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Abstract

Snow is particularly impacted by climate change and therefore there is an
urgent need to understand the temporal and spatial variability of depth of
snowfall (HN) trends. However, the analysis of historical HN observations on
large-scale areas is often impeded by lack of continuous long-term time series
availability. This study investigates HN trends using observed time series span-
ning the period 1920-2020 from 46 sites in the Alps at different elevations. To
discern patterns and variations in HN over the years, our analysis focuses also
on key parameters such as precipitation (P), mean air temperature (TMEAN),
and large-scale synoptic descriptors, that is, the North Atlantic Oscillation
(NAO), Arctic Oscillation (AO) and Atlantic Multidecadal Oscillation (AMO)
indices. Our findings reveal that in the last 100 years and below 2000 m a.s.1.,
despite a slight increase in winter precipitation, there was a decrease in HN
over the Alps, especially for southern and low-elevation sites. The South-West
and South-East regions experienced an average loss of 4.9 and 3.8%/decade,
respectively. A smaller relative loss was found in the Northern region (2.3%/
decade). The negative HN trends can be mainly explained by an increase of
TMEAN by 0.15°C/decade. Most of the decrease in HN occurred mainly
between 1980 and 2020, as a result of a more pronounced increase in TMEAN.
This is also confirmed by the change of the running correlation between HN
and TMEAN, NAO, AO over time, which until 1980 were not correlated at all,
while the correlation increased in later years. This suggests that in more recent
years favourable combinations of temperature, precipitation, and atmospheric
pattern have become more crucial for snowfall to occur. On the other hand, no
correlation was found with the AMO index.
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1 | INTRODUCTION

Snow plays a critical role in our planet and its ecosys-
tems, influencing many environmental processes. Snow
acts as a freshwater reservoir, storing a substantial por-
tion of the annual precipitation on the Earth (Aragon &
Hill, 2024; Isotta et al., 2014). This stored water gradually
melts during warmer months, supporting river flows and
groundwater recharge in mountain and downstream
areas (Qi et al., 2020). Furthermore, the reflective proper-
ties of snow affect the planet's energy balance, influenc-
ing radiative forcing and regional climate patterns
(Perovich, 2007; Zhuravleva & Kokhanovsky, 2011).
Surface-layer turbulence, land-atmosphere exchanges
and transport processes in the atmospheric boundary
layer are strongly modified over snow-covered terrain
(Tomasi et al., 2017). Finally, the presence and availabil-
ity of snow are the fundamental prerequisites for many
recreational activities, and therefore a key factor for win-
ter mountain tourism (Beniston, 2012; Olefs et al., 2020;
Rixen et al., 2011).

It is well known that climate change also affects snow
dynamics. The consequences of warming temperatures
on snow cover and associated environmental systems are
underscored by a wealth of scientific literature. Carrer
et al. (2023), Mote et al. (2018), Olefs et al. (2017), and
Valt and Cianfarra (2010) show the observed decrease in
snow cover and duration in various regions due to
increasing temperatures. This phenomenon, highlighted
as a key indicator of climate change by the Intergovern-
mental Panel on Climate Change (IPCC), is modifying
the hydrological cycle and will affect the availability of
water resources (Bavay et al., 2009; Milner et al., 2017).

The necessity of establishing and maintaining long-
term snow observations is strongly recommended, as
these records play a crucial role in understanding the
interplay between snow dynamics, climate change, and
associated environmental impacts. In addition, it helps to
provide indications for adaptation to changing snow
regimes, water resources management, and the improve-
ment of climate models. Leporati and Mercalli (1994)
highlight the importance of continuous snow observa-
tions to assess trends in the extent, duration and proper-
ties of snow cover over long periods. Brown and Mote
(2009) believe that long snow cover datasets are essential
for improving our understanding of the response of the
northern hemisphere snow cover to climate change, and
for projecting potential shifts in water availability
(Barnett et al., 2008). However, maintaining comprehen-
sive and consistent long-term snow observations faces
several challenges, including instrument reliability, fund-
ing stability, and data harmonization (Marcolini
et al., 2017, 2019). Moreover, the analysis of long-term

time series requires dealing with artificial inhomogenei-
ties introduced by station relocations and changes in the
measurement procedure (Buchmann et al., 2022; Resch
et al., 2023).

Numerous studies on long-term trends of snow in the
Alps have yielded valuable information about the impacts
of climate change in this region. Durand et al. (2009) and
Marty (2008) documented a consistent trend of declining
snow cover duration (SCD) and snow depth (HS) over
decades. According to Marty et al. (2017, 2023) the snow
water equivalent (SWE) showed a significant decrease
during the last six decades in the European Alps, more
pronounced during spring than during winter, with the
snow becoming wetter and more variable. Those results
were also confirmed for the Italian Alps by Colombo
et al. (2022). Decreasing trends of HS were observed for
the entire Alpine region by Matiu et al. (2021). They eval-
uated linear trends of mean monthly HS between 1971
and 2019. The study concluded that 87% of the stations
analysed were characterized by a decrease, with stronger
negative trends from March to May than from December
to February. An overall declining trend showing a reduc-
tion ranging from 11 to 15 days was found by Marke
et al. (2018), where SCD was compared among various
sub-regions of Austria for the time intervals 1950-1979
and 1980-2009. Laternser and Schneebeli (2003) con-
ducted a study in the Swiss Alps, noting that the average
HS and SCD showed similar patterns from 1931 to 1999:
an initial general increase until the 1980s was followed
by a statistically significant decrease toward the end of
the century. These findings were also confirmed by Ser-
quet et al. (2011), who examined seasonal trends and the
temperature-dependent relationship between snowfall
and precipitation days in Switzerland from 1961 to 2008.

