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The principal objective of this study was to investigate the types of large-scale meteorological situations that are con-
ducive to the precipitation and temperature conditions most likely to trigger debris flows in the Zermatt valley,
Switzerland, under current and future climates. A two-dimensional Bayesian probability calculation was applied
to take account of uncertainties in debris-flow triggering. Precipitation quantities exceeding the 95th percentile of
daily precipitation amounts were found to have a significantly higher probability to coincide with observed debris
flows. A different relationship exists for extreme temperatures, however. Southerly air flows, weak horizontal pres-
sure gradients over Europe, and westerly flows are mostly associated with observed debris flows and 95th precip-
itation percentile exceedances. These principal flow directions are well represented in the regional climate model
(RCM) HIRHAM control simulations for events exceeding the 95th precipitation percentile and the 30th tempera-
ture percentile. Under the IPCC A2 emission scenario, westerly and southerly flows are mostly responsible for
these precipitation and temperature conditions under the hypothesis of slow adaptation to climate change (HS1/
HC1). Under the hypothesis of rapid adaptation to climate change (HS1/HS1), southerly flows and weak horizontal
pressure gradients are likely to gain in importance. In both scenarios for the future, southeasterly flows are among
the principal flow directions responsible for the joint exceedance of the 95th precipitation percentile and the 30th
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temperature percentile, while these were absent in observations and the control simulation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Debris flows are a phenomenon typical of steep torrential catch-
ments and are formed by a mixture of water, fine sediment, boulders,
and vegetation (Jakob and Hungr, 2005; Borga et al., 2014); they typi-
cally occur during (extreme) rainfall events and/or the sudden release
of large amounts of water and therefore form one of the more common
geomorphic processes in mountain areas worldwide, including the
Swiss Alps (Stoffel et al., 2014a). As a result of the high velocities and
considerable energies involved in debris flows, they repeatedly cause
casualties as well as considerable damage to infrastructure (Jonkman,
2005; Jakob et al., 2011; Stoffel et al,, 2011; Borga et al,, 2014). Although
many site-specific factors may influence debris-flow triggering, rainfall
quantities and intensity as well as rising mean and extreme air temper-
atures have been identified as the most prominent triggers in various
debris-flow catchments in the Swiss Alps (Wieczorek and Glade,
2005; Schneuwly-Bollschweiler and Stoffel, 2012; Stoffel et al., 2014a,
2014b). Soil saturation leads to increased shear forces as well as surface
water flow that in turn leads to erosion and debris-flow triggering,
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especially when pore saturation happens at potential rupture surfaces
(Sassa, 1984; Iverson et al., 1997). This is particularly the case for the
study area, where scree slopes can hold very little quantities of water.
Furthermore, Schneuwly-Bollschweiler and Stoffel (2012) found that
high temperatures are significantly correlated with debris-flow occur-
rence. The reason for this is that higher temperatures may lead to rain-
fall instead of snowfall as warmer air can contain more water vapour,
according to the Clausius-Clapeyron equation, and ensuing condensed
moisture would ultimately be transferred into the ground.
Observations during the twentieth century and climate model simula-
tions of future climate change indicate that important changes in these
variables may be expected (Pall et al., 2007; Gobiet et al., 2014). Depend-
ing on the emission scenario, climate models project changes in the mean
global surface temperature to exceed the 1850-1900 average by 1.5 to
2 °C at the end of the twenty-first century according to the Intergovern-
mental Panel on Climate Change (IPCC, 2013). At higher elevations, such
as in the Swiss Alps, this temperature rise may be exacerbated
(Beniston et al., 2003; Gobiet et al., 2014). The IPCC (2013) also mentions
that the frequency and intensity of heavy precipitation events have likely
increased in Europe since 1950. Furthermore, regional climate models
(RCMs) point to an expected decrease in mean summer precipitation in
the Alps as well as a decrease in the frequency of extreme precipitation
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events for this season (Beniston et al., 2007; Christensen and Christensen,
2007; Rajczak et al., 2013; Gobiet et al., 2014). However, the precipitation
quantities during future extreme precipitation events may well be on the
rise (Christensen and Christensen, 2003; Emori and Brown, 2005; Kharin
et al., 2007; Pall et al.,, 2007; Lenderink and van Meijgaard, 2008; Kysely
and Beranova, 2009; IPCC, 2012; Rajczak et al., 2013) though important
differences and large uncertainties exist at the local scale (Fischer et al.,
2013). It is further estimated that changes in precipitation patterns and
quantities are the result of an intensification of the hydrological cycle
with climate warming (Schdr et al.,, 1999; Seneviratne et al., 2006).

