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Abstract. The distribution of the maximum annual three day 1 Introduction

snow fall depthH72, used for avalanche hazard mapping ac-

cording to the Swiss procedur&p, is investigated for a Land use planning in mountain ranges requires reliable
network of 124 stations in the Alpine part of Switzerland, avalanche hazard assessments (e.g. Salm et al., 1990; Bar-
using a data set dating back to 1931. Stationarity in timebolini et al., 2004) and management of the risk therein
is investigated, showing in practice no significant trend for (e.g. Biindl et al., 2004; Fuchs et al., 2004; Fuchs and
the considered period. Building on previous studies aboutMcAlpin, 2005; Keiler et al., 2006). The current approaches
climatology of Switzerland and using an iterative approachto avalanche hazard mapping couple avalanche dynamics
based on statistical tests for regional homogeneity and scalmodelling (Salm et al., 1990; Harbitz, 1998; Bartelt et al.,
ing of H72 with altitude, seven homogenous regions are iden-1999; Ancey et al., 2004) with statistical analysis of snow
tified. A regional approach based on the index value is therdepth at the avalanche starting zone (Burkard and Salm,
developed to estimate the-years return period quantiles of 1992; Hopf, 1998; Barbolini et al., 2002). In avalanche haz-
H7, at each single sité, H7o(T). The index value is the ard mapping exercise, tH-years return period avalanches
single site sample averagey,,,. The dimensionless values at a given site are computed and their run out zone and pres-
of H3,,=Hz2/1h,, are grouped in one sample for each re- sure are evaluated (e.g. Salm et al., 1990). The snow depth
gion and their frequency of occurrence is accommodated byn the avalanche release zone is often taken as the snowfall
a General Extreme Value, GEV, probability distribution, in- during the three days before the eveHt,, evaluated with
cluding Gumbel. The proposed distributions, valid in eachrespect to a flat area and then properly modified for local
site of the homogeneous regions, can be used to assess th®pe conditions and snow drift overloads (Salm et al., 1990;
T-years return period quantiles @f,. It is shown that Burkard and Salm, 1992). THewiss procedur¢hereonSp

the value ofH72 (T) estimated with the regional approach e.g. Salm etal., 1990), also used as a reference in other coun-
is more accurate than that calculated by single site distributries (e.g. in Italy, Barbolini et al., 2004), provides mapping
tion fitting, particularly for high return periods. A sampling criteria for dense snow avalanches, based on the definition
strategy based on accuracy is also suggested to estimate tiodba more dangerous red zone (impact pres§w800 years
single site index value, i.e. the sample average,, critical andPr>30kPa, off <30 years an®r<30 kPa), and of a less

for the evaluation of the distribution df75;. The proposed dangerous blue zone (impact pressurg B0<300 years and
regional approach is valuable because it gives more accuratér<30 kPa). Therefore, avalanche hazard mapping based on
snow depth input to dynamics models than the present procethese criteria requires as input for each avalanche sitdihe
dure based on single site analysis, so decreasing uncertainfy-years value, fof"'=30 and7'=300, at least.

in hazard mapping procedure. Estimation ofH7, T-years quantiles is often carried out by
distribution fitting of the single site observed data, i.e. of the
maximum annual observed values®f, for a range of ob-
servation years. According to the theory of extreme values
(e.g. Darlymple, 1960; Hosking et al., 1985; Hosking and

Correspondence td. Bocchiola Wallis, 1993; Kottegoda and Rosso, 1997; De Michele and
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Table 1. Nomenclature.
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Altitude at sitei

Statistic for Anderson-Darling test

Rate of increase qf g, with altitude

Single site {) discordancy measure for station

Theoretical probability distribution ofi;

Plotting position of the observed valuesle)fz, F’=(0ord—0.65)/ntot
Statistic for Wiltshire distribution based homogeneity test

Average ofG;’av over all the stations

Single site {) average ot?;.yy over they; years

Annual maximum three day snow fall depth

Single site {) annual maximum three day snow fall depth

H7o; scaled by its single site sample average

Hosking and Wallis statistic for homogeneity based oGV

Hosking and Wallis statistic for homogeneity based e@V, L-SK

Hosking and Wallis statistic for homogeneity based 68K , KU

Daily fallen snow depth

Cumulated snow cover, or snowpack depth

Site index

L-Coefficient index

Parameters of the GEV (including EV1) parent distribution evaluated using
moments

Statistic for Kolmogorov Smirnov test

L-Coefficient of Variation (ratio between second and first odfdenoments)
L-Coefficient of Kurtosis (ratio between fourth and second ofdenoments)
L-Coefficient of Skewness (ratio between third and second drdapments)
Number of stations featuring at least 10 years of measured data
Number of H72 observed values of

Number of simulations for the homogeneity tests

Total number ofHi7, observed values in a region

Ranking position of the particular value &%, in the ordered sample
Single site {) sampling variance ott?;’y (pi=1/(12;))

Probability Weighted Moments

Return period in years

Weighted variance for Hosking and Wallis test based.4mv

Weighted variance for Hosking and Wallis test based €2V, L-SK
Weighted variance for Hosking and Wallis test based.e®8K , L-KU

Year index

Number of available years (winter season) of observation at site
Gumbel variableyy=— In(— In((T—-1)/T))

Single site {) sample average (index value) Bf»

Average ofVp, Vq, Vo

Single site {) scaled mean square error of the single site sample average estimate
Standard deviation dfg, V1, Vo

Single site {) standard deviation of th&7» single site sample average
Single site {) standard deviation of thH#7,T-years quantile

Single site {) dimensionless standard deviation of tHg, T -years quantile

of the T-years quantiles using empirical distribution fitting, = The lack of observed data for distribution fitting of ex-
a least number of observations is required, in the order otreme values in hydrological sciences can be overcome by
nobs=T/2. For T=300 years, this amounts to 150 years of using regional approaches, includiimglex valueapproach
sampled data. In Switzerland, except for few cases, shortefDarlymple, 1960; Sveinsson et al., 2001). This implies that
series of observed snow depth are available, covering on awalues of a hydrological variable that are scaled, i.e. divided
erage a period of 50 years or so (e.g. Laternser, 2002). by an index value (e.g. Bocchiola et al., 2003), have identical
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Fig. 1. Case study area, gauging stations network and proposed regional clustering.

frequency distributions across all sites within a given ho-region, scaled with respect {oy,,, namely H7,=H72/ i1 g,
mogenous area, or region (Hosking and Wallis, 1993; Burn,A General Extreme Value (GEV) distribution, including EV1
1997). The regional distribution is usually namgiwth (i.e. Gumbel) is adopted, suitable for extreme value analysis.
curveand is more accurate as compared to single site analysiBecauseu y,, can be estimated from the observed data at a
(e.g. Madsen et al., 1997; De Michele and Rosso, 2001; Katzingle site, its accuracy depends on the number of observed
et al.,, 2002). The regional approach requires a preliminaryyears at the specific site. A framework is drawn here to quan-
analysis to verify the regional homogeneity of the consideredify the accuracy of th& -years quantile estimates depending
process and its spatial extent (e.g. Hosking and Wallis, 1993pn the number of the available recorded years, so providing
Burn, 1997; Castellarin et al., 2001; De Michele and Rossoan accuracy driven sampling strategy. Also, regression equa-
2002; Bocchiola et al., 2006; Bocchiola and Rosso, 2007). tions against altitude are given were suitable, to indirectly

Here, the authors try to apply the regional approach to theeStimateu i, in ungauged sites.

