer than high frequency avalanches. Hence,ab@trhas to be
interpreted as an approximation. It highlights thaximum values registered in each region and tberéhose episodes

with low frequency MA and less extensive, agairest\extensive episodes but with high frequency MA.

In figure 27 the calculated SMAAMI values for P2+R8 represented. Winter season 1995/96 shows igiedt
SMAAMI value, while the episodes of 1971/72, 19B4/1937/38, 2004/05, and 2005/06 show high SMAAMIues (in
decreasing order), together with 14 other wintessdéring the value 0.1. The remaining recorded MRE winters)

register moderate and low SMAAMI values.
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Figure 27. SMAAMI values obtained for P2+P3 peribate of winter has the formatY1Y,Y1Y,Y,, where Y Y Y is

the year in which the winter season starts, agi¢, ¥entifies the consecutive year.

P2+P3 provides a longer time period than P3 buenmcomplete. For its analysis we adopted a comjg®splution as
was adopted by Keylock et al. (1999). We classifBdAAMI values into 6 classes in order to compamqiiencies
(Figure 28). Low values are better explained u$iBglata, because the exhaustive surveillance tamiagties a good high
frequency MAW record. On the other hand, we consid¢hat in P2+P3 high SMAAMI values were moreaielie because
instead of being an incomplete data set, highest\Mghould be those which would have been preserverigh oral
sources. For this reason, class 5 was assumedtairtdhe most realistic frequencies for both detsas=rom this class to
the lower ones, the distribution was scaled acagrdo P3 distribution. Of course this is an appmdion in order to

reduce the lack of data in P2 and this weaknessohaes taken into account when interpreting theltes
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Figure 28. Relative frequency of SMAAMI classes R&+P3 and P3 separately.

35



666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

The statistical analysis of the resulting datasevigded good significance with the K-S test fittitgya Poisson distribution
(p-value 0.28 for aa level 0.05). We obtained the probability valueablg¢ 7). They indicate the annual estimated
probability of occurrence of a SMAAMI value lowdran a given value. For example, the annual proibabii occurrence

of a winter with a SMAAMI value lower than 0.03 3% while the annual probability of registering ater with a

SMAAMI higher than 0.2 is 4%.

Table 7. Exceedance probability of SMAAMI occurren@he 95% confidence interval of the fitted dmition is [2.89;

3.38].
Estimated accum.
i 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

Comparing the MAAMWv annual probability estimates (table 5) with tha§&SMAAMI (table 7), as could be expected,
according to the different distribution function tehich each dataset was fitted, values are sigmiflg different.
MAAMI w values are more than a 50 % higher for moderdteesadecreasing to less than 10% for high valietearly
indicates that although there is a high correlatimtween MAAMIv and SMAAMI, data shows a different MAE

occurrence. This difference could be due to (i)itttempleteness of the P2 series, and (i) thetgieiod of P3 series.

422 Spatial analysis

Given the lack of information in P2, it was not pitie to reach the same level of accuracy for tita det P2+P3. In many
cases, the period P2 only registers one MA perewirih this case the value 1 was assigned to th&lRlAhat at least
recorded a MA per winter. The results (Figure 28ve how for P2+P3, GA is the region where MAW weegistered
more often, followed by RP, PN and TF. Regions R& 8L were affected in a similar way and finally 8/ds the less
affected region. This result, although NR are défe, is remarkably similar to the one obtained Garcia-Sellés et al

(2007), analyzing 1939-2006 period.
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Figure 29. Frequency of Major Avalanche Winters WPobtained for the period P2+P3 (values in bragket

5 Discussion

This study provides a better understanding to treracterization of MAE over the Catalan Pyreneesiak essential to
have an exhaustive database with a detailed capibgr record of major avalanches. It allowed tconstruct 29 major
avalanche episodes from winters 1995/96 to 2013ffetiod P3) considering spatial distribution of Mdnd the
atmospheric circulation patterns defined by Gaetial. (2009). On the one hand, it completes tf@nmation provided by
these authors and on the other hand it incorponates episodes. We did not follow, however, the samirion to
consider major avalanches. In the case of Garah €009) the criterion followed for considerihtA was the size of the
avalanche, while in the present work, the critefias based on the destructiveness of the everg.riiélkes the episodes

considered not match in some cases.