Important differences exist in the response of debris flows to climate
change in debris-limited areas or in transport-limited areas (Jakob,
1996). In debris-limited areas, a reduction in the number of freezing
days as well as a shift in the 0 °C isotherm to higher elevations will reduce
the surface affected by weathering and likely result in a decrease in
debris-flow activity (Jomelli et al., 2009). Though at higher altitudes, in-
crease in freeze-thaw cycles could also liberate greater quantities of de-
bris. However, in transport-limited areas, such as the periglacial
environments of this study, debris-flow frequency is not limited by sedi-
ment availability but by climatic variables (Stoffel and Beniston, 2006;
Stoffel, 2010; Lugon and Stoffel, 2010). Changes in these variables have
caused permafrost thawing, reduced snow cover, and the earlier occur-
rence of effective rainstorms that in turn have led to an observed exten-
sion of the debris-flow season. In several catchments of the Zermatt
valley, debris flows now occur between May and October, whereas their
occurrence was limited to from June through September until recently
(Bollschweiler and Stoffel, 2010a; Schneuwly-Bollschweiler and Stoffel,
2012). Debris-flow frequency in this area is expected to change little by
the mid-twenty-first century, but increased sediment availability (as a re-
sult of accelerated permafrost thawing) and an increase in extreme 1-day
precipitation events between July and October may lead to debris flows of
greater magnitudes (Stoffel et al., 2014b). Higher temperatures could fur-
ther extend the debris-flow season into April and November. For the sec-
ond part of the twenty-first century, studies indicate a shift in debris-flow
triggering rainstorms from July and August toward spring and autumn
(Stoffel et al., 2014b). Early in the season, small rainfall quantities can
lead to small debris flows as a result of rain-on-snow effects and the pres-
ence of seasonal ice cementing loose debris at shallow depth, thereby re-
ducing the quantity of debris available for erosion to the top layer next to
the surface (Stoffel et al,, 2011; Stoffel and Huggel, 2012). In fall, as a result
of permafrost thawing in the source areas of debris flows during summer,
more material can be mobilised by debris flows from the permafrost bod-
ies, but larger precipitation quantities will be needed for debris-flows to
be triggered (Stoffel et al., 2011; Stoffel and Huggel, 2012). Stratiform
rainfall, which typically occurs between August and October under cur-
rent climatic conditions (Stoffel et al., 2005), can lead to the (partial) fail-
ure of the active layer of the permafrost body and consequently results in
debris flows of large magnitudes (Stoffel et al., 2011).

The shift in the seasonality of debris-flow triggering rainstorms as de-
scribed above could likely lead to a diminution in the overall debris-flow
frequency in the Zermatt valley, as summer debris-flow events are sup-
posed to become less frequent (Stoffel, 2010; Stoffel et al., 2014b). How-
ever, this reduction in debris-flow frequency is expected to cause
important sediment accumulations that in turn could produce debris
flows of even larger magnitudes than observed in the past during strati-
form rainstorms in autumn (which are projected to be more common
by 2100) (Stoffel and Beniston, 2006; Stoffel, 2010; Stoffel et al., 2014b).

As precipitation and temperature are not the only variables involved
in debris-flow triggering and because of local characteristics and uncer-
tainties related to the scenario-driven climate model projections, some
degree of uncertainty exists in the prediction of debris-flow events. This
study therefore seeks to take into account this measure of uncertainty
by attributing probabilities to the coincidence of joint exceedances of
precipitation and temperature percentiles with observed debris flows.

Several studies have linked large-scale pressure distributions to heavy
precipitation events over Europe (Qian et al., 2000), in the eastern Italian

Alps (Nikolopoulos et al., 2015), in Switzerland (Courvoisier, 1981), and
in the Valais region (Attinger and Fallot, 2003 ), with one study even fo-
cusing specifically on large-scale meteorological situations during ob-
served debris-flow events in the Zermatt valley (Toreti et al., 2013).
Situations with an atmospheric-pressure trough over western Europe or
situations corresponding to a low pressure system to the west (over the
Bay of Biscay) correspond to observed debris flows and heavy precipita-
tion events in the Alps (Attinger and Fallot, 2003; Toreti et al., 2013). To
these should be added synoptic situations causing westerly to northwest-
erly flows and weak horizontal pressure gradients over Europe
(Courvoisier, 1981). Quite similar synoptic situations have been related
to debris-flow triggering in the eastern Italian Alps by Nikolopoulos
et al. (2015). Indeed, the relationship between large-scale mean sea
level pressure (MSLP) fields and heavy precipitation is well-established.
At the same time, climate models appear to represent these pressure
fields and atmospheric circulation types in an appropriate manner
(Rohrer, 2013). This study thus also investigates on how the large-scale
MSLP situations conducive to the precipitation and temperature condi-
tions most likely to trigger debris flows might evolve in a future climate.