mountainous area of Switzerland, covering about 2 Kre?,
i.e. 60% of the country. Former studies have investigate
the degree of homogeneity of Switzerland with respect to th

distribution of rainfall and snow precipitation in gauged sites 1,4 study area (Fig. 1) covers the mountainous area of
(e.9. Rohrer et al,, 1994; Baeriswyl and Rebetez, 1996; Latgyjtzerland. In the Swiss Alps, over 200 snow measur-
ernser, 2002). Based on_these stL_Jdles, the authors test helprﬂg stations have been installed by SLF (Swiss Federal
the degree of homogeneity of Switzerland concerni@  |ngtitute for Snow and Avalanche Research) and by Me-
using snow depth measurements for a network of 124 snowg,gyiss (the Swiss Federal Office for Meteorology and Cli-
measuring stations. First, a test for stationarity in time of thematology) (e.g. Laternser and Schneebeli, 2003). For the
series ofH7; is applied for each snow station with at least p esent study only data collected by the manual stations net-
30 years of avgllable data. Then, con3|der|ng an increasingqr of SLF were used (Fig. 1), 124 stations with altitude
number of regions the degree of homogeneity of the |atterranging from 230ma.s.l. in Bellinzona station (6BE) to
is assessed using statistical tests based on observed valug§10ma.s.l. in Felskinn station (4FK) and an average al-
of Hzp, scaled to their index value, or sample average,.  tityde of 1522 ma.s.l. At the stations, manual measurements
Also, the relationship betweemy,, and altitudeA is con- 516 carried out daily by seasonal personnel, around 7.30 a.m.
sidered to define homogeneity, becausg, often depends  The measured variables are, among others, the depth of the
on altitude inside homogeneous regions (e.g. Barbolini et al. .., mulated snow cover. or snowpadkS and the depth of
2003; Bocchiola et al., 2006). the daily fallen (i.e. in the last 24 h) new snawl\, together
After the evaluation of the regions, distribution fitting is with the new snow water equivalent SWE fBiN>0.1m.
carried out by grouping the single site valuesthb in each ~ Because the data set dates back to 1931, the stations with

22 Study area and available data base

www.nat-hazards-earth-syst-sci.net/8/685/2008/ Nat. Hazards Earth Syst. Sci., B)5&008



688 D. Bocchiola et al.: Regional three day snow depth in Switzerland

the most complete series feature a number of 76 years, whiléhey found a similar decrease of the number of days tth
some stations feature less than 10 years of data. Eventuallgbove a threshold, more marked at low altitudes and for the
a number of1:;=4954 values of{7, could be collected. smallest thresholds. Eventually, they considered the annual
Few stations experienced a considerable change in posimaximum sum of new snow in three successive days (named
tion (i.e. in altitude) during the observation period. Four thereinHN3), coinciding in practice withHz7,, observing no
worst cases were found, namely stations 2MB60m in  relevant trend (Laternser and Schneebeli, 2003, p. 746), apart
winter 1984, 3UI, +140m in 1983, 50B, +330m in 1973 from few low lying stations (therein, p. 745).
and—190m in 1979, 7CO, +420m in 1994. Because here Here, to statistically evaluate the degree of stationarity
elevation is investigated as one of the main driving factor Ofof H7,, Mann-Kendall test is adopted, used as a valid tool
heavy snowfalls, a considerable change in altitude cannot beor identification of trends in hydrological and climatologi-
neglected. Therefore, the data from these stations were dical data (e.g. Burn, 1994; Valeo et al., 2003; Cislaghi et al.,
vided into two sub samples, before and after the relocation2005; Jiang et al., 2007). The stations showing at least 30
This is reasonable, because stationarity in time of the disconsecutive years of data are considered for significance of
tribution of H7 is observed in practice (shown further on). the test. These are 75 stations, evenly distributed in space,
The list of the stations and the related data availability is re-with data set ending in 2006, apart from 11 stations, end-
ported in Table A.1 in the Appendix A, where stations after ing between 1996 and 2003. The test is performed as in the
relocation are indicated with an apostrophe after their nameyaper from Cislaghi et al. (2005), to which the reader is re-
(e.g. 2ME and 2MFE’). Therein, it is reported the number of ferred for full explanation. Here, for each of the 75 stations,
available years, i.e. the number of observed value$of the p-val of the MK test is evaluated and compared with a
significance level for stationarity of the serigs/al=5% and
reported in Table Al. For 72 out of the 75 stations signifi-

3 Regional approach to frequency estimation of{7, cant stationarity was found (i.@-val>5%). The three sta-
o tions featuring lowp-val are 6BE A=230ma.s.l.Y=61, p-
3.1 Estimation ofti72 val=1%), 7BR =800 ma.s.l.Y=60, p-val=2%) and 2TR

(A=1770ma.s.l..Y=66, p-val=2%), all showing a slightly
For all the stations and the available years the greatest annuabcreasing trend. However, notice that the two former sta-
Hzy is evaluated, using automatic extraction procedures (altions are placed at quite low altitudes, particularly 6BE sta-
the mathematical elaborations required in the present pap&fon. This seems consistent with the findings from Laternser
have been carried out in Matf&benvironment, version 6.5). and Schneebeli (2003). However, eight stations out of ten
According to theSp the value ofH7 is calculated by eval-  below 1000 ma.s.l. (see Table A1) shpwval>5%, while
uating the “increase in snowpack depth during a period ofeyeball analysis op-val against altitude above 500 ma.s.|.
three consecutive days of snow fall”. Thu# is taken  do not show any clear influence of the latter. Station 2TR
as the greatest observed value of the positive difference ijata set is analyzed for consistency, but no evident issues are
snow depth calculated using a three day wide window, movfound. It is concluded that the-val therein reflects some
ing by one day steps. The measured valueg/gf in the local situation.
whole region range from a least value of 0.01 m to a greatest Eventually, the analyzed data baseH#, seems reason-

value of 2.3m. The average sample value for Switzerland iy, stationary in time. The three stations showing non sta-
Mz, =0-56 M. In Table Al, the sample average for each sitgjonarity, 6BE, 7BR and 2TR are not excluded a priori from

I\ ey 1S reported. the regional analysis, because they carry out considerable in-
formation about heavy snowfalls, in view of the considerable
number of sampled years (see Table Al). A judgment about
their exclusion is taken also based on the results from the
statistical tests for regionalization.

3.2 Stationarity ofH72 in time

To carry out the regionalization procedure and distribution
fitting of Hyo, it is necessary to hypothesize stationarity of
the series in time. Stationarity &WEandHS for Switzer-
land has been recently investigated by some researchers (e$3 Index value approach

Rohrer et al., 1994; Laternser and Schneebeli, 2003). Partic-

ularly, Laternser and Schneebeli (2003) considered data fronThe index value regional method is widely adopted in the
the same set of snow stations as here, for the period 193field of statistical hydrology (Burn, 1997; Katz et al., 2002).
to 1999. They investigatedS, continuous snowpack dura- The index value can be calculated by the single site sam-
tion, and number of days of new snd¥iN greater than given  ple average (e.g. Bocchiola et al., 2003), or by the median
thresholds KIN>0, 10, 20 and 50 cm). They highlighted a (middle ranking value of the single site observed series, e.g.
visual decreasing trend of the seasonal averagd$fto- Robson and Reed, 1999) or by a site to site location parame-
gether with a decrease of the snowpack duration in the laster (e.g. Sveinsson et al., 2001). Here, the mean of the single
twenty years or so, more pronounced at low altitudes. Alsosite distribution is used, estimated by the sample average of
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the observed values at the specific sjtdefined as altitudeA; is used as a further criterion for homogeneity. For
robustness of the analysis, only stations featuring at least 10
1 years of measured data were considered (e.g. De Michele and
HHy = Y; Z Hz2iy. (1) Rosso, 2002), resulting iN=114 sites, evenly distributed in
=t the region (see Fig. 1 and Table A1l).
whereY; is the number of years of observation and the suf-
fix y indicates the yeapth. The related standard error of ~ Starting from all Switzerland taken as homogeneous and

estimation is considering an increasing number of regions according to the
o grouping proposed by Laternser (2002), homogeneity tests
Hri . . . . .
OuHry = Wik (2)  were iteratively carried out on the considered regions. We
4

also carried out cluster analysis éf, for verification, find-
with oy, sample standard deviation &7, at the specific ing in practice equivalent results as in Laternser (2002). The
sitei. The scaled value afi7» at each specific siteis there-  least number of regions was taken providing a reasonable de-

fore defined as gree of homogeneity according to the chosen criteria (i.e. ho-
Hoo mogeneity of function¥; and scaling of 4,, with altitude
Hyy = LLIPN F; (1;.). (3) A;) and a spatially consistent pattern, as reported.
M H7y;
The symbolF; indicates thedf of Hz, at sitei. The aver- Eventually, 7 homogeneous regions were defined, as re-

age of Hz, is obviously 1 and the remaining moments need ported in Fig. 1 (Bianchi and Gorni, 2007). The region

to be estimated from data. The key hypothesis for the re_numbers from 1 to 5 are coincident with those from Later-
gional approach is thak; is the same at each site nser (2002, Fig. 4.7 and Fig. 4.8). This mirrors the clus-
tering based on 5 groups as reported therein (Fig. 4.8, Cor-