The interplay between snow and various climatic fac-
tors, including precipitation, temperatures, and telecon-
nection indices, represents a complex interaction, and
significantly influences snow dynamics with implications
for regional climates. In the Trentino-South Tyrol region
(south-eastern Alps), Bertoldi et al. (2023) found that pre-
cipitation patterns directly influence snowfall accumula-
tion and subsequently shape snow cover extent and
depth. Temperature changes, as discussed by Beniston
et al. (2018) and Serquet et al. (2011), can alter the phase
of precipitation from snow to rain, impacting snowpack
persistence and seasonal patterns. Teleconnection indi-
ces, such as the North Atlantic Oscillation (NAO) and the
Arctic Oscillation (AO), play a role in modulating large-
scale atmospheric circulation patterns that influence
regional climate and precipitation, as shown by Hurrell
et al. (2003). For example, on a European level, Bartolini
et al. (2010) noted a connection between snow cover and
large-scale atmospheric patterns over the period 1972-
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2006, specifically highlighting a robust correlation with
AO during the winter months. Another important index
is the Atlantic Multidecadal Oscillation (AMO), which
varies on multi-decadal timescales, alternating warm and
cool phases that can last for several decades each (Abiy
et al., 2019). AMO can influence various aspects of cli-
mate, including patterns of temperature and precipita-
tion, which can, in turn, impact snowfall in different
regions (Hunter et al., 2006).

It was decided to choose depth of snowfall
(HN) because it is the variable that best represents the
total winter solid precipitation. It is important to recover
HN observations, understand their change over time, and
compare them with liquid precipitation trends, as HN
and the solid-liquid precipitation ratio are very sensitive
to climate change (Bertoldi et al., 2023; Guo & Li, 2015).
HN, being solid precipitation, is easier to compare with
liquid precipitation than HS. This comparison is essential
for understanding the relative influence of snowfall and
liquid precipitation on climate trends. Additionally, the
seasonal HN is crucial for assessing the suitability of win-
ter sports activities (Morin et al., 2021). While SWE is
more meaningful hydrologically, long-term data for it are
scarce. Historical records, particularly at low elevations,
often focus on HN rather than HS or SWE, making this
study an opportunity to highlight and utilize these histor-
ical time series.

Efforts to analyse historical HN observations on large-
scale areas are often impeded by the challenges of retriev-
ing and harmonizing long, continuous observed time
series across extensive geographical areas. Thus, the main
novelty of this study is the investigation and analysis of
long-term series of HN observations that cover at least
100 years from 1920 to 2020. In addition to the length of
the series, another relevant novelty compared to previous
studies is the coverage of the whole Alpine domain using
46 sites located at different elevations (from 57 m up to
1878 m a.s.l.), whereas previous studies on HN often
focused on the northern or southern part of the Alps.
Therefore, the objectives of this study are to evaluate how
HN has changed in the past century and to analyse the
spatial variability of trends. Furthermore, in order to
identify the drivers behind these changes, we test correla-
tions between HN and precipitation (P), mean air tem-
perature (TMEAN) and large-scale synoptic descriptors,
that is, NAO, AO and AMO indices, and assess if and
how these correlations have changed over time. From
here on we will refer to depth of snowfall as simply
snowfall.

The article is structured as follows: Sections 2 and 3
describe the observation database and the techniques
used to derive statistics and trends. Section 4 provides
results on trends, and Section 5 discusses them. Finally,

of Climatology

Section 6 summarizes the results and draws some
conclusions.

2 | DATA

2.1 | Study area

The study area of this study is an extended region of the
Alpine domain, similar to the “Greater Alpine Region”
defined by Auer et al. (2007). Stretching over a distance
of more than 1000 km, the Alps form an arc-shaped
structure that spans from the Mediterranean coasts of
France and Italy to the Lowlands east of Vienna. They
cover southeastern France, Switzerland, northern Italy,
southern Germany, Austria, and Slovenia (Figure 1). The
Alpine region displays intricate topography, marked by
substantial elevation shifts and deep valleys oriented in
various directions, intersecting the main ridge and form-
ing numerous mountain massifs.

In terms of climate, the Alps occupy a transition zone
where three major climatic influences converge. The
Atlantic Ocean region, characterized by a moderately
humid climate, the Mediterranean Sea region, marked by
dry summers and mild, wet winters, and the European
continental area with cold, dry winters and warm sum-
mers (Auer et al.,, 2005; Monteiro & Morin, 2023). In
addition to these three climatic zones, local effects related
to elevation and the complex Alpine terrain must also be
considered. As a consequence, the interplay of these
three climatic zones, combined with the Alps topography,
gives rise to climatic gradients along both the north-
south and west—east axes.

2.2 | Snowfall data
The HN database used in this study is composed of 70 sta-
tions located in the Alpine region (Figure 1). The list of
all the stations used and their relative metadata can be
found in Table Al. However, only 46 of them are used
for trend analysis, as the remaining time series are very
fragmented with many missing data, allowing them to be
used only for the homogenization procedure (see
Section 3 for details on data homogenization). The high-
est number of stations and data starts from the early
1900s (Figure 2). Moreover, the number of available sta-
tions has decreased in the most recent years, since not all
of the series were kept regularly up to date. For this rea-
son, the period 1920-2020 was chosen for the analysis.
Data were kindly provided by several organizations,
such as GeoSphere Austria (GSA), Swiss Federal Office of
Meteorology and  Climatology =~ (METEOSWISS),
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FIGURE 1 Location of the snowfall (HN) stations in the Alps. Labelled dots indicate stations used for trend analysis. The size of the

dots is proportional to the site elevation.