2. Materials and methods
2.1. Data

For this study we used a database containing the dates of 119 recon-
structed debris-flow events in the Zermatt valley covering the period
1864-2008 (Bollschweiler and Stoffel, 2010a). In their study,
Schneuwly-Bollschweiler and Stoffel (2012) dated injuries caused to
trees by debris flows with up to monthly precision using archival re-
cords and dendrogeomorphic techniques (Bollschweiler and Stoffel,
2010Db; Stoffel and Corona, 2014). The coupling of these records with
meteorological records from three meteorological stations in the area
as well as data from the river gauging stations allowed the identification
of debris-flow triggering rainstorms. As the Zermatt valley is a relatively
dry area where the annual mean precipitation at Zermatt is 639 mm and
that of Grdchen is 653 mm over the period 1981-2000 (source:
MeteoSwiss), the number of events where precipitation is over
10 mm and temperature greater than 5 °C are scarce and thus allow at-
tribution of individual rainstorms to triggered debris flows (Schneuwly-
Bollschweiler and Stoffel, 2012). Fig. 1 illustrates the time series and the
months on which debris flows were identified.

Observed daily mean temperature and daily precipitation sums
were taken from the Zermatt station (46°01’ N, 7°45’ E at 1638 m asl)
and the Grachen station (46°11’ N, 7°49’ E at 1619 m asl), with the latter
extending back to 1864. Because of the high correlation between the
meteorological data of the two stations and the years of missing data
at the meteorological station of Zermatt, the station in Grachen was
used as a reference station for this study. For example, the linear corre-
lation coefficient for daily precipitation totals for these two stations for
the period (1959-2014) is r = 0.86 (source: MeteoSwiss).

Daily mean temperature, MSLP values, and daily precipitation from the
control simulation (HC1) and future period (HS1) were obtained from the
HIRHAM model of the Danish Meteorological Institute (DMI) run in the
context of the EU-FP5 research programme PRUDENCE (Christensen,
2004). The simulation for the future period was run using the IPCC A2
emission scenario. The grid point closest to Zermatt with an altitude of
2230 m was chosen and is located ca. 10 km away from the study area.
The MSLP data for the entire HIRHAM grid and for the specific events cor-
responding to the joint exceedance of the precipitation and temperature
percentiles of interest have been first selected from the PRUDENCE data.

2.2. Probability calculation
For the observed data, precipitation and temperature quantiles were

calculated over the period 1864-2008 for the debris-flow season defined
as 1 May to 31 October (Stoffel et al., 2008, 2011, 2014a). For the
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Fig. 1. Time series of debris-flow occurrence in the Zermatt valley.

simulated data, precipitation and temperature percentiles were calculat-
ed over the control (1961-1990) and future (2071-2100) periods, and
the use of joint quantiles of precipitation and temperature was done sim-
ilarly as in Beniston and Goyette (2007) and Beniston (2009). Probabili-
ties were then calculated applying the two-dimensional Bayesian
approach on observed data as described by Berti et al. (2012) in their
study on landslides. Bayesian methodology is based on the updating of
the prior probability P(A) (in this case the probability of a debris flow oc-
curring in the study area) with relevant data (i.e., precipitation and tem-
perature data) resulting in a posterior probability P(A|B,C) (the
probability of a landslide occurring given certain precipitation and tem-
perature conditions). As such, the Bayesian method allows the evaluation
of the significance of the variable(s) in question as well as the uncertainty
arising from the complex mechanisms behind debris-flow triggering. The
conditional probability that a debris flow A occurs during a certain ex-
treme rainfall event of magnitude B and a temperature event of magni-
tude C is given by Eq. (1) (adapted from their Egs. (1) and (3)).

P(B,C|A) = P(A)
P(B,C)

(N + Na) * (Na + Ng) _ Npca
(Npc + Ng) Npc

P(A|B,C) = ~

(1)

The probabilities can be calculated using relative frequencies that
are given by the following relations (Berti et al., 2012; adapted from
their Egs. 23, 2b, 2c).

P(A)=Nj = Ng 2)
P(B,C)=Npc + Ng (3)
P(B, ClA)=N,cia) +~ Na (4)

where Ny is the total number of days within the debris-flow season; N
is the total number of debris flows within the study period; Npc is the
total number of joint exceedances of precipitation and temperature per-
centiles of magnitude B and C within the debris-flow season during the
study period; and N cja) is the number of days with joint exceedances
of precipitation and temperature percentiles of magnitude B and C for
which a debris flow was observed.