3.4 Identification of homogeneous regions relation level Cor=0.33 or so). Some slight differences are
introduced here for an increasing level of clustering. Lat-
The first step in regional analysis is the definition of the ho-ernser (2002) introduces one more region (i.e. six clusters,
mogenous regions, where homogeneity of the functipn  Cor=0.4) by splitting region 1 in two parts (S-W and cen-
holds. This requires first partitioning of the considered sta-tre plus N-E). Here, preliminary analysis based on statistical
tions into sub-groups, or regions. This is done by groupingtests and scaling qf ,,, with A; did not show considerable
techniques, including Principal Components Analysis (seedifference, suggesting to consider region 1 as a whole. For
e.g. Rohrer et al., 1994; Baeriswyl and Rebetez, 1997; BohCor=0.43 seven clusters are obtained, dividing region 5 in
and Aguado, 2001), region of influence assessment (ROIE and W parts. Again, preliminary tests resulted in leaving
e.g. Castellarin et al., 2001), or seasonality measures (e.gegion 5 untouched. For Cor=0.48 a number of 8 clusters
Burn, 1997; De Michele and Rosso, 2002). The results ofis taken, splitting region 4 into 4E and 4W, as here. In this
such procedure should provide grouping of stations whichcase, considerable difference is seen in the preliminary anal-
are spatially consistent, in order to avoid senseless regiongsis, suggesting division of the region in two parts (Bianchi
(e.g. leopard skin patterns, see Bohr and Aguado, 2001)and Gorni, 2007). For Cor=0.51, Laternser (2002) suggests 9
Traditionally, Switzerland was divided into seven climato- clusters by dividing region 3 in E and W parts. Here, no such
logical regions, depicted considering morphological featuredifference is spotted and region 3 is left unchanged. Notice
and political boundaries (e.g. Baeriswyl and Rebetez, 1997that in region 3 only 6 stations are available, so the present
Laternser 2002; Laternser and Schneebeli, 2003). Laternseesults might be less robust than in the other regions. For a
(2002) directly grouped Swiss snow stations applying a clusslightly higher value of Cor=0.53, 10 clusters are found by
ter analysis either to daily snowpa¢kS or to new snow  dividing region 2 in two parts, here indicated as 2W and 2E.
depthHN. Here, the latter is analyzed because it is more cor-This division is here accepted after preliminary tests.
related toH7,. Laternser (2002) calculated correlation level
Cor, defined as the correlation of time series from pairs of The seven regions (1, 2E, 2W, 3, 4E, 4W, 5) were then
stations, and used it to define groups of maximum similarity.tested for homogeneity, providing acceptable results. There-
He proposed foHN a hierarchical division up to 14 regions, fore, no further division was introduced. The proposed re-
depending on the chosen value of Cor. Here, this division isgions are as follows. The northern slope of the Swiss Alps
used to iteratively evaluate the homogeneity of He dis- is divided into 4 independent areas: region 1, the north west
tribution. A key step in regional analysis is the evaluation belt crossing the country from west to east, region 2W, the
of the index value in sites that are not gauged, e.g. based oRhone Valley, region 2E, the Gotthard Range and region 5,
some proxy data from site morphology (see e.g. Bocchiola ethe northern part of Grison. The southern slope is divided
al., 2003). As far adi7y is concerned, regression analysis into 3 independent areas: region 3, the southern valleys of
against altitudet; is used (e.g. Barbolini et al. 2002). There- east Valais, region 4W covering Ticino and region 4E cover-
fore, homogenous scaling of the average atisjigy,, with ing the southern part of Grison.
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3.5 Discordancy measures of the single sites L-moments 5KU, D;=0.14, 5SA,D;=0.78, 5KR,D;=0.14). Also, analy-

sis based on parent distribution fitting and Wiltshire test for
To test the degree of homogeneity of the distributignan  region 5 did not show considerable heterogeneity of 5SE an
approach based oh-moments can be used (Greenwood et5VZ (in Sect. 3.7, see Table A2). This suggests that the con-
al., 1979; Hosking, 1986, 1990).-coefficients, i.e. ratios  sidered stations might be reasonably included in region 5.
betweenL-moments from order two to fourL¢Coefficient
of Variation, L-CV, L-Skewness/-SK and L-Kurtosis, L- 3.6 Homogeneity test based on L-moments
KU) are used in regional frequency analysis (e.g. Hosking
and Wallis, 1993; Burn, 1997). The-coefficientsL-CVy;, 10 test homogeneity, the stationarity in space of the
L-SKy= and L-KU = of the dimensionless series 673621_ coefficients can be evaluated (Hosking and Wallis, 1993).
at each site are evaluated. A homogeneity test is introducedne hypothesis is that the value of thecoefficients is the

(Hosking and Wa”iS, 1993) tak|ng the discordancy measuresame for each station inside the I’egion. This is verified
testing whether the inter site sample variability of the

D: = 1- (u; —ii;)! S—l(u, — i) @) coefficients is compatible with the chance variation due to
S T Lo the statistical properties df;,,. First, one defines
where the suffix indicates transposition, N
Yi (L= CVi— L —CVqy)?

! i=1

u; = |:L,- — CVH;‘ZLi — SKH;‘ZLi — KUH;Z] (5) Vo = ~ , (7
Y,

and El !

1 N B . wherelL-CV,, is the group mean value afCV. This vari-
S=WN =D (i —ity) (w; — )" (6)  ability index Vo, extracted from the available samplefgf,,
i can be compared with its value when it is calculated from
The termi; is a vector containing the average of the terms @ sample of the random variable;,; at the same stations,

in vectoru; in the N sites. Large values db; (D;>3, Hosk-  in the hypot.hesis that they all feature the same vaIuE—qf
ing and Wallis, 1993) indicate sites that are most discordan{CV- To provide a sample from such hypothetical population,
from the group and are worthy of investigation. numerical simulation is required. This is carried out in the

In Fig. 2 theL-coefficients charts are reported for the sevenypothesis that-CV is constant in space, to provide the ex-
regions. The results of the test are reported in Table A2. ReP€cted average ofo, yo and its standard deviatiosyo.
sults are reported for the seven regions and also for Switzer] he test statistic is then
land taken as a homogeneous region. We obsefjed3 Vo — uvo
for five stations, evenly distributed nationwide (1MN, 4FK, Ho = ————.
5SE, 5VZ and 6BE). In region 1, it i®;>3 for one only ] ) ) )
station (Interlaken, 1IN, 580 ma.s.k=50, D;=3.95) out of According to Hosking and Wallis (1993), o<1, the
36. Because this station is well inside the boundaries of revalué of L-CV in the considered region can be reliably
gion 1 (Fig. 1) this might be due to its low altitude. Sta- viewed as constant, whilHy>2 means secure heterogeneity

tion 5LQ (520 m a.s..Y=60), near to the border with region N SPace. For £Hp<2, more uncertainty is expected. Itis
5, showsD;=2.95. However, analysis of ., against alti- also possible to construct two other heterogeneity measures
! e ! 72

tude A suggests that 5LQ is suitable to be clustered in regionP@sed orL-coefficients. Itis considered a measifebased

1. Also, in view of its low altitude, some uncertainty is ex- ©NL-CV andL-SK

pected. For regions 2E, 3and 4 (E and W), it is alwBys 3. N ) 2105
Region 2W, including 11 stations, shows high in station | _ L1 = OV = L= OV (L= K = L = K] ©)
4VI (Visp, 660 ma.s.l.Y=61, D;=3.86), close to the bound- ’
ary between region 2W and region 3, representing the north i
to south alps divide (Level 1, Cor=0 for clustering in Later- 504 5 measur¥,, based or.-SK and L-KU

nser, 2002, indicating a first strong division between north

and south of the Alps). Because station 4VI is in a valley % Yi[(L — SKi — L — SKa)? + (L — KU; — L — KUg)?]*®

)

ovo

It4=

Y;

northern of the divide it seems that it should be clusteredy, = =2 - . (10)
in region 2W. Region 5 show®; >3 for two stations (Se- pIR?
drun, 5SE, 1420 ma.s.lr,=38, D;=3.84 and Valzeina, 5VZ, =1