The Major Avalanche Activity Magnitude Index (MAAM&llowed quantifying the magnitude of avalanchiseges over

the Pyrenees of Catalonia for the first time. Tikig significant result because it enables quangfyand comparing the
magnitude of avalanche episodes over a desiredsgilge time period. The SMAAMI index is a simp#di resource when
not much data are available and allows quantifyivegmagnitude of MAE at winter season resolutions based on the
identification of the lower frequency MA recordeat £ach MANR per winter. It allowed us to reconstrihe series of the
twentieth and early twenty-first centuries (P2+R8Biqds), although it is not complete. The resutsve that the episodes
of January and February 1996 are still the gre&sstvn in the last 19 winters, and possibly twdlaf greatest in the last

100 years. This result is in accordance with tHatontan et al. (2009), for the last 40 years. @twinters with high
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705 SMAAMI values were 1971/72, 1974/75, 1937/38, 20844nd 2005/06 (in decreasing order). Althoughtlier temporal
706  periods P3 and P2+P3 we obtained a good correjatimmibabilities obtained in both periods were digantly different.
707  This result is probably due to the scattered daiase2 and the short temporal period in P3, iatieh with the climatic

708  variability typical of the studied area.

709  We also could characterize the MAE according toagsociated atmospheric pattern in P3. It is ingmbrto note that
710  southern atmospheric patterns (E/SE1, E/SE2, S/GWAd are more varied and frequent that northeresdiN/NW, CL).
711  The most surprising result was the high values/8i6episodes. Registered S/SW episodes were thepowsrful, while
712 N/NW episodes were the most frequent. These reatdtslominated by 1995/96 episode, very infreqaenbrding to the
713  obtained probability, and for that reason resulerevprobably biased. E/SE2 episodes recorded simiggnitude as
714  N/NW ones, but they were much less frequent. Regarthe frequency with which the different atmospheirculation
715  patterns took place in P3, S/SW was more timesrebdethan in the work of Garcia et al. (2009), @lthh component
716  N/NW is the most registered, as was also indiciedhese authors. The time window was different tredselection
717  criteria of MAE too, and these facts could have hadnfluence on the results. Further analysis kholarify the reason
718  for these differences. However, the spatial analyssults of this study match well with the resoltsGarcia-Sellés et al.
719 (2010), where major avalanche regions for the @atdPyrenees were grouped by applying clusteringnigaes.
720  Attending to the major avalanche activity occurriagthe same time (daily scale), regions were geduip the three
721  climatic domains: oceanic, continental and Mediteean. On that study RP region was considered fotiteooceanic
722  domain as the shortest proximity distance by Waedhod was shown to continental regions, but atstiree time the
723  isolated GA as oceanic domain showed a unique mibkirelationship just with RP. That agrees witle flact that in this
724  study, where recent winters are taken into accdRRt, GA and PN show the first position in major lasahe activity,

725  which could be expected from an oceanic region.

726  Regarding the risk, MAW which affected buildingaiceed MAAMWw values equal or higher than moderate. The estinate
727  annual probability of occurrence of a MAW higheatthmoderate is 17%. All the affected buildings weeneristic built
728  after the seventies of the twentieth century. Adsegplanning policy could avoid these accidents, flequent under our

729  point of view.

730  The spatial reconstruction of MAE from the registeMA showed, on the one hand, how MA distribui®eontrolled by
731  snowpack-atmospheric evolution, and orography. émegal, MA spatial distribution agrees with the Idewel air
732 movement direction of the atmospheric pattern thiggers the MAE, following the valleys and dimihisg its power

733  when mountain ranges are arranged against its malinection. Yet in 4 out of 29 MAE, MA distributioshowed clear
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characteristics from other patterns. This was #e=©f 6-8 February 1996, a N/NW pattern with aAst®nfiguration, the
19-20 January 2013, a S/SW pattern with a N/NW igonétion, the 18-19 February 2013 (Figure 18),/8E pattern
with a N/NW configuration, and 5 March 2013, a S/g¥4itern with a N/NW configuration. This fact canfis that a MAE
can not only be characterized by the atmosphetienpathat triggered it, but also by a previousparatory period which
should be considered (Garcia-Sellés et al., 2083 period, variable in time, prepares the condgithat can favour MA
activity. These situations can also be identifiedirectly using a cumulative NAO index (CNI), whiexhibits a closer
relationship to avalanche activity than the staddadex (Keylock, 2013; Garcia-Sellés et al., 20I)is preparatory
process was not considered in the present work wleesifying the MAE, only the atmospheric pattemiggering MAE

were considered.

The analysis of MAE frequency, distribution andesithas enabled us to define 7 MANR different te ¢arrent NR,
more adjusted to MAE extent, magnitude and frequembese regions improve the characterization ofByiAut do not
replace the existing NR, which are also used fghhand very high-frequency events (not dealt withhis work), and

which were defined for the communication of regiaaalanche forecasting.

According to the climatic zoning defined by Gareiaal. (2007), in P3, MANR GA and PN would haveagee oceanic
influence. However GA region, 75% of the receiv@isedes were N/NW, namely 12 (21 %). In contrastrBlon was
also affected (around 50%) by episodes S/SW, E/&#ILE/SE2, adding more episodes to the N/NW ongs 20%).