2.3. Grosswetterlagen and empirical orthogonal functions

The combination of precipitation and temperature quantiles that
have the highest probability to coincide with observed debris flows
were then used to select the moments within the simulated data that
were in turn subjected to EOF analysis. The EOFs were derived from
the MSLP composites of these particular occurrences. The first five ei-
genvectors (EOFs) with the highest corresponding eigenvalues were
retained for further analysis because these together explain ~80% of var-
iability in the data. These EOFs could then be compared to the MSLP
anomaly charts by Grosswetterlagen index from Cawley (2002) so as to
attribute Grosswetterlagen types to each EOF.

The Grosswetterlagen catalogue for Europe (as reported in
Gerstengarbe and Werner, 2005) classifies all days between 1881 and
2004 into a few typical large-scale air-flow patterns. These patterns
are further classified according to circulation type and principal flow re-
gimes (i.e., westerly flows belong to the zonal circulation type). By cou-
pling the debris-flow database with the Grosswetterlagen catalogue, the
typical meteorological situations during observed debris flows could be
identified and the principal air-flow directions could be deduced and
compared with the calculated EOFs.

3. Results
3.1. Two-dimensional Bayesian probabilities

From the variables considered in this study, extreme precipitation
events are the main trigger of debris flows in the Zermatt valley and for
the period covered by observational records. Fig. 2 shows that the proba-
bility of observing a debris-flow event whilst also observing various com-
binations of precipitation and temperature magnitudes (P(A|B,C)) is
highest for the exceedances of the most extreme precipitation percentiles
(95th and 99th). By contrast, probabilities for precipitation lower than the
90th percentile remain significantly lower and are therefore not retained
for further analysis. Fig. 2 also suggests a positive relationship between
the temperature quantiles and (P(A|B,C)); however, this is not corrobo-
rated by the marginal probabilities and likelihoods shown in Fig. 3. The
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Fig. 2. Probability of observing a debris flow whilst also observing combinations of
precipitation and temperature quantiles of various magnitudes.

marginal probability (P(B,C)) is the probability of observing a joint ex-
ceedance of the precipitation and temperature percentiles and corre-
sponds to the relative frequency distribution. The likelihood (P(B,C|A))
is the probability of observing the joint exceedance of the given precipita-
tion and temperature percentiles when a debris flow occurs. As Eq. (1)
depicts, the ratio of P(B,C|A) and P(B,C) multiplied by the prior probability
P(A) gives the posterior debris-flow probability (P(A|B,C)). Because P(A)
remains constant, the difference between marginal probability and likeli-
hood indicates high debris-flow probability. However, it is also a measure
of the significance of the variables in question because, if the joint exceed-
ance of the precipitation and temperature magnitudes would be irrele-
vant to the occurrence of debris flows, P(B,C) and P(B,C|A) would be
comparable (B would be randomly related with A). Fig. 3 shows that the
P(B,C|A) graph reduces significantly for the highest temperature
quantiles; whereas the P(A|B,C) graph, shown in Fig. 2, increases for
these same quantiles. This means that the increase in posterior probability
for these quantiles is the result of a decrease in the total number of joint
exceedances of high precipitation and high temperature percentiles
(Npc). These combinations of precipitation and temperature percentiles
are interesting because of their high probability of coincidence with de-
bris flows but not reliable enough for further interpretation because of
their low significance. This analysis indicates that precipitation events ex-
ceeding the 95th precipitation percentile in combination with tempera-
tures between the 25th and 75th temperature percentiles have the
highest probability to trigger debris flows.

The probabilities for several combinations of the 95th precipitation
percentile and temperature percentiles as well as the frequency of ex-
ceedance of the given precipitation and temperature percentiles in the
HIRHAM simulations are given in Table 1. The HC1 column represents
the exceedance of the joint percentiles in the control simulation with
the percentile values calculated on the basis of the same control simula-
tion data (for the months between May and October). The HS1/HC1 col-
umn represents the future period under the hypothesis of slow
adaptation to climate change. In this scenario, the frequency of exceed-
ance of joint percentiles has been calculated for the future, using thresh-
old percentile values that were calculated on the basis of the control
simulation data (i.e., temperature and precipitation values were calcu-
lated using HC1 simulated data). The HS1/HS1 column represents the
future period under the hypothesis of rapid adaptation to climate
change, where the frequency of exceedance of the joint percentiles
was calculated using threshold percentile values on the basis of the
HS1 simulated data. The 95th precipitation percentile and the 30th tem-
perature percentile have been retained for further analysis because this
combination satisfies the requirements of high probability and a suffi-
cient number of events required for the calculation of EOFs.