1090 ma.s.l.Y=21, D;=3.06) out of 29. However, For the H; and H; can be calculated as in Eq. (8). Statistics based
four stations closest to 5SE, one has<3 (5DI, D;=0.51, on Vq and V, are weaker thap in discriminating between
5CU, D;=0.39, 5FU,D;=2.90, 52V, D;=1.96). The same homogeneous and heterogeneous regions (Hosking and Wal-
applies for the four stations closest to 5VZ (5P}=0.50, lis, 1993), whileVy is particularly relevant, becauseCV
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has a large influence on frequency distribution fitting (Hosk- generated, one for each statigfieaturingy; (Table Al) ran-

ing et al., 1985; Hosking and Wallis, 1993).
Here, a number of simulations;sin=1000 were per-

www.nat-hazards-earth-syst-sci.net/8/685/2008/

dom samples off7,,. Then, the values dfp, V1 andV, were
calculated as in Egs. (7), (9) and (10). From the so obtained

formed, providing stable results. A GEV (including EV1, 7sim, values ofVo, j1yo andoyo were calculated and the same
or Gumbel) distribution of the single sitd, is assumed ~Was done fof; andV,. The results of the tests are shown in

(parent distribution), because it shows good fitting of the ob-Table A3.
served data (in Sect. 3.8). For each simulatigrseries were
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Considering Switzerland as a whole, one Hés=17.5,

H1=5.4 andH>=2.66, thus indicating strong heterogeneity. freedom. In Table A2, the values 6f,

D. Bocchiola et al.:

Regional three day snow depth in Switzerland

The R statistic is distributed as a2, with N—1 degrees of

, for the considered

Region 1 shows a slightly negative (see e.g. Rao and Hamedtations are given, while in Table A4 the average vatﬂg,;

1999) value ofHp and values ofH; and H» positive and
smaller than 1. Region 2E shows valuesHy, H1 and H>
positive and smaller than 2, while region 2W hdg nega-
tive and H1 and H» positive and smaller than 1. Region 3
shows negative, but smaller than two values#r H; and
H>. Region 4E shows a high value éfy=4.75, but with

are given for the regions. Theval of the corresponding 2
distribution is also reported. Here and in the following, we
choose a standard reference level for acceptance of the test’s

hypothesis oftxr=5%. Of course this is arbitrary, and differ-

ent results may be obtained using other reference levels (e.g.
a=10%). Some subjectivity is entailed into such approach,

H; and H; positive and smaller than 2. Region 4W shows a but this is a part of the regional approach and, more gener-
negative value oHo(but smaller than one) and also negative ally, of use of clustering techniques to interpret physically

values ofH; and H,. Eventually, region 5 shows negative
values (smaller than two) faHy, H1 and Ho (both smaller
than one). In general, the results of thlg (H1, H») test

based spatial variables. For Switzerlapeyal<10~4, indi-
cating unsuitability of taking the parent distribution at single
sites. For all the regions but 4E one lpagal>5%, indicating

seem to accept the hypothesis of homogeneity of the consida considerable confidence in taking the parent distribution to

ered regions. Only for region 4E the value /8§, based on
L-CV, suggests a certain degree of heterogeneity, wiile
andV, suggest more homogeneity.

3.7 Distribution based Wiltshire test

represent the at site variability df7,. For region 4E one
has p-val=1%, so indicating a lower, albeit non negligible,
degree of confidence.

3.8 Evaluation of the regional distribution

shlre 1986). This tests the accuracy in representing the sing General Extreme Value (GEV including EV1, or Gumbel)

gle site values ofi7,, using a single parent, or regional distri-

distribution. The GEV quantiles featurirfryears return pe-

bution. It represents in practice a site to site cross-validatioryjgg are evaluated as
of the regional parent distribution based on the evaluation of

the frequency (i.e. return period) of the at site observed sam#;,(T) = ¢ + — (1 exp(—kyr)),

ples. Considering a random sample of sizéx1, x2....x,)

from a given distribution, the value of the non exceedancaNith yr Gumbel variable y;=—

probability of each valué in the sampleG,=G(x;) can be
calculated. The resulting valueg{, G». ..G,,) should show
a Uniform (0:1) distribution, apart from random deviations.
If a new sample ¥1, y2.....y,) from a different, unknown
distribution is at hand and the distributiéhis used to infer
the sample frequena¥ (y¢), the resulting set of frequencies
(G}, G5...G,,) will differ from the Uniform (0:1) distribu-

(13)

In(—In((T=1)/T)). The
parameters of the considered distributionipcationa, scale
andk, shape, are estimated according to fthenoments ap-
proach (e.g. Kottegoda and Rosso, 1997) applied to the sam-
ple obtained by grouping th&/7, samples in each region.
Use ofL-moments is consistent with the homogeneity tests
in section 3.5, and further with the literature concerning es-
timation of extreme values distributions, particularly GEV,

tion by an amount greater than expected for random deviaas they provide robust parameters estimation because they

tions only.

are less sensitive to rare events with very high values, which

Here, if the single site distributions fit the parent GEV dis- may hamper estimation using other methods (e.g. Hosking,

tribution, their sample frequencies fit a Uniform (0:1) distri-

bution. A test statistic is introduced to evaluate this fitting, as

1990; Stedinger et al., 1992; De Michele and Rosso, 2001).
In Fig. 3, fitting of the tested distribution to the sam-

follows. First, the sample frequencies of the observed valueple frequency curve is shown (APL plotting position

for the single sité and the yeay, G; , are evaluated by the

parent distribution. Then, their deviation from the centre of ing order andn size of the sample).

gravity of the U(0:1) is evaluated as

G, =2|Gi, —05|. (11)
The test statistic is then
N (G  —G),
R = Z ( i,av >’ (12)

i=

where G/ . 1S the average of the term in Eqg. (11) over
the Y; years of station’ and p; is its sampling variance,
pi=1(12y;). G, is the average otﬁ;m over all the stations.

Nat. Hazards Earth Syst. Sci., 8, 6895 2008

F’=(0ord—0.65) /nict, with ord ranking position in decreas-
Also, the confi-
dence limits are reported, far=5%. These are evaluated
as H7, (T)= H;‘Z(T)iq>a0H;2(T), where @, is the 1le/2
guantile of the standard Normal distribution, amg;z(T)

is the standard deviation of the estimated valueigi(T),
calculated as (De Michele and Rosso, 2001)

2

o

« (T)= e
oz, (T) |:<”ltot

The value ofoH*z(T) depends on the whole sample size
niot.  When single site distribution fitting is carried out,

05
) exp(yr exp(—1.823k—0.163)} .(14)
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Eq. (14) still holds replacingot with the observed years, tic. Preliminary analysis based on Wiltshire test and plotting
Y;. position showed that the distribution &f7,, therein is con-

Inter site dependence inside a region could result in pooiderably different as compared with the regional one (shown
distribution fitting, and consequently into decreased accuin Bianchi and Gorni, 2007), maybe due to low altitude of
racy of theT-years growth curve quantiles, i.e. in a value the two stations (1INA=580ma.s.l., 5LQA=520ma.s..).
of o= (T) greater than that in Eq. (14) (e.g. Hosking and Thence, 1IN and 5LQ stations were not considered for par-
Wallis7,2 1988; Bayazit an®noz, 2004). This is turn would ent dis_tributio_n evaluation. [n region 2W, a similar issug was
result in decreased accuracy of the at itgears quantile [ound in station 4V, showing a high value @;. Again
H72(T), i.e. increase of its standard deviatiomy,,, 7. How- here an analysis pasgd on Wl|tfhlll’e tgst and plotting position
ever, for moderate inter site dependence, homogeneity tes@owed that_ the distribution afy,, is different as c_ompared
are not substantially affected (e.g. Lu and Stedinger, 1092a)/h the regional one, maybe due to the low altitude of the
and GEV distribution parameters are well estimated (e.qg. tation (4V1,A=660ma.s.l.). The station is then withheld

Madsen et al., 1997; Salvadori et al., 2007). Even in case OFor regional distribution evaluation. In region 4W the station
inter site dependenceH;z(T) for regional analysis is much 6BE presented a similar issue. As reported, therein some non

smaller than for single Site analysis (e.g. Lu and StedingerStaﬂonarity is detected. Analysis based on Wiltshire test and