Slovenian Environment Agency (ARSO), Societa Meteor-
ologica Italiana (SMI), Meteotrentino (MTN), Meteo
Trentino Alto Adige (MTAA), Societa Meteorologica
Alpino-Adriatica (SMA-A), Fondazione Osservatorio
Meteorologico Milano Duomo (OMD) and
Osservatorio Meteorologico di Parma (OMP).

HN data are taken daily. The largest part of the data
comes from manual measurements. As suggested by
Matiu et al. (2021), while the observers follow slightly dif-
ferent guidelines in each country or network, the obser-
vation modalities are remarkably similar, thus allowing a
combination of the different sources. A daily measure-
ment of HN is taken using a ruler and measuring the
height of fresh snow that had fallen in the previous 24 h
over a wooden table in the early morning hours, gener-
ally between 07.00 and 09.00 LST (UTC + 1). For more
detailed information on the measuring modalities, we
refer to the European Snow Booklet (Haberkorn, 2019).
Data were provided as monthly sums, except for data
from Slovenia, which were provided with daily fre-
quency. We then aggregated the monthly values into sea-
sonal sums considering the months from November to

May. This definition of the snow season was chosen in
order to maximize the availability of HN data in the study
region and cover both winter and spring.

2.3 | Meteorological data and
teleconnection indices

We analyse long-term homogenized weather data in the
Alps in order to compare HN to meteorological data. For
TMEAN, we use the Historical Instrumental climatologi-
cal Surface Time series of the greater ALPine region
(HISTALP, Auer et al., 2007) (version Grid-mode-2). The
Grid-mode-2 dataset includes values of monthly mean air
temperature distributed on a regular grid with a resolu-
tion of 5/, ranging from 4° to 19° E and from 43° to
46° N, covering the period 1780-2014. For P, we use the
Long-term Alpine Precipitation reconstruction dataset
(LAPrec, Isotta et al., 2024) (version LAPrec1901.v1.1),
which combines the high-resolution spatial information
from the Alpine Precipitation Grid Dataset (APGD) with
homogenized temporal information from HISTALP
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precipitation series. The LAPrec1901.vl.1 version is a  spacing of 5 km covering the Alpine region (approx. from
gridded dataset that includes monthly precipitation sums  43-49° N to 4-17° E, land area only). TMEAN and P time
from 1 January 1901 to 31 December 2019 with a grid  series at each station location were extracted from the
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gridded datasets by considering the nearest neighbouring
grid cell. For the TMEAN data, as suggested by Rolland
(2003), we applied a correction for the elevation mis-
match between the HISTALP grid and the stations, con-
sidering a lapse rate correction of 0.5°C/100 m. Both
TMEAN and P dataset end a few years earlier compared
to the considered HN time series. However, adding more
recent observations from other sources could introduce
inhomogeneities that can affect the analyses, so we limit
the comparison of HN to weather data to 2014. For tele-
connection indices, series of NAO, AO, and AMO are
obtained from the National Oceanic and Atmospheric
Administration (NOAA) website (https://psl.noaa.gov/
data/climateindices/list), with data starting in 1950. In
the end, all those data are aggregated to seasonal scale,
that is, from November to May.

3 | METHODS

3.1 | Quality check, homogenization and
gap filling

Quality control procedures are crucial for identifying
anomalies or deviations in HN data series (Baronetti
et al.,, 2019). As suggested by Diodato et al. (2020), in
order to study long-term HN regime changes and assess
climate anomalies, the homogeneity of HN time series
has to be investigated to identify breakpoints and the
impact of the possible corrections.

In this study, we use the Climatol procedure, as
implemented in the R package “climatol” version 3.1.1
(Guijarro, 2018) to check the homogeneity of the HN
time series. Climatol evaluates the homogeneity using
the Standard Normal Homogenization Test (SNHT,
Alexandersson & Moberg, 1997) (see below for details in
Appendix B). Since Climatol revealed that all the time
series were sufficiently homogeneous, we did not apply
any specific corrections. However, considering the
monthly HN distribution of each station, 24 stations
resulted not suitable for the trend analysis due to the
presence of frequent missing data and a total of 46 sta-
tions are those selected for the trend analysis (see
“Use” = HT in Table Al).

To fill in the gaps of the monthly HN series, we fol-
low the procedure proposed by Bertoldi et al. (2023) and
Matiu et al. (2021). This procedure is able to reconstruct
monthly values of a station (test station) through a
weighted average of the records available from up to
10 neighbouring stations (reference stations). The refer-
ence stations are selected using a proximity criterion
considering weights depending on horizontal and verti-
cal distances. The weights are evaluated using an

exponential decay (“half-time” transformation of the
decay constant). In our case, we found the best recon-
struction accuracy setting 50 km and 250 m for the hori-
zontal and vertical distance halving coefficients for
station weights, respectively, and 10 as the minimum
number of years with common data between test and
reference series. Considering only the months analysed,
12.1% of the total monthly data were missing. After the
gap filling reconstruction, all the data are aggregated
into seasonal sums.

3.2 | Statistical analyses

Long-term trends in HN data are detected with a series of
statistical tests. With the Mann-Kendall (MK) trend test
(Kendall, 1975; Mann, 1945) we assess the significance of
trends over time. The MK test detects monotonic upward
or downward trends, indicating consistent increases or
decreases in the variable over time, regardless of whether
or not the trend is linear. In this study, statistical signifi-
cance is indicated by a p value <0.05 unless otherwise
specified. The trend magnitudes are assessed with the
non-parametric method developed by Sen (1968). This
approach estimates the linear trend slope in the sample
of all N data pairs. The median value of all the slopes cal-
culated for each data pair reflects the overall steepness of
the trend.