3.2. Synoptic conditions conducive to debris-flow triggering

The types of weather conditions for 102 of the 119 debris-flow events
found in the database have been matched to corresponding ones found in
the Grosswetterlagen catalogue; 14 events occurred outside the period
covered by the catalogue (1881-2004) and 3 events within this period
had to be listed as unclassifiable. Fig. 4 shows the frequency of occurrence
of each Grosswetterlagen type for days with precipitation quantities that
exceeded the 95th precipitation percentile. The West European Trough
(TRW) coincides most often with debris flows that occurred during ex-
treme precipitation events. Moreover, this circulation type typically coin-
cides with debris-flow triggering during summer months (June, July, and
August). The Central European Ridge (BM), West Cyclonic situation (Wz),
and British Isles Low (TB) all coincide equally often with observed debris
flows and extreme precipitation events. From the classification (Table 2,
Appendix A), one can presume that these Grosswetterlagen types corre-
spond to southerly flows (TRW and TB), situations with weak horizontal
pressure gradients over Europe (BM) and/or westerly flows (Wz). Fig. 5
shows the result of the classification of all Grosswetterlagen types into
principal air-flow directions. Southerly flows, weak horizontal pressure
gradients (HD), and westerly flows are distinctly the situations that are
most conducive to debris-flow triggering.

The first three EOFs for the control and future period simulations are
given in Fig. 6. The EOFs were compared with the MSLP anomaly charts
by Grosswetterlagen indices (Cawley, 2002), which allowed allocation of
a Grosswetterlagen type to each EOF. The first EOF of the control

0.95 0.99
0,20 0,12
O o
@ 0,10 4 :
0,15 — "a :
] : o
a 0,08 - E 4
)
5010 © 0,06
2 b
S
B 0,04 4
& 0,05
0,02 -
0,00 — .'*‘._—0-—0——9 )
0,00 B e S S—)

T T T T T

<0.25 0.25-0.5 0.5-0.75 0.75-0.99 0.99>
Temperature (quartiles)

<025  0.25-0.5 0.5-0.75 0.75-0.99 0.99>
Temperature (quartiles)

Fig. 3. Marginal probabilities and likelihoods of observing a precipitation event of the 95th and 99th percentiles in combination with various temperature magnitudes.
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Table 1

Cumulative frequency of joint exceedances of precipitation and temperature percentiles in
observed data (with associated probabilities) and in the HIRHAM simulations for the con-
trol and future periods.

Precipitation =~ Temperature  Observed P(A HC1 HS1/HC1 HS1/HS1

percentile percentile (#) |B,C)  (#) (#) (#)

0.95 0.05 553 016 215 215 155
0.1 489 0.18 200 208 134
0.15 427 019 163 186 118
0.2 374 020 139 176 102
0.25 335 021 125 166 90
0.3 286 022 113 156 78
0.35 254 022 102 146 69
0.4 214 0.23 83 139 47
0.45 186 0.22 65 129 38
0.5 165 0.23 53 118 30
0.55 150 0.21 40 111 22
0.6 132 0.21 30 99 16
0.65 103 0.18 20 84 8
0.7 76 0.16 15 75 6
0.75 60 0.18 7 52 5
0.8 44 0.25 3 40 3
0.85 29 0.20 3 30 2
0.9 21 0.24 2 21 2
0.95 8 0.13 0 9 1
0.99 1 1.00 0 3 0

simulation corresponds well to the Central European Ridge (BM), with
low pressure gradients over Europe. This Grosswetterlagen type coincides
well with observed debris flows and extreme precipitation events. The
second EOF resembles a Western Cyclonic situation (Wz) while shifted
to the east. In this type of situation, the relatively low pressure area over
Scandinavia and the higher pressure area over southeastern Europe in-
duce southwesterly flows advecting moisture from the Atlantic toward
the Alps. The third EOF resembles the South Anticyclonic (Sa) pattern dur-
ing which the low pressure over the British Isles and the relatively high
pressure area over eastern Europe induce a southerly flow that directs
warm and humid air masses to the Alps. The second column in Fig. 6
shows the first three EOFs for the future period under the hypothesis of
slow adaptation to climate change. This means that all events in the
HIRHAM simulation for the future period exceeding the 95th precipita-
tion percentile and the 30th temperature percentile calculated on the
basis of the HIRHAM simulation of the current (control) period have
been used for the EOF calculation. The first EOF is similar to the West Cy-
clonic (Wz) Grosswetterlage, which induces westerly flows. The second
EOF matches the South Anticyclonic (Sa) situation and the third may cor-
respond to the South East Cyclonic (SEz) situation. Finally, the third col-
umn in Fig. 6 shows the first three EOFs for the HIRHAM simulation of
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Fig. 4. Frequency of coincidence of Grosswetterlagen types with observed debris flows for
the period 1881-2004 for days that exceeded the 95th precipitation percentile.