1992b; De Michele and Rosso, 2001; Katz et al., 2002)_pl_gtting pos(ijt_if(?n shO\;ved thr‘?t also theTein the single sitfe_dis-
Bayazit anddnbz (2004) studied the increasecof. (T) due  tribution is different from the regional one. In view of its

to inter site dependence for Gumbel distribution, mainly usedIOW altitude (GBE_’A:_23Q mas.l) and of the _reSl_JItS here
here, showing that for moderate average inter site depenr_eported, the station is withheld for parent distribution evalu-

dence (correlation coefficiept<0.3 or $0) o (T) changes ation. In Table A2, the withheld stations for evaluation of the
= 72

slightly (less than 20% or so), independentiyrof parent distribution in each region are reported. Notice that

- : . _ these are all below 700 ma.s.|. or so (see Table Al).
Here, preliminary correlation analysis for the highlighted

regions indicated moderate levels of average inter site cor
relation (p~0.2-0.3, or less), likely to result into possible
underestimation OEffH;Z(T) in the order of 15% or less. No-

. X ) ; X : In Fig. 4, uu,, is plotted against altitude. The results of
tice that in spite of the presence of inter site correlation, re'weighted (on sample siz&) regression analysis are shown

gional analysis based on extreme value distributions is useg, Tapje AB, also for Switzerland as a whole. Significant (at

to evaluate quantiles of peak floods (e.g. GREHYS, 1996, (oference confidence leve5%) increase of.y,, against

Burn et al, 1997;_ Castellarin et al., 2001; Skaugen and, js ghserved in all regions but 2W and 5 (Fig. 4a, b). No-
Veeringstad, 2005; Bchele e'f al., 2006), precipitation ex- jce that the observed dependence is of course representative
tremes (e.g. Buishand, 1991; Cong et al., 1993), dBWE ¢ oy average situation. For instance, in region 1 here reverse

(e.g. Skaugen, 1999; Bocchiola et al., 2007) and three day, jients have been observed in particular winters, as a result
snow depth for avalanche hazard mapping (e.g. Barbolini efy cerain weather situations and local topography (Rohrer,
al., 2002; Barbolini et al., 2003; Bocchiola et al., 2006), be- eviewers communication, June 2008). However, these
cause it provides a considerable net gain in accuracy. Herggingie occurrences are usually overridden by the viceversa
it will be shown that proposed regional approach results ingage  For region 5, the findings here are consistent with e.g.

a decrease Of ;7 for the reference return peridi=300 | 4remser (2002, p. 90). He reports on a study about the gra-
years up to 300% or so with respect to the single site analyient of HN against altitude based on 2388 events in nine

_ysis. Therefore, it seems reasonable to preliminarily neglect, . stations in the Davos region (in region 5 here), where
inter site dependence. no significant either positive or negative gradient exists. Con-
In Table A4 the parent distributions parameters are re-cerning region 2, notice the considerable difference between
ported. Three goodness of fit tests are carried out, namelyhe regions 2E and 2W (Fig. 4b), giving further evidence for
Anderson-Darling AD), Kolmogorov-SmirnovKS) andx?  their splitting. This independence (2W and 5) on altitude
(see e.g. Kottegoda and Rosso, 1997), reported in Table A.4night be explained observing that the majority of the stations
For Switzerland, the proposed GEV distribution shows  in these regions is above 1300 ma.s.l. in the inner-alpine dry
val>5% for AD andKS andp-val=1% for x2. The dimen-  region, thus not being affected by strong orographic precipi-
sionless sample for the whole Switzerland can be reasonablyation.
well accommodated by a GEV distribution for the purpose  Notice that theSpindicates a rate of increase with alti-
of analyzing the extreme values #8f, but its use at single tyde of Hy, for T=300 years of:s,(300)=5 cm/100 m. Here,
sites is more questionable (Wiltshire test in Sect. 3.7). Fortaking the average rate of increase jof;,, for Switzer-
all the regionsp-val>5% are obtained. Only for region 4E, |and in Table A5, namely:=2.01 cm/100 m, multiplied by
p-val=1% is obtained in thg? test. the 300 years quantile of the GEV distribution for Switzer-
In region 1 some issues were found in stations 1IN andland in Table A4, namelyH;,(300)=2.63, one obtains
5LQ, indicated in Sect. 3.5 for high values of thg statis-  ¢(300)=5.28cm/100 m. Thus, the rate of increase bySpe

3.9 Dependence gf,, on altitude

Nat. Hazards Earth Syst. Sci., 8, 6885 2008 www.nat-hazards-earth-syst-sci.net/8/685/2008/
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Fig. 4. Plotting of u 7, against altituded. (a) Region 1, 3, 5(b) Region 2E, 2W(c) Region 4E, 4W.

is valid on average, but different rates should be considereg.y,, againstA for region 4E, because they are not indica-
in different regions. This is consistent e.g. with Laternsertive of the behavior ofxx, in that region. Concerning re-
(2002, p. 91), when he states that it is “. .. not appropriate togion 4W, station 6BE was considered to evaluate the rela-
calculateHN — altitude gradients across large areas, such asionship betweenuy,, and A. Albeit non stationarity was
the entire Swiss Alps...". found therein and the station was not used in parent distribu-
During the analysis, stations 7CA and 7MA, in region 4E, tion fitting, one can still assume that the long term mea,
showed unexpected behavior. The valueg gf, calculated is representative of the snow depth to altitude relationship.
therein are considerably higher than those expected from thBecause this conjecture seems well respected (see Fig. 4c),
general behavior of region 4E (compare Fig. 4c for region 4Ethe mean offi7, in 6BE is held as representative. The same
and Table Al forup,, and A in 7MA and 7CA), and more  reasoning applies to region 1, where stations 1IN and 5LQ
similar to those observed in region 5, more constant againswere used for depth to altitude relation evaluation, as well as
altitude (compare Fig. 4a for region 5). For 7CA, coupled for region 2W, where station 4VI was similarly held. In Ta-
analysis of D statistic (see Table A2) and dependence ofble A5 the standard deviation @fy,, when estimated from
WHy, VS. A, considering the surrounding stations (7BR, 7PO, altitude is also reported, namely;x,,]-
7PV) seems not to evidence significant heterogeneity with
respect to the other stations in region 4E. Also for 7MA, 3.10 Final remarks about the chosen regions
coupled analysis oD and iy, vs. A for the surrounding
stations (7CO’, 5JU, 5BI) seems not to display strong evi-Comparison of the results here with the former study about
dence that 7MA should be moved in region 5. Eventually, clustering of snow stations by Laternser (2002) shows sub-
one might state that the definition of the boundary betweerstantial agreement. Also, the regions proposed here can be
region 4E and 5 feature some uncertainty in the area betweecompared to those by Baeriswyl and Rebetez (1997), based
stations 7MA and 5JU. However, the two stations 7CA andon monthly precipitation measured in 47 stations in Switzer-
7MA are not used here to evaluate the linear dependence dand for the period 1961-1980. Using Cluster analysis and

www.nat-hazards-earth-syst-sci.net/8/685/2008/ Nat. Hazards Earth Syst. Sci., B)5&008
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PCA they found a number of seven climatological regionscan be solved fon/,i:(CVH;zl_lolj;.)Z. A user can then de-

(Baeriswyl and Rebetez, 1997, p. 37, Fig. 1). Region Ifine a chosen level of accuracy and plan the least number of

therein includes roughly the regions here named 3 and 4 (Eequired years of surveys.

and W). Region Il therein coincides roughly with region 5

here, while region IV therein coincides with region 2W here. 4.2  Single site quantiléf7,; (T)

More difference is seen concerning the north western area,

region 1 here, split in three parts by Baeriswyl and RebeteNaccurate estimation of i,,, and H,; results into inaccu-

(regions, V in the S-W, region VI in the centre and region rate estimation of tha'-years single site quantiléf7z (7).