Finally, to assess the bivariate relationship between
time series of variables (HN vs. P, TMEAN, NAO, AO,
and AMO), we use the Spearman correlation coefficient
p. The parameter p tends toward either +1 or —1 when
the monotonic association between the two variables is
stronger, with negative numbers describing anti-
correlation. A value close to 0 denotes the absence of any
association between the two variables.

3.3 | Regionalization

We identify groups of similar stations with an auto-
mated clustering procedure based on k-means of
monthly HN series without including any location
information. Based on the elbow method and silhouette
metrics, three clusters are identified as optimal (see
Appendix C and Figure A4). The resulting clusters are
named South-East (SE), South-West (SW), and North
(N). The SE cluster counts 16 stations that range from
113 m to 909 m a.s.l. with a mean elevation of 442 m a.
s.l. It includes all Slovenian stations, some Austrian sta-
tions (Bad Bleiberg, Deutschlandsberg, Bad Gleichen-
berg, Seckau) and Udine in north-eastern Italy. Here,
HN is favoured by the advection of cold air from
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FIGURE 3 Clustering of stations based on seasonal snowfall
(HN) data. Three regions are detected: South-West (SW) (blue
dots), North (N) (green dots) and South-East (SE) (red dots).
Underlaid are the HISTALP coarse-resolution subregions (Auer
et al., 2007).

northern or northeastern Europe, which then interacts
with the wetter and warmer air of the Mediterranean
Sea. The SW cluster has 11 stations ranging from 57 to
565 m a.s.l., with a mean elevation of 272 ma.sl. It
covers almost the entire southern side of the Italian
Alpine region, including some stations in the Po Valley
(e.g., Torino, Milano, Parma) and others in the Alpine
valleys (e.g., Aosta, Domodossola, Trento). In this
region, snow is mainly caused by the advection of
warm and humid air from the south flowing over pre-
existing cold air. The N cluster counts 19 stations going
from 438 m to 1878 m a.s.l., with a mean elevation of
850 m a.s.l. and includes all Swiss stations and the
Austrian stations that are not included in the SE clus-
ter. HN is mainly caused by the descent of cold air
masses from northern Europe, which, colliding with the
Alpine chain, can lead to cold temperatures and heavy
precipitation.

These three clusters are compared with the regionali-
zation obtained from the HISTALP project (Auer
et al., 2007) in Figure 3. There is an overall agreement
between the clusters identified from HN series and the
climate regions of HISTALP, which are based on a com-
bination of air temperature, precipitation, air pressure,
sunshine, and cloudiness. The mismatch in the northern
and eastern parts of the Alpine region is likely due to the
fact that the largest contribution to the HISTALP region
definition comes from air temperature, while the division
based on HN is more driven by the precipitation regime.
Finally, it is worth noting that the HN regions are quali-
tatively similar to the clusters based on snow depth
(HS) identified by Matiu et al. (2021).

All computations are performed with the statistical
software R (version 4.2.2), using the RStudio interface
version 1.1.494 (R Core Team, 2020).

of Climatology

4 | RESULTS

41 | Climatology

HN, P and TMEAN climatology for all the stations ana-
lysed is shown in Figure 4. Data are divided following the
three reference areas discussed in the previous
section and refer to all the months included in the snow
season, that is, November to May, from the 1920-1921 to
the 2019-2020 season.

As can be seen in Figure 4a, HN values increase with
elevation, with the highest stations recording the highest
seasonal accumulations. However, this increase is not
entirely linear. It remains so up to around 700 m a.s.l.
and then the signal starts becoming more noisy, also due
to the low number of stations at high elevations. The
maximum value of the average seasonal HN accumula-
tion is at Langen Am Arlberg (1270 m a.s.l.) with 829 cm,
followed by Arosa (1878 ma.s.l.) and Guttannen
(1055 m a.s.l.) with 663 and 516 cm, respectively. Note
that all these stations are located in the N region, where
stations are on average at higher elevations than in the
others. In the SE and SW regions the average seasonal
HN accumulation is much lower, with a maximum of
250 cm at Kranjska Gora (802 m a.s.l.) and 111 cm at
Cuneo (565 m a.s.l.). However, the comparison of HN
totals at locations at the same elevation in the SW and SE
regions shows that the latter records more snow than the
former, indicating that the SE region is more snowy than
the SW region.

The distribution of seasonal P climatology is very
irregular (Figure 4b), without a clear correlation with ele-
vation. No differences in P climatology among the
regions are evident and the distribution with elevation
exhibits a strong variability among the sites, since orogra-
phy affects P at a much smaller spatial scale in such a
complex area as the Alpine chain. However, this can be
reasonable if we think that here we are considering aver-
ages made with 100 years of cumulative seasonal P data,
that is, from November to May. Therefore, it is plausible
that the orographic pattern of P with elevation tends to
be smoother. On average, in the SW region the seasonal
P accumulation is 554 mm, slightly less than the 673 mm
of the SE region and the 639 mm of the N region. How-
ever, from Figure 4b it is clear that P is very variable in
all the three regions, so these average values are not rep-
resentative of the P climatology of the single stations.
Guttannen (1055 m a.s.l.) in the N region and Planina pri
Rakeku (462 m a.s.l.) in the SE region are the two sta-
tions with the highest values of seasonal P accumulation:
966 and 962 mm, respectively.