the future climate under the hypothesis of a slow adaptation to climate
change. The first EOF is similar to the South-West Cyclonic (SWz)
Grosswetterlage. The pressure distributions in these types of situations in-
duce southwesterly flows. The second EOF explains almost as much of the
MSLP variability as the first EOF and resembles a situation of weak hori-
zontal pressure gradients over Europe. The third EOF matches the South
East Cyclonic situation. For all simulations, the fourth and fifth EOFs
were similar and represented the West cyclonic (Wz) situation and the
West European Trough (TRW).

Fig. 7 shows the result of the classification of all EOFs of the three
simulations into principal air-flow directions. The control simulation
captures rather well the principal flow directions; weak horizontal
pressure gradients (HP), westerly and southerly flows being the most
important situations conducive to the precipitation and temperature
conditions most likely to trigger debris flows in the Zermatt valley.
Under the climate change scenario with slow adaptation, weak horizon-
tal pressure gradients disappear completely in favour of westerly and
southerly flows; southeasterly flows are also introduced. Under the hy-
pothesis of climate change with rapid adaptation, weak horizontal pres-
sure gradients are reintroduced, though south/south-westerly flows
remain the most important directions. As is the case for the rapid cli-
mate change scenario, southeasterly flows gain in importance.

4. Discussion

This study addresses the types of meteorological situations condu-
cive to the precipitation and temperature conditions most likely to trig-
ger debris flows in the Zermatt valley under current and future climates.
Though precipitation and temperature are the main debris-flow trig-
gers, other nonmeteorological factors such as the presence of perma-
frost, snow cover, vegetation, and ground characteristics also influence
triggering; these factors are in turn affected by climate change. Because
this study focuses on the meteorological factors only, it expresses
debris-flow triggering in terms of probabilities.

The two-dimensional Bayesian analysis used in this study allows for
the use of two or more variables in the probability calculation as well as
for the evaluation of the significance of each variable. As such, we
established precipitation as the main debris-flow trigger. Precipitation
quantities exceeding the 95th precipitation percentile have a signifi-
cantly higher probability to trigger debris flows. Results also indicate
that a certain temperature range rather than extreme temperatures
has a higher probability to coincide with observed debris flows. The
low probabilities for the lower temperatures reflect the fact that precip-
itation may fall in a solid form at these temperatures. As the meteoro-
logical station of Grdchen is located below the source areas of debris
flows, measured temperatures below + 5 °C are likely to be associated
with precipitation falling in solid form in the source areas and thus
not trigger debris flows (Stoffel et al., 2005, 2014b; Stoffel, 2010). The
low probabilities for high temperature percentiles may be explained
by the circulation types observed during extreme precipitation events.
The coupling of the Grosswetterlagen catalogue with the debris-flow da-
tabase (Bollschweiler and Stoffel, 2010a) indicated that southerly flows,
weak horizontal pressure gradients over Europe, and westerly flows
were mostly associated with debris-flow triggering in the Zermatt val-
ley. Westerly flows in summer bring relatively cooler air from the Atlan-
tic in the direction of the Alps and rainstorms typically form in the cold
front of depressions (MétéoSuisse, 2013). The moisture advected by
southerly flows is forced to rise over the Alps, causing the air tempera-
ture to drop, which then results in sustained precipitation.

In contrast to this study, the studies of Jomelli et al. (2009) and
Damm and Felderer (2013) found that higher temperatures do have
an important influence on debris-flow frequency in the French and Ital-
ian Alps. The reason for this is that temperature influences debris avail-
ability through permafrost degradation and glacier recession in these
otherwise debris-limited areas. The Bayesian probability calculation
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Fig. 5. Principal air-flow directions as well as situations with high pressure systems (HD) and low pressure systems (TD) over Europe on days for which debris flows were observed.
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Fig. 6. First three empirical orthogonal functions (EOFs) for the HIRHAM control period (HC1), the future period under the hypothesis of slow adaptation to climate change (HS1/HC1), and
the future period under the hypothesis of rapid adaptation to climate change (HS1/HS1). For each EOF the percentage of explained total variance is given. Scale values of the EOFs are given
in Appendix B. The visualisation of the EOFs was carried out in ArcMap. The European boundaries layer was adapted from: GISCO — Eurostat (European Commission) Administrative
boundaries: © EuroGeographics, UN-FAO, Turkstat.
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HS1/HC1

Fig. 7. The principal flow directions (in terms of the percentage of total variance explained by each EOF) for events exceeding the 95th precipitation percentile and the 30th temperature

percentile for the HIRHAM control and future simulations.

used in this study would allow for better quantification of the influence
of temperature on debris-flow triggering in these areas.