1l in the N-E). However, for this area the comparison is less Following De Michele and Rosso (2001) the dimensionless

suitable, because therein rainfall is of interest but avalanché"€an square error of estimation &2 (T) is

hazard is not. Also, visual comparison with the seven tradi- 5 5 SR 5 >

tional snow climatological regions of the Swiss Alps (seee.g. OHyyT Oty O Hz, + O hz, W Hoy + 0 by H72

in Laternser and Schneebeli, 2003) shows reasonable consi€?i = 7 (1) =

tence with those here proposed.
In region 1, a GEV distribution holds, featuring a posi- = \/gifg;ﬁ +02 +072,

tive value ofk=0.12. Usually, either negative or null val- & &

ues of thek parameter are adopted (the latter indicating EV1where o*, is evaluated according to Eq. (15), while the

type one, or Gumbel distribution) for evaluation of the dis- term ojys (T)=oy:, (T)IH7,(T) is evaluated according to

tr|but|9n of annual maxima pf precipitation (e.g. Menabde Egs. (133)2 and (14). Notice that, always depends on the

and Sivapalan, 2000; Bocchiola et al., 2006). However, herg, ,mber of observed years;, while the value ofoy: (T)

poor fitting is obtained with a null value @f(i.e. using EV1,  gepends for regional distribution fitting on the whole sample
shown in Bianchi and Gorni, 2007). Regions 2E and 2W areg;,e,, .+ and for single site distribution fitting, on the number

separated from each other and from region 3 also in forme sampled years;;. One can evaluate the decrease in accu-
studies. In all 2E and 2W, Gumbel distribution is well suited. racy in estimation of#75 (T) when using single site estima-

Region 3 shows only 6 snow stations, thus probably requirion |n Fig. 5, the values af, are reported for each region,
ing dee_p_er inv_estigation in the future. Region 4 is very likely ¢5r the reference return periéid=300 years, when using ei-

to be divided in 4E and 4W, both featuring an EV1 parent,er the single site or the regional approach. Because in the
distribution. Region 4E shows less homogeneity. However,sing|e site case (site; <76) the standard deviation @tz

no station shows considerable heterogeneity according to thg bigger than in the re_gional case (reg, usew, the final

D; test as well as to the depth to altitude relationship, andsiandarg deviationy;; is also bigger. For instance, consid-

it seems reasonable to assume homogeneity of the regioRying 50 sampled years, close to the average here, the single
Region 5 displays a good level of homogeneity and acceptsite yalue ofr#; is greater than the regional value by a factor
able accommodation using a EV1 distribution. Also, the VerYranging from 310% in the worst case of region 5 to 200%
weak dependence dfi7, against altitude seems consistent o g4 in the best case of region 3. As reported in Sect. 3.8,
with previous works. the estimated values off; might be slightly underestimated
due to inter site dependence, which is here preliminarily ne-
glected. However, this seems reasonable in view of the con-
siderable gain in accuracy, as reported in Fig. 5.

2 *2
/"LH72,' H72

(16)

4 Accuracy of regional frequency estimation ofH72
4.1 Single site averagey,,

A major deficiency for single sit&-years quantiles evalua- 5 Discussion
tion is the estimation of the single site sample averags, , ) _
because it suffers from uncertainty due to scarce sample sizd.N€ Proposed results are valuable in the field of avalanche

One is interested in knowing the least necessary number df@Zard mapping. The valuesfzi (') for 7=30 andl'=300
samples, i.e. of sampled yeals, for reliable assessment of at a given site can be used to estimate the corresponding snow

(e.g. Bocchiola et al., 2006). One can define the Ioer_depth at release. This is used as an input to avalanche dy-
namics models, that can calculate the avalanche volume, the

length of the runout zone and the impact pressures (e.g. Salm
et al., 1990; Bartelt et al., 1999; Barbolini et al., 2002; An-
oo _Oubi 1 CVayhny 1 _CVH%EI- (15) cey etal., 200_4), used for the evaluation of the red and b_Iue
WY, Wy JY; Wiy VY zones, according to tHen F.urther, the propoged approachis
) o o valuable for use of dynamics models including mass uptake
where CVy,, is the coefficient of variation off7z and (e g. Sovilla and Bartelt, 2002; Naaim et al., 2003; Eglit and
CVh,,=CVps, and constant inside a region by definition. If pemigoy, 2005; Sovilla et al., 2007), because the estimated
a given level of percentage accurax;g is required, Eq. (15) values ofH72 (T), explicitly depending on altitude, can be

M H7y;
centage level of accuracy of the estimatg,, by its scaled
mean square error of estimatiof); as

Nat. Hazards Earth Syst. Sci., 8, 6885 2008 www.hat-hazards-earth-syst-sci.net/8/685/2008/
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120

used to set initial conditions for erodible snow cover along brought byH72(T). The results here show that the regional
the avalanche track (e.g. Bianchi Janetti and Gorni, 2007approach is more accurate (icgy,,, is considerably smaller)
Bianchi Janetti et al., 2008), of primary importance for massthan single site analysis. Because the present approach to
uptake calculation (e.g. Sovilla et al., 2006).
The estimated extension of the red and blue zones usingsis of H7o, use of the regional approach may result in de-
any model is considerably influenced by the several uncercreased uncertainty of the hazard maps according tSphe
tainties in the procedure, including model parameters, def- The regional approach is valuable also for use in ungauged
inition of release area, an#l7,, among others. The cur-
rently adopted approaches for the sensitivity analysis of thas not available. Therein, one can estimate the single site av-
avalanche hazard mapping exercise include manual assessrageu i, , together with its standard deviatiétg|,,), us-
ment (e.g. Bartelt et al.,, 1999; Sovilla and Bartelt, 2002;ing an indirect approach, resulting in estimationfdf(T)
Bianchi Janetti et al., 2008), inter-model comparison (e.g.with quantified accuracy. For instance, regionally valid dis-
Barbolini et al., 2000), Monte Carlo Simulation (e.g. Natale tributed maps of. 4, can be made available (as e.g. in Car-
et al., 2001; Barbolini et al., 2002), and statistically driven roll, 1995 forSWH, and regression equations could be found
model calibration (e.g. Ancey et al., 2003, 2004; Naaim etfor g7 against topography or climatic attributes like those

al., 2004). To evaluate the deal of uncertainty in hazard map$ased on altitude here proposed.

brought by evaluation off72, one can use a probabilistic as-
sessment of the distribution of the input valHey; (T) (e.g.

Barbolini et al., 2002).

Here, theT-years quantile can be approximately taken
as normally distributed (e.g. De Michele and Rosso, 2001)Albeit Switzerland has relatively long time series of snow
with averageHz7,; (T') and standard deviatiofy,,, (T). The
higher the latter, the higher the contribute to uncertaintyperiods for avalanche hazard mapping, i.e. 300 years. An

www.nat-hazards-earth-syst-sci.net/8/685/2008/
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hazard mapping according 8pis based on single site anal-

sites inside a homogenous region, where local sample mean

data, these are still short compared to the reference return
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attempt to apply a regional approach seems therefore war- Some issues are highlighted concerning the lowest sta-
ranted. Here, Switzerland is divided into seven homogenousions, i.e. below 700 ma.s.l. However, low stations are of
regions with respect téf7,. It is shown that the distribution less interest as far as avalanche hazard is concerned. Also,
of its scaled values is acceptably homogeneous in each adome uncertainty still holds at the boundary between regions,
these regions. The scale factor, or index value, is given bywhere some degree of heterogeneity is found. In such cases,
the single site sample average. The observed frequencies aneore detailed studies should be carried out to define the
well accommodated by GEV distributions, including EV1, proper strategy for snow depth design for avalanche hazard
i.e. Gumbel, and the standard deviation of Thgears quan- mapping. Further studies might be devoted to evaluate the
tile is explicitly evaluated. Because the regional distributionspossible effect of inter site dependence on the accuracy of
are based on greater samples than the single site distributiorthe estimated quantiles and on the accurate assessment of the
the former are more reliable than the latter, particularly forindex value in ungauged sites, for instance using other pre-
high return periods. The estimation of the index value candictors than altitude.
be carried out by snow depth observation for a number of
years, according to the required accuracy of the fihgkars )
quantile estimates. Appendix A

The approach holds even when the index value is esti- : . .
mated using indirect methods, if a measure of its accuracyH.ere’ the main f(_eatures Of. the considered snow stations are
L . : . . ; given, together with the main results of the statistical tests for
is given. Regionally valid regression equations against al- .
. X R ; homogeneity.
titude are provided, where significant, useful in ungauged
sites. The proposed approach seems valuable for Switzer-
land, because it provides a nation wide valid tool 6>
estimation inclusive of well defined accuracy, necessary for
sensitivity analysis of avalanche hazard maps, according to
the reference methods used in the present literature.
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Table Al. Available data baseY; is the number of available years (winter season). Bold indicates a number offyears0. The sample
averageu y,,, is also reported. Also, the-val for Mann Kendall (MK) test is reported, where suitable (stations with at least 30 consecutive
years of data). Bold indicatgsval<5%, i.e. here significant decrease.