The seasonal TMEAN climatology, as expected, is
highly correlated with elevation: the warmest value is
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FIGURE 4 Elevation distribution of seasonal snowfall (HN) (a), precipitation (P) (b) and mean air temperature (TMEAN)

(c) climatology grouped by region.

+8.1°C at Riva del Garda (65 m a.s.l.) and the coldest one
is —3.2°C at Segl Maria (1804 m a.s.L.). It is interesting to
notice that, while at the same elevation the stations in
the N and SE regions have comparable values, the loca-
tions in the SW region are warmer. On average, the sea-
sonal TMEANSs for N, SE and SW stations are +2.7°C,
+4.1°C and +6.9°C, respectively.

4.2 | Trend analysis

This section presents the results of the trend analysis
and how trends change with elevation. As shown in
Figure 5, over the last 100 years, most stations record a
negative HN trend. On average, the trend is of —3.4%/
decade. The only three stations that show a positive
trend are Hall Admont (637 m a.s.l.), Arosa (1878 m a.s.
1), and Kufstein (490 m a.s.l.), all in the N region, with
+0.9, +0.5 and + 0.4%/decade, respectively. However,
none of them turn out to be statistically significant. HN
trends are highly elevation-dependent (Figure 6). The

stations in the SW region and thus those at lower eleva-
tions, are experiencing the greatest losses in terms of
HN, with all stations showing negative trends and
54.5% of them also statistically significant. Instead, the
dependence on altitude is less pronounced for the SE
region. However, also in this case the majority (87.5%)
of the trends are negative and statistically significant.
Note that, at the same elevation, stations in the SE
region have less negative trends than those in the SW
region. For the N region, again the dependence on ele-
vation is very strong. Stations at lower elevations show
negative and significant trends, while trends are less
negative for higher stations.

P trends show a different behaviour depending on the
region. There is a clear prevalence of increasing trends in
the SW and N regions, with average values of +0.3
and + 0.8%/decade, respectively. However, only two
cases in the N region are statistically significant: Luzern
(454 m a.s.l.) with +1.3%/decade and Zurich Fluntern
(555 m a.s.l.) with +1.6%/decade, which represents the
highest P trend of the dataset. Instead, in the SE region,
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FIGURE 5 Spatial distribution of seasonal snowfall (HN) (a), precipitation (P) (b) and mean air temperature (TMEAN) (c) trends

expressed in [%/decade], [%/decade], and [°C/decade], respectively. Each point represents one station and the corresponding trend value:
Blue (red) triangles indicate positive (negative) trends; grey squares indicate negligible trends. Full symbols indicate significant trends.

trends are all negative, with an average of —0.7%/decade
and a minimum of —1.1%/decade at Sodrazica (542 m a.s.
1.). However, none of them is statistically significant. In
contrast to HN trends, there is no dependency on eleva-
tion (Figure 6).

In all the three regions, TMEAN trends are all posi-
tive and statistically significant. On average, the SW, N
and SE regions present very similar trends: +0.15, +0.16,
and +0.16°C/decade, respectively. Also the variability
between the single stations is rather low, with no depen-
dence on elevation. The maximum positive trend is at
Zurich Fluntern (555 m a.s.l.) in the N region with

+0.18°C/decade, while Bra (290 m a.s.l.) in the SW region
shows the lowest warming, with +0.13°C/decade.

4.3 | Trend temporal variability

Besides considering the overall trend, it is interesting to
analyse how HN, P, and TMEAN change over time.
To this purpose, we consider here 21-year moving aver-
age anomalies of seasonal HN, P, and TMEAN. HN and
P anomalies are calculated by dividing every time series
by its mean and then multiplying them by 100 to get %
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values, while TMEAN anomalies are calculated by sub-
tracting the long-term mean from every time series. Thus,
for each year, a centered 21-year moving average is calcu-
lated considering the 10 years before and after. We did
test other time windows (e.g., 11-year, 31-year), but we
find the 21-year window to be the best compromise
between a strong noisy signal (11-year) and a too smooth
one (31-year). Figure 7 shows the 21-year moving average
anomalies of seasonal HN, P and TMEAN for the three
regions with respect to the 1920-2020 long-term averages.
For HN, until the 1980s, anomalies are positive in all
three regions. In all cases, HN anomalies reach a peak of
around +25% during the 1970s. Afterward, the anomalies
decrease until they become negative. This shift is very
evident in the SW and SE regions, where average anoma-
lies change from +25% and +23% to —30% and —23%,
respectively. HN decreases at a smaller rate in the N
region, where anomalies vary from +24% to —20%. Note
that, in the SE region, Udine (113 m a.s.l.) has a more
extreme behaviour compared to the other stations. It
shows strongly positive anomalies up to the 1960s, with a
peak of +86% in the season 1947-1948, and then, starting
from the season 1979-1980, negative anomalies are
registered.

Considering P, the SW and SE regions show a reduc-
tion of up to 10% between the 1980s and 2000s. Another
period with negative P anomalies is between the 1940s
and 1960s for the SW region and at the end of the
1940s for the SE region. However, for the N region, P has
slightly increased over the decades, registering positive
anomalies over the last 20 years, with a slight reduction
toward values closer to the long-term average in the
2000s. In all cases, a period with more P is between

the 1960s and 1980s. The time series of TMEAN trends
are similar in the three regions, with a moderate increase
since 1970s and a stronger increase in the last 40 years,
when TMEAN anomalies have moved from slightly nega-
tive values to ~ +1°C.