The choice to retain the 95th precipitation percentile and the 30th
temperature percentile for further analysis was based on high probabil-
ity, high significance, and a sufficient number of events in the HIRHAM
simulations. For example, the combination of percentiles PogT5q_75, with
a probability of 0.91 based on 10 debris-flow events for 11 joint precip-
itation and temperature percentiles, could not be retained for further
analysis because of its low significance and insufficient occurrence in
the HIRHAM simulations. However, it would be appropriate to monitor
the occurrence of these types of conditions in the future.

This analysis is based on the results of the HIRHAM control and simu-
lation model runs with the IPCC A2 emissions scenario. New scenarios or
representative concentration pathways (RCPs) were formulated based on
additional variables such as land use and to better suit the more detailed
information requirements of current climate models (Van Vuuren et al.,
2011). This study is based on the older but well-established SRES scenar-
ios and as such, the results of this study should be viewed in this context.

While using the two-dimensional Bayesian probability calculation, we
must keep in mind that this approach is based on prior and marginal
probabilities. This means that if data and measurements do not contain
a debris flow triggered by a certain amount of rainfall, this will result in
zero probability for this type of rainfall event. The long data set used for
this study as well as the continued updating of data sets with new
debris-flow events mitigates this problem. Furthermore, like other
methods, the Bayesian probability calculation is based on past debris-
flow events. This means that using past probabilities for projection in
the future can only be done under the hypothesis that other variables
are fixed. And finally, probabilities depend also on the size of the study
area; the greater the area, the higher the probability of debris flows occur-
ring (Berti et al., 2012). For comparison, keep in mind that this study is
based on multiple torrents in the Zermatt valley. Where precipitation
and temperature measurements are concerned, the meteorological sta-
tion of Grachen is not located within the source area. As such, measured
temperatures and rainfall quantities may not be representative. The use
of percentiles rather than exact rainfall sums has mitigated this problem.

The coupling of the Grosswetterlagen catalogue with the debris-flow
database indicated that the West European Trough (TRW) coincided
most with observed debris flows that were triggered by precipitation
quantities that exceeded the 95th precipitation percentile. The Central
European Ridge (BM), the West Cyclonic situation (Wz), the British Isles
Low (TB), and the North Eastern Cyclonic (Nez) also coincided frequently
with observed debris flows. These could be further classified into souther-
ly flows, situations of weak horizontal pressure gradients over Europe, and

westerly flows. These results are partly in accordance with the findings of

previous studies: Attinger and Fallot (2003) identified the West European
Trough, the West Cyclonic situation, the British Isles Low, South Anticy-
clonic (Sa), Norwegian Sea-Fennoscandian High Cyclonic (HNFZ), and
South-East Cyclonic (SEz) as the principal Grosswetterlagen causing pre-
cipitation events of 100 mm and more in the Valais. Courvoisier (1981)
also identified westerly flows and situations with weak horizontal

pressure gradients over Europe as types of situations causing high precip-
itation quantities in Switzerland. These results formed a basis to compare
with the EOFs calculated on the HIRHAM simulation data.

The first five EOFs from the HIRHAM control period were identified as
the Central European Ridge (BM), the West Cyclonic situation (Wz) (sec-
ond and fourth EOF), the South Anticyclonic situation (Sa), and the West
European Trough (TRW). These are the same types of situations that were
identified for the observed debris flows. Interestingly enough, the West
European Trough was the most important Grosswetterlage for the ob-
served debris flows and is represented only by the fifth EOF. A possible ex-
planation for this is the overrepresentation of high temperature events in
the selection; all dates exceeding the 95th precipitation percentile and the
30th temperature percentile were used, whereas in the observed data
high temperature percentiles did not have a high probability to trigger de-
bris flows. However, the translation of Grosswetterlagen into principal
flow directions did yield more comparable results. As such, the HRHAM
model represents the principal air-flow directions responsible for the pre-
cipitation and temperature conditions most likely to trigger debris flows
in the observed data quite well.

Under the hypothesis of slow adaptation to climate change, other
variables such as ground and vegetation characteristics have not yet
responded to changing climatic conditions. This entails that for this
scenario we used the same percentile thresholds of the HIRHAM
current climate simulation for the future climate. Mostly the same
Grosswetterlagen were identified for the slow adaptation to climate
change scenario as for the control simulation. The South East Cyclonic sit-
uation was introduced; this type of situation leads to southeasterly flows
but was also one of the situations identified by Attinger and Fallot (2003).
Furthermore, westerly and southerly flows gain in importance at the ex-
pense of situations with weak horizontal pressure gradients.