Eastward frequency decreases, from RP to SN regigmere in this last region the minimum affectatismecorded due to
its location downwind of most components. This draa only been stricken by the MAE that affectedcait all regions.
Thus, MANR RP (21%), PE (13%) and SN (3 %), arated in the area of continental influence. It isasga with a strong
gradient, where one of the most frequently affeeted the less frequently affected regions (RP aidaBe located. In the
eastern sector, MAE increase in frequency in SL @Rdregions (11% and 9% respectively) due to thaliMeranean

influence.

The results in P2+P3 also present some signifidifirences with the results obtained in P3 pe(leidures 26 and 29). A
surprising result was that the homogeneity of MAg&gtiency registered in GA, RP and PN regions whnatyaing P3

(around 20% each one) showed a positive deviatimartds GA and TF regions, while the continentahelie regions were
less frequently affected in P2+P3. These resulisraaccordance to those obtained by Garcia-Setlés (2007) for the
period 1939-2006. This imbalance between P3 andPBperiods is also identified when comparing tineperal sequence
in both time periods. In our opinion it could beedio three factors: (i) the deviation caused by dditained through

inquiries in P2, which favours the collection otalérom historically denser populated areas, ki@ incompleteness of the
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P2 series, and (iii) the climate variability typiaaf this area, which makes atmospheric circulationhave different
patterns at multiannual resolution, in relatiorthie relatively short time period analyzed in P3. Wédieve that a longer

dataset would allow checking these results.

In spite of the fact that our most complete daté3d) covers from 1995-96 to 2013-14, 19 wintens] #is is a short time
interval, some trends can be pointed out which ddd linked to the recent climate change. The nurob&AE has
increased in the second half of this period arti@same time, wet MAE, which register high MAAMIialues (figures 10
and 11) are more frequent. We believe that the tinterval is too short for obtaining solid concluss, but the
maintenance of the MA surveillance, and an efforcomplete the MA catalogue in P2 could provideyvieteresting
information in relation to possible trends anddtsinection with climate change, as the resultsiobthby Eckert et al.

(20104, 2010b, 2013), or Laternser and SchneeX#i?).

6 Conclusions

The work with cartographic information of avalanctiata series allowed to better quantify and chareet major
avalanche episodes in space and time during shd $awinters and improved the treatment of thdaaede data series of

the twentieth century in the Pyrenees.

The proposed index, MAAMI (and its simplified veysi SMAAMI), is intended to categorize the magnituafemajor
avalanche episodes or winters. The time scale dispen the resolution of available data. It was tgped to facilitate
comparing episodes, obtaining frequencies, anbefseries are long enough, to find trends on majafanche activity.
MAAMI obtained values at major avalanche episodeetiresolution showed a very high correlation cogfit with its

corresponding deforested area.

The obtained results confirm 1995/96 winter asathe which recorded the highest MAAMI and SMAAMI vas from the
early twentieth century to the present (P2, frondQl® 1995, and P3, from 1995 to 2014). It alsaiified 1937/38,
1971/72, 1974/75, 2005/06 and 2004/05 as the veintéh high SMAAMI values. Regarding the episode8 period), 22-
23 January and 6-8 February 1996 registered theebigAAMIe values, followed by 30-31 January 2003, 29 January

2005, 29 January 2006, 18-19 February 2013 andb2¥a@uary 2014 episodes, with moderate values.

This index is useful for risk analysis in major Ereche events, both in forecasting and in crisisagament. It can be

used to define risk scenarios for civil protectmmposes. Urban areas have been affected by ahasmdth moderate to
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very high MAAMIe values, all of them by a N/NW atmospheric patteéknbetter knowledge of these episodes would

improve its temporal and spatial forecasting.

By employing this index, the former nivological regs were revised and new regions MANR were defwaith better

characterize major avalanche activity over the IaatRyrenees (from west to east: GA, PN, RP, PE,S3Nand TF).

Among these regions, GA, PN and RP stand out ®highest number of major avalanche episodes, &dri@ PN for
the greatest MAAMIe values registered in P3. Itemarkable to note that region GA, despite beirggatea with the
highest snow precipitation of the Catalan Pyrenesgisters a similar number of episodes than iightmuring regions RP
and PN. Concerning both periods P2 and P3, GAdsdfion registering the highest number of majedanche episodes.

In the future, a larger dataset should be useti¢alcthese results.

Regarding period P2 there was a significant nunobeecorded major avalanches that could not beddate=nough time
resolution to be dealt with in this paper. In theufe, intensive efforts will be required to reluihis part of the series and
improve our knowledge. The completion of P2 woulgegnore consistency to the dataset and would alf@wse of more
advanced data analysis methods such as those ydétkeért et al (2010), not applied in this work. \&tél can get more
information, especially in the field by using deochronology. In the same way, the study of P1 (pre/to 1900) should
help us to better understand the situations thatrgee the lowest frequency avalanches, only recbi this period, and

be prepared for when they happen again.
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