44 | Correlation
To better understand which factor plays a major role in
controlling HN trends, we calculate the rank correlations
between HN and P, TMEAN, NAO, AO, and AMO
grouped by the three regions (Figure 8). As expected, the
correlation between HN and P increases with elevation,
while the correlation between HN and TMEAN tends to
zero at the highest stations, suggesting that TMEAN is a
limiting factor at low levels, while HN at high elevations
is mainly controlled by P. The mean correlation values
between HN and P (TMEAN) are: +0.27 (—0.38), +0.36
(—0.57), and +0.46 (—0.41) for the SW, SE, and N regions,
respectively. The correlation between HN and NAO, and
AO shows the strongest negative correlations for the low-
elevation stations in the SW and SE regions, with mean
values of —0.37 and —0.41 for NAO, and —0.53 and —0.50
for AO, respectively. This result suggests that for low-
elevation regions the presence of specific circulations
associated with negative NAO and AO phase is crucial
for the occurrence of abundant HN. On the other hand,
little or no correlation is found between HN and the
AMO index for all regions.

The temporal evolution of the correlations is analysed
from the 21-year moving average of the rank correlations
between HN and P, TMEAN, NAO, AO, and AMO. For
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the SW region, the correlation between HN and TMEAN
has become more negative over the years. Around the
1940s, for almost all stations, the correlation was 0, while

afterwards the value gradually decreased until it reached
a minimum of —0.62 in the 1980s and remained more or
less in the same range for the following years (Figure 9).
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The correlation of HN with the NAO and AO indices has
also become more marked, settling on average at —0.5. A
similar behaviour can also be observed for the SE region,
except that TMEAN correlations were already moderate

from the early period. Instead, in the N region the corre-
lation with the circulation indices is lower, due to a dif-
ferent type of circulation that brings snow over this
region (see Section 3, Regionalization). On the other
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hand, the correlation between HN and P is more stable
and has remained between 0.3 and 0.5 for all regions,
except for a short period with lower values in the SE
region in the 1930s. Finally, regarding the correlation
with the AMO index, it can be seen that in recent years
this has been near zero, but with a period of higher corre-
lation in the 1970s, when the N region recorded a peak
of 0.4.

5 | DISCUSSION

This study has shown that in the last 100 years, seasonal
HN has experienced a considerable reduction in most of
the analysed locations covering the whole Alpine region.
This result has been highlighted in many recent studies
at the regional level, but in this study observed HN
records have been analysed for a long period (100 years)
and for the entire Alpine region. However, a limitation of
this study is that most of the analysed stations are located
below 1000 m a.s.l., as at higher elevations it is much
more difficult to have long and continuous HN observa-
tions. To overcome this problem, other studies have ana-
lysed HS or SWE. For example, Colombo et al. (2022)
modelled SWE using daily HS data obtained from 19 his-
torical stations located in the southern European Alps
(Italy) covering an elevation range from 750 to 2600 m a.
s.. They analysed extended-term (1930-2020) fluctua-
tions in the monthly Standardized SWE Index (SSWEI)
and investigated its associations with climate change and
large-scale atmospheric forcings through teleconnection
indices. Their results confirm highly negative trend
values of SSWEI in the last few decades (1991-2020) and
indicated the increase in TMEAN as the main driver.

Other studies have investigated HN trends, albeit for
shorter periods, considering the complex interactions
between climate change and the unique geography of the
Alpine region. Considering more than 100 observed HN
time series located over the northeastern part of Italy,
Bertoldi et al. (2023) have shown how seasonal HN
trends are negative in the period 1980-2020, especially at
the lowest elevations, while some positive trends have
been found above 2000 m a.s.l. This result confirmed the
findings referring to extreme HN events simulated for
the French Alps presented by Roux et al. (2021), who
showed that the majority of trends are negative below
2000 m a.s.l. and positive above that altitude. In our anal-
ysis we also found a slightly positive trend for the thigh
altitude station of Arosa (1878 m a.s.l.) in the N region. A
possible explanation for this result could be linked to the
combination of a slight increase in P in the N region
together with generally low winter temperatures at high
altitudes, despite the significant warming trend.

of Climatology

In this regard, our analysis highlighted that the most
negative trends are found for the stations located at the
lowest elevations, where TMEAN is increasingly becom-
ing a limiting factor for HN, due to its strong increasing
trend (Figure 8). This is particularly true for the low-
elevation stations in the SW region, which, as can be seen
from the climatology (Figure 4), presents a higher
TMEAN than the stations at the same elevation in the SE
region (Chimani et al., 2013). Furthermore, it has to be
noted that the weather patterns at the origin of HN in the
two regions are significantly different. In the SW region,
these almost exclusively occur with frontal systems asso-
ciated with Mediterranean southerly winds, leading to
milder conditions which (in a context of long-term atmo-
spheric warming) more and more often cause rain rather
than snow to fall at lower altitudes. Instead, in the SE
region, HN—although decreasing everywhere—remains
relatively easier to observe because it is often associated
with longer persistence of cold inversional air layers and
cold air flows coming from the northeast or east, weather
patterns that are marginal for the development of snow
events south of the Alps.