Station  Altitude Y; WH,; MK Station  Altitude Y; WHyy MK

[mas.l] [years] [m]  p-val [mas.l] [years] [m] p-val
1AD 1350 53 458  0.99 4wl 1405 55 55.6  0.09
1GA 1190 53 645 0.91 AZE 1600 61 68.0 0.56
1GB 1560 59 727 0.30 470 2235 1 24.0 -
1GD 1950 15 70.4 - 4ZW 1870 1 26.0 -
1GH 1970 57 99.5 0.16 5AR 1818 53 59.3 0.32
1GS 1195 53 454  0.33 5BI 1770 53 51.3 0.53
1GT 1510 14 56.6  0.07 5CU 1330 30 50.7 0.26
1HB 1825 47 71.3  0.06 5DF 1560 61 53.2  0.40
1IN 580 50 25.1 - 5DI 1190 53 541 0.71
1A 1520 24 60.3  0.59 5DO 1590 76 54.6  0.27
1LB 800 59 31.0 052 5FL 1850 9 62.1 -
1LC 1360 53 68.5 0.05 5FU 1480 11 50.3 -
1LSs 1250 44 525 0.83 5HI 1610 40 67.1 0.20
iMmi 1320 48 55.1 0.87 51G 1820 14 51.7 -
1MN 1520 42 522 0.83 5IN 1460 57 429 0.33
1MR 1650 59 59.1  0.87 5JU 2117 12 48.8 -
1PL 1870 30 724 - 5KK 1200 47 63.6 0.43
1SH 1640 32 64.9 - 5KR 1195 61 629 0.13
1SM 1390 53 53.2 0.82 5KU 810 61 445  0.49
1WE 1280 58 39.2 0.26 5LQ 520 60 340 0.06
2AN 1440 66 673 025 5MA 1660 12 57.5 -
2EN 1060 57 492 014 50B 1280 27 48.5 -
2GA 1610 18 74.5 - 50B’ 1420 28 51.1 -
2GO 1110 38 585 0.68 5PL 1630 7 43.9 -
2GU 910 38 42.4 043 5PU 940 12 55.8 -
2ME 1480 30 67.6  0.08 5RU 1200 41 48.7 0.11

2ME’ 1320 23 63.7 - 5SA 1510 61 65.3 0.19
20G 1080 53 51.9 0.50 5SE 1420 38 59.3 0.17
2RI 1640 33 56.3 0.73 58I 1280 54 55.2  0.58
2SO 1150 56 46.1  0.30 5SP 1457 56 51.8 0.79
2ST 1280 55 61.1 0.69 5VA 1260 37 446  0.26
2TR 1770 66 783 0.02 5vz 1090 21 57.0 -
2UR 1395 3 37.3 - 5WJ 2540 70 705 0.10
3BR 1310 53 75.0 0.21 5Zv 1735 48 585 0.22
3EL 1690 17 83.1 - 6AM 980 51 50.3  0.49
3FB 1310 54 546 0.27 6BE 230 61 16.8 0.01
3MB 1610 35 59.8 0.92 6BG 1530 56 83.1 041
3MG 1190 53 495 0.66 6CA 1660 25 78.4 -
3MT 900 1 36.0 6CB 1215 52 68.2 0.36
3SwW 1350 53 729 0.19 6NA 1450 10 55.7 -
3Ul 1200 25 60.5 - 6NT 1412 23 73.0 -
3ur 1340 24 67.3 - 6RI 1800 49 81.0 -
3WA 765 36 353 033 6RO 1890 36 116.4 -
4A0 2070 17 42.3 - 6SB 1640 55 746  0.56
4BD 2160 15 49.5 - 6TA 1450 8 55.0 -
4BN 1410 16 50.7 - TAL 2330 50 52.1 0.93
4BP 1670 57 43.1 - 7BR 800 60 20.0 0.02
4CR 1720 19 81.7 - 7BU 1970 7 39.6 -
4EG 2620 15 76.6 - 7CA 1690 56 63.1 0.71
4FK 2910 28 110.3 - 7CO 2270 21 57.7 -
4FY 1500 47 55.7 - 7CcO’ 2690 13 70.2 -
4GR 1560 54 46.2 - 7DI 2090 61 59.0 0.40
4KU 2210 19 68.9 - 7FA 1710 54 457 0.50
4LA 1975 33 66.6 - 7LD 1710 56 43.0 0.51
4MO 1590 55 64.4 - 7MA 1800 56 723 0.13
4MS 1590 62 62.8 - ™T 2150 24 58.6 -
40V 1410 6 37.4 - ™Z 1890 54 46.8 -
40w 1950 42 71.3 0.94 7PO 1840 52 47.0 041
4RU 1370 27 67.7 0.16 7PV 1010 61 304 0.15
4SF 2200 59 55.8  0.63 7SC 1660 56 39.2 088
4SH 2000 51 83.6 0.68 7SD 1750 56 38.4 053
4SM 1470 8 60.5 - 7SN 1750 48 49.7 095
4UL 1350 64 63.5 - 7ST 1418 56 371  0.20
AV 660 61 27.6 - 7ZU 1710 63 394 042
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Table A2. Single site test for discordancy measure of theoefficients. It is reported; calculated with Equation 6 for each station.
Bold indicates a valu®; >3. G; av 18 the statistic for the Wiltshire test. Bold names indicate that the station has not been used for parent
distribution evaluation (explained in Sect. 3.8). All fields are dimensionless.

Reg Station L-CVH;2 L-S|‘(H7*2 L-KU H, D; G’

i,av

1 1AD 0.14 0.20 0.17 155 0.38
1 1GA 0.17 —0.02 0.09 0.68 0.48
1 1GB 0.17 0.08 0.16 0.15 043
1 1GD 0.13 —0.01 0.11 049 0.38
1 1GS 0.15 0.01 0.12 0.26 0.43
1 1GT 0.12 0.18 0.23 1.89 0.32
1 1HB 0.13 0.06 0.25 196 0.34
1 1IN 0.28 0.18 0.13  4.03 -
1 1JA 0.20 0.18 0.23 134 044
1 1LB 0.18 0.22 0.25 169 043
1 1LC 0.17 —-0.01 0.10 0.57 0.45
1 1LS 0.17 0.04 0.12 0.14 044
1 1MI 0.13 —0.04 0.03 1.09 0.40
1 1MN 0.18 —0.04 0.18 2,68 0.44
1 1IMR 0.17 0.08 0.14 0.05 0.45
1 1PL 0.15 0.01 0.14 0.40 0.41
1 1SH 0.10 0.04 0.07 144 031
1 1SM 0.15 0.00 0.09 0.29 0.43
1 1WE 0.15 0.10 0.19 0.37 0.38
1 2EN 0.17 0.15 0.13 0.49 0.46
1 20G 0.16 0.08 0.05 0.80 0.46
1 2RI 0.16 0.14 0.19 0.42 0.40
1 2S0 0.15 0.07 0.12 0.04 0.41
1 28T 0.14 0.00 0.05 0.60 0.41
1 2TR 0.13 0.08 0.15 0.32 0.35
1 3BR 0.17 0.07 0.09 0.17 0.46
1 3EL 0.18 0.08 —-0.02 263 051
1 3FB 0.14 0.06 0.11 0.15 0.39
1 3MB 0.12 0.06 0.21 115 0.33
1 3MG 0.19 0.17 0.15 0.67 0.48
1 3SwW 0.14 0.07 0.11 0.18 0.38
1 3Ul 0.14 —0.02 0.09 0.48 0.02
1 3uUr 0.15 0.11 0.10 045 0.12
1 3WA 0.17 0.15 0.09 0.98 0.47
1 4CR 0.14 —0.08 0.03 143 042
1 5LQ 0.26 0.09 0.11 2.98 -
2E 1GH 0.14 0.12 0.46 0.46 0.53
2E 2AN 0.17 0.21 0.16 0.16 0.50
2E 2GA 0.19 0.27 0.99 0.99 0.49
2E 2GO 0.19 0.22 0.31 031 0.51
2E 2GU 0.21 0.26 0.79 0.79 0.54
2E 2ME 0.21 0.01 2.05 205 7.16
2E 2ME’ 0.08 1.19 2.69 2.69 0.00
2E 4MS 0.16 0.04 0.26 0.26 0.50
2E 40W 0.14 0.01 0.89 0.89 0.48
2E 4UL 0.14 0.12 0.40 0.40 0.52
2W  4A0 0.13 0.04 0.11 0.71 0.49
2W 4BD 0.15 0.05 0.05 0.51 045
2W 4BP 0.18 0.23 0.17 0.72 0.46
2W AFY 0.14 0.21 0.17 1.42 0.50
2W  4GR 0.17 0.21 0.11 0.61 0.48
2W  4KU 0.15 0.11 0.04 1.04 045
2W 4LA 0.13 —0.05 0.06 1.15 048
2W  4MO 0.18 0.09 0.10 1.35 0.50
2W 4RU 0.16 0.07 0.19 1.16 0.48
2W 4WI 0.16 0.13 0.16 0.31 0.46
2W 4vi 0.28 0.14 0.11  3.86 -
3 4BN 0.23 0.21 0.16 0.21 045
3 4EG 0.18 0.37 0.42 1.33 0.30
3 4FK 0.24 0.17 0.08 0.34 0.49
3 4SF 0.23 0.27 0.21 0.74 0.45
3 4SH 0.22 0.20 0.07 1.36 0.48
3 47ZE 0.23 0.14 0.07 1.02 047
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Table A2. Continued.