Under the hypothesis of a rapid adaptation of ground and vegetation
characteristics to climate change, higher temperatures may allow vegeta-
tion to migrate to higher altitudes and in turn might decrease slope insta-
bility and reduce the availability of sediment in the source areas of debris
flows. The complete disappearance of permafrost may also influence
these variables. The rapid adaptation to climate change scenario assumes
that only extreme precipitation events will lead to debris-flow triggering

Table 2

Classification of Grosswetterlagen types into air-flow directions.
Circulation Flow # Grosswetterlagen types Mean T
type direction events (°C)
Meridional N 9 NA, HNA, NZ, HNZ, HB, TRM 7.81
| NE 9 NEA, NEZ 9.62
| E 6 HFA, HFZ, HNFA, HNFZ 10.24
| SE 4 SEA, SEZ 9.28
| S 25 SA, SZ, TB, TRW 10.15
Mixed SwW 2 SWZ, SWA 11.15
Zonal W 17 WA, WZ, WS, WW 9.76
Mixed NW 9 NWZ, NWA 8.55
| HD 18 HM, BM, 12.28
| TD 3 ™ 11.03
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in a future climate. As such, events have been selected using percentile
thresholds calculated on the basis of data from simulations of the future
climate. Situations of weak horizontal pressure gradients over Europe re-
gain in importance in the scenario of rapid adaptation. The importance of
westerly flows decreases, whereas south/southwesterly flows gain in im-
portance and southeasterlies are also introduced.

This exploratory analysis using EOFs calculated for various simula-
tions is useful, and spatial patterns are reasonably comparable to
Grosswetterlagen known to cause extreme precipitation in the Valais.
Both future scenarios indicate an increase in southerly flows and in south-
easterlies. In the scenario of rapid adaptation to climate change, this is at
the expense of westerly flows, which is comparable to findings by Rohrer
(2013). Situations of weak horizontal pressure gradients disappear in the
slow adaptation to climate change scenario and become almost equally
important as in the control simulation for the scenario of rapid adaptation
to climate change. A possible explanation for this is that the convective
precipitation typical during these situations requires relatively high tem-
peratures in the low levels above the surface. Events for the slow adapta-
tion scenario have been selected using the control period data, thus
situations with relatively low temperatures were included in the EOF cal-
culation. As such, events representing weak horizontal pressure gradients
may have been crowded out by events with lower temperature values.

The calculation of EOFs is a well-established technique in atmo-
spheric research. However, the physical interpretability of EOFs is still
subject to controversy. In line with the mode of interpretation of EOFs
put forward by Behera et al. (2003), this study has referred to the com-
posites that were used for the calculation of EOFs and associated the re-
sults with Cawley's MSLP anomaly charts (2002) for validation.

5. Conclusions
The objective of this study was to find what types of meteorological
situations are conducive to the precipitation and temperature conditions

that are most likely to cause debris-flow triggering in current and future

Appendix A

HC1 EOF1

climates. The two-dimensional Bayesian probability calculation was in-
troduced as a means to take into account uncertainties caused by other
than meteorological variables. We found that precipitation quantities ex-
ceeding the 95th precipitation percentile had a significantly higher prob-
ability to coincide with debris flows. No such relationship was found for
temperature percentiles. Southerly air flows, weak horizontal pressure
gradients over Europe, and westerly flows were mostly responsible for
precipitation quantities exceeding the 95th precipitation percentile and
debris-flow triggering in the Zermatt valley.

Using data from the HIRHAM model under the IPCC A2 emission sce-
nario, this study investigated whether in future climates the same large-
scale meteorological situations will be responsible for the precipitation
and temperature conditions likely to trigger debris flows. We found that
though the EOFs resulting from the simulations were fairly comparable
to the Grosswetterlagen known to cause high precipitation quantities in
the Valais, the most important Grosswetterlage from the observations
(TRW) was represented by the fifth EOF calculated for the control sim-
ulation. When these Grosswetterlagen were translated into principal air-
flow directions however, the results for the control simulation did cor-
respond to observations. In a climate change scenario with slow adapta-
tion, precipitation and temperature conditions prone to debris-flow
triggering will occur more often because of southerly and westerly air
flows, whereas situations with weak pressure gradients will fade out.
In a climate change scenario with rapid adaptation, southerly flows
and weak pressure gradients over Europe will more often favour these
types of conditions. Both scenarios introduce southeasterly flows.
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Fig. 8. First three empirical orthogonal functions (EOFs) for the HIRHAM control period (HC1). For each EOF, the percentages of explained total variance and scale values are given.
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