Thanks to the availability of centennial series, it was
possible to analyse how, until the 1980s, positive HN
anomalies were recorded in all the three regions, with a
peak in the 1970s. Afterwards, the anomalies started to
change sign, passing from positive to negative, indicating
the presence of less snow during winter, especially in the
SW and SE regions. The reason for this is to be found in
the TMEAN anomalies, as suggested also by Farinotti
et al. (2015), Laternser and Schneebeli (2003), Marty
(2008), and Mote et al. (2018). As highlighted in the
results section, starting from the 1980s, TMEAN anoma-
lies in all the three regions began to rise considerably,
reaching values of almost +1°C compared to the centen-
nial average of the stations themselves. Another factor
that can explain the reduction in HN since the 1980s is
the reduction in winter P in recent decades, especially for
SW and SE regions. This corresponds to a probable global
atmospheric circulation regime shift (Reid et al., 2016).
Moreover, while P returns to the long-term average after
2000 in the SW and SE regions, HN does not increase
and remains below the long-term average, highlighting
the crucial contribution of climate warming. In fact, after
the 1980s, the limiting factor for HN is mainly TMEAN,
especially at low elevations, as shown in Bertoldi
et al. (2023).

The correlation analysis shows that the contribution
of NAO and AO is different from the contribution of
AMO. For the lowest stations of the SW and SE regions,
NAO and AO have a moderate correlation (—0.5) with
HN, while AMO does not show any correlation. The con-
nection between HN and NAO, and AO has been proved
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also by Beniston (1997) and Kim et al. (2013). They
highlighted that periods with relatively low snow
amounts and duration are closely linked to the anomalies
of the NAO index. An interesting result we found is that,
starting from the 1980s, especially for the SW region, the
NAO and AO indices began to have a higher correlation
with HN. A possible explanation is that, due to the rise in
TMEANS starting from the 1980s, the favourable combi-
nation of more drivers (TMEAN, P and atmospheric cir-
culation) is needed for HN occurrence. This regional
strong correlation between HN events and the NAO and
AO indices might be exploited to improve long-term HN
forecasts in the Alps. Finally, the absence of correlation
between HN and AMO can be explained considering that
this index influences P and TMEAN mainly in spring and
less during wintertime (Zampieri et al., 2017).

6 | CONCLUSIONS

This study analysed 46 long-term series of snowfall
(HN) observations during the period 1920-2020 over the
whole Alpine domain. After a check on quality, homoge-
neity and gaps, HN trends were identified using the Sen's
slope estimator and the Mann-Kendall trend test, and
compared with trends of precipitation (P) and mean air
temperature (TMEAN). Moreover, also large-scale predic-
tors, that is, the North Atlantic Oscillation (NAO), Arctic
Oscillation (AO) and Atlantic Multidecadal Oscillation
(AMO) indices were considered. Data have been grouped
in three sub-regions: South-West (SW), South-East
(SE) and North (N).

Negative seasonal HN trends are found in all the
three regions, especially for the SW and SE regions, with
overall values of —4.9 and —3.8%/decade, respectively.
Only three positive trends are found and all are in the N
region, which recorded on average a trend of —2.3%/
decade. Since the average elevation of the stations ana-
lysed in this region is the highest of the three, this sug-
gests that the decrease in HN is particularly affecting the
lower elevations, while the higher ones suffer less. This is
also confirmed by the analysis of trends as a function of
elevation, which shows that stations at lower altitudes
have larger negative trends than those at higher eleva-
tions. The main factor responsible for the reduction in
HN is TMEAN, which for all stations shows a positive or
strongly positive and statistically significant trend with
an overall value of +0.16°C/decade. A slight increase in
winter precipitation is detected, especially for the N
region, which can partially explain the few positive HN
trends found in this area. In fact, despite the temperature
increase, at certain elevations the average winter temper-
atures are still sufficiently low to allow HN to occur. For

both P and TMEAN, no elevation dependency has been
found.

By looking at how trends have changed over the past
100 years, this study has revealed that the sharp decline
in HN has mainly occurred over the last 40 years. Until
the 1980s, HN anomalies remained at consistently posi-
tive values, and only afterwards they started to decrease.
This occurred for all the three regions. Clearly, the key
role in this steep decline was played by TMEAN, which
has increased significantly since the 1980s. On the other
hand, the role of P is more difficult to interpret. For the
SW and SE region, for example, a cyclical pattern can be
seen and it seems to have influenced HN only from the
1980s, when both negative HN and P anomalies were
recorded. Instead, for the N region, it can be seen that
HN and P anomalies have a similar behaviour until the
1980s, but then start to diverge, suggesting that also in
this region TMEAN starts to become the main limiting
factor for HN.

This study also showed that there is a positive correla-
tion (>0.5) between HN and P for stations in the N region
above 1000 m a.s.l., suggesting that in winter P is in the
form of snow in most cases. As elevation decreases,
the correlation decreases too. Instead, an opposite behav-
iour has been found for the correlation between HN and
TMEAN, NAO, AO: stations at lower elevations are bet-
ter correlated than stations at higher elevations. This sug-
gests that, at low elevation, the combination of TMEAN
and atmospheric circulation is more crucial for HN
occurrence than at higher elevation. However, this corre-
lation has increased since the 1980s, suggesting that
TMEAN has become an increasingly limiting factor for
HN in the last 40 years, especially in the SW and SE
regions. No correlation between HN and AMO has been
found, neither looking at the entire period nor over time.

Our study is among a few that consider 100 years of
HN data from over 40 stations over all the Alps. The
method used to check the spatial consistency and homo-
geneity of HN data proved to be extremely useful in
assessing the quality of the series and, in the future, it
could enable more robust studies of HN in other areas. In
the future, the quality-check analysis can be extended to
higher temporal resolutions, such as monthly or daily
values. The assessment of HN series and their trends adds
valuable information to that derived from other snow-
related parameters, such as snow depth (HS), snow cover
area (SCA) or snow water equivalent (SWE). The inte-
grated analysis based on multiple snow-related variables
and high-quality and dense observation databases can
provide a more comprehensive picture of snow cover
changes and can be used for a wide range of applications,
such as the validation of climatic reanalyses, snow hydro-
logical models or remote sensing products.
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APPENDIX A: SNOWFALL STATIONS
META DATA

TABLE A1l

List of the snowfall (HN) stations used. For each stations are indicated ID number (ID), provider (Prov), station name
(Name), longitude (Long), latitude (Lat), elevation (Elev), start year (SY), end year (EY), use (Use). H indicates HN stations used only for
homogenization, while HT for both homogenization and trend analysis.