Reg Station L-CVpy: —L-SKy: L-KUps D Gi 4
4E 7AL 0.18 0.08 0.13 040 041
4E 7BR 0.31 0.23 0.21 2.07 053
4E 7CO 0.12 0.00 0.12 149 436
4E 7CO’ 0.25 0.25 0.09 0.78 0.97
4E 7DI 0.17 0.11 0.17 0.39 0.38
4E 7LD 0.22 0.22 0.17 0.21 045
4E ™Z 0.23 0.25 0.04 1.77 0.38
4E 7PO 0.21 0.18 0.18 0.19 043
4E PV 0.28 0.22 0.15 0.85 0.55
4E 7SC 0.21 0.24 0.14 0.65 0.44
4E 7SD 0.20 0.04 0.09 153 044
4E 7ST 0.20 0.20 0.24 139 0.38
4E 7ZU 0.22 0.23 0.17 0.27 044
4E T™MA 0.18 0.14 0.07 0.83 0.33
4E 7CA 0.16 0.13 0.14 0.25 0.36
aw 5HI 0.20 0.23 0.18 110 044
4W  6AM 0.20 0.03 0.07 0.79  0.50
4W  6BE 0.45 0.35 0.19 2.83 -
4w 6BG 0.19 0.05 0.14 0.84 0.45
aw 6CA 0.23 0.12 0.12 0.09 0.49
aw 6CB 0.22 0.17 0.15 0.13 0.49
aw 6NA 0.29 0.16 0.01 212 061
4w 6NT 0.18 0.05 0.16 093 0.42
aw 6RI 0.17 0.15 0.14 0.40 0.42
aw 6RO 0.19 0.18 0.12 0.60 0.46
aw 6SB 0.19 0.10 0.10 0.17 0.45
5 5AR 0.18 0.13 0.10 055 0.43
5 5BI 0.19 0.20 0.15 0.19 0.45
5 5CU 0.23 0.23 0.14 0.39 0.50
5 5DF 0.23 0.20 0.12 0.25 0.50
5 5DI 0.23 0.16 0.09 0.51 053
5 5DO 0.20 0.08 0.13 0.84 0.49
5 5FU 0.26 0.21 0.27 290 0.50
5 51G 0.21 0.33 0.12 1.74 0.48
5 5IN 0.22 0.15 0.07 0.36 051
5 5JU 0.23 0.34 0.13 1.82 0.50
5 5KK 0.23 0.22 0.12 0.40 0.52
5 5KR 0.21 0.22 0.16 0.14 0.45
5 5KU 0.22 0.19 0.16 0.14 0.49
5 5MA 0.22 0.13 0.15 0.47 0.46
5 50B 0.18 0.14 0.11 051 0.29
5 50B’ 0.23 0.13 0.05 0.90 0.13
5 5PU 0.19 0.11 0.07 050 0.44
5 5RU 0.24 0.13 0.10 1.03 0.55
5 5SA 0.18 0.22 0.19 0.78 0.41
5 5SE 0.20 0.32 0.34 3.84 0.38
5 5SI 0.20 0.06 0.07 0.96 0.48
5 5SP 0.22 0.11 0.09 0.63 0.51
5 5VA 0.22 0.24 0.16 0.28 0.48
5 5vz 0.18 023 -0.02 3.06 0.48
5 5WJ 0.16 0.11 0.15 152 040
5 5zv 0.16 0.12 0.12 156 0.39
5 TFA 0.20 0.15 0.10 0.14 0.46
5 ™T 0.23 0.25 0.04 132 0.53
5 7SN 0.21 0.22 0.18 0.26 0.44
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Table A3. Homogeneity tesH for L-coefficients.ngi=1000. Vopsis the observed value of. wy is the expected average Bfandoy is
its standard deviation. Sw is Switzerland taken as a whole. Bold indicates afal@eAll fields are dimensionless.

Reg Stat Vobs nwy oy H

Sw Hy 23E3 7E4  1E4 175
Sw H; 83E2 62582 373 541
Sw H, 87E2 76E2 4E3 266

1 Hy 44 4E%  1E4 -0.03

1 Hy 59E2 58E2 68E3 0.6

1 Hy 77E2 72E2 7283 065
2E  Hp 7E4 4E4 24 164
2E H; 76E2 592 13E2 1.26
26 H, 86E2 75E2 1562 0.78
2W  Hy 34 54 24 —0.74
2W H; 76E2 66E2 15E2 066
2W H, 91E2 B87E2 17E? 023

3  Hy 24 9E 4 6E 4 -1.28

3 H 57E2%2 692 282 _057

3 Hy 011 85E2 23E2 -094
4E  Hy 16E3 5E4 2E4 475
4E H; 68E2 57E?2 11E?2 1.06
AE  H, T.4E2 7E2 1282 034
4W  Hy 5E4 6E4 3E 4 -043
AW H; 63E2 67E2 152 -0.24
AW H, 6.7E2 84E?2 16E2 -1.08
Hy 5E4 1E3 3% -152
Hq 6E2 6.8E2 B85E°3 -0.96
H, 73E2 822 93E3 -097

(S &2 ey

Table A4. Parameters of the tested distributiona‘-@tZ and results of the distribution fitting testgot is the size of the dimensionless sample.
GEV and EV1 (Gumbel fok=0) distributions are considere@V is the regional coefficient of variatioAD is Anderson-Darling testKS

is Kolmogorov-Smirnov test. The critical values for the chosen significancedex&o are reported. Bold indicates statistics exceeding the
critical values at 5%y 2 test for goodness of fit is also reported, together with the average values of the statistic for the Wikighest(
G/, and the correspondingval for each region. Bold indicatgsval<5%. All fields are dimensionless.

Reg ntt Dist. £ o k Ccv AD A% KS KS5% X2 pval G, Wp-val

Sw 4954 GEV 080 035 005 045 112 249 0.02 0.02 0.01 041 <1074
1 1483 GEV 083 030 0.12 038 0.75 249 0.03 0.04 0.11 0.42 0.43

2E 436 EV1 0.84 0.28 - 0.36 045 249 0.03 0.06 0.10 0.48 0.34

2W 370 EV1 0.85 0.26 - 033 091 249 0.04 0.07 0.05 0.45 0.85
3 227 EV1 0.78 0.38 - 0.42 109 249 0.06 0.09 0.10 0.46 0.46
4E 659 EV1 0.79 0.36 - 0.46 114 249 0.04 0.05 0.01 0.44 0.01

4w 397 EVl 081 0.32 - 042 038 249 0.04 0.07 0.10 0.46 0.70
5 1272 EV1 0.81 0.33 - 038 175 249 0.03 0.04 0.50 0.47 0.36
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Table A5. Weighted regressions pfy,, against A in the proposed regions.value>5% in bold indicates non significance of the regression.

Reg Ns[] c¢[cm/100m] puo[cm] R? [1 pval[] E[H7l[em] GE[hy,y [cm]

Sw 116 2.01 24.85 032 <4 57.85 15.94
1 36 3.41 1024 066 <E4 57.73 14.31
2E 10 351 14.44  0.71 B 67.10 14.34
2w 11 1.55 26.21 0.23 0.08 53.41 13.09
3 6 3.03 11.66 0.67 1=2 74.18 21.56
4AE 13 2.34 2.46 091 <E*4 44.63 13.11
4w 11 4.51 6.53 0.88 =y 69.95 24.75
5 29 0.70 43.07 0.13 0.05 53.80 6.56
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