VO NOU A WN e 6

NN UL uuuuaADAEDNDDNDIEDDDOWWWWWWWWWRNNNRNNNNNNNDNERRBRBRBRB B P P
OCVB®NOGORNRONRLRODVONOGCGOTDROWNRPL,OVOINOGOCURNWNRPRPOOVOINOGCORWONRLOVONGCURWNRLROOVW®ONOGOUGVI™MWNERLRO

Prov

IT SMI

CH METEOSWISS
AT GSA

AT GSA

CH METEOSWISS
IT SMI

AT GSA

AT GSA

SI ARSO

SI ARSO

CH METEOSWISS
CH METEOSWISS
SI ARSO

IT SMI

AT GSA

AT GSA

IT SMI

SI ARSO

CH METEOSWISS
CH METEOSWISS
AT GSA

CH METEOSWISS
AT GSA

CH METEOSWISS
AT GSA

CH METEOSWISS
AT GSA

AT GSA

AT GSA

SI ARSO

AT GSA

AT GSA

AT GSA

SI ARSO

AT GSA

SI ARSO

SI ARSO

CH METEOSWISS
CH METEOSWISS
AT GSA

CH METEOSWISS
AT GSA

ITOMD

AT GSA

IT OMP

SI ARSO

AT GSA

AT GSA

AT GSA

AT GSA

IT MTAA

IT MTAA

AT GSA

AT GSA

AT GSA

AT GSA

CH METEOSWISS
SI ARSO

SI ARSO

AT GSA

AT GSA

AT GSA

AT GSA

IT SMI

ITMTN

IT SMAA

AT GSA

AT GSA

AT GSA

CH METEOSWISS

Name

Aosta

Arosa

Bad Bleiberg

Bad Gleichenberg
Bern Zollikofen
Bra

Bregenz

Bruck Mur

Celje

Cerknica

Chur

Col du Grand St Bernard
Crnomelj

Cuneo
Deutschlandsberg
Doellach
Domodossola
Dravograd
Einsiedeln

Elm

Feldkirch

Glarus

Gmunden
Goschenen

Graz Univ.
Guttannen

Hall Admont
Innsbruck Univ.
Klagenfurt Flughafen
Kranjska Gora
Krimml

Kufstein

Langen Am Arlberg
Lasko

Lienz

Ljubljana

Luce

Lugano

Luzern

Mariazell St Sebastian
Meiringen
Micheldorf
Milano

Mondsee

Parma

Planina pri Rakeku
Rauris

Reichenau Rax
Reichersberg
Ried Im Innkreis
Riva del Garda
Rovereto
Salzburg Flughafen
Schmittenhoehe
Schroecken
Seckau

Segl Maria

Skofja Loka
Sodrazica
Sonnblick Tawes
Stift Zwettl
Stolzalpe
Tamsweg

Torino

Trento

Udine

Villacher Alpe
Waidhofen Ybbs
Wien Hohe warte
Zurich Fluntern

Long (°)
7.3334
9.679
13.6844
15.9036
7.464
7.8519
9.7461
15.2497
15.2259
14.3634
9.5305
7.1707
15.1462
7.5478
15.2269
12.9025
8.2877
15.0283
8.7565
9.1753
9.6097
9.0669
13.8075
8.5954
15.4489
8.2917
14.4908
11.3842
14.3183
13.7891
12.1819
12.1628
10.1247
15.2341
12.8064
14.5124
14.7457
8.9603
8.301
15.3022
8.1692
14.1344
9.19
13.3472
10.328
14.2525
12.9925
15.837
13.3761
13.475
10.85
11.044
13.0083
12.7381
10.0861
147786
9.7623
14.2924
14.6382
12.9575
15.2036
14.1883
13.8083
7.6272
11.1331
13.233333
13.6733
14.8097
16.3564
8.5657

Lat (°)
45.728
46.7926
46.6253
46.8722
46.9907
44701
47.4992
47.4056
46.2366
45.7956
46.8704
45.8691
45.56
44.3897
46.8217
46.9581
46.1133
46.5919
47.133
46.9238
47.2711
47.0346
47.9147
46.6927
47.0778
46.6565
47.5944
47.26
46.6483
46.4865
47.2292
47.5753
47.135
46.1565
46.8256
46.0655
46.3543
46.0042
47.0364
47.7892
46.7322
47.8831
45.4669
47.8508
448015
45.8308
47.2236
47.6997
48.3311
48.2172
45.883
45.897
47.7894
47.3286
47.2617
47.2708
46.4323
46.172
45.7629
47.0542
48.6178
47.1231
47.1331
45.0721
46.0742
46.066667
46.6036
47.9456
48.2486
47.3779

Elev (m)
544
1878
909
269
552
290
424
482
242
569
556
2472
157
565
354
1071
280
384
910
957
438
516
424
950
367
1055
637
578
450
802
1009
490
1270
222
661
299
513
273
454
864
588
459
120
481

57
462
934
488
351
427

65
213
430

1956
1244
872
1804
367
542
3109
502
1291
1025

SY
1891
1890
1896
1861
1897
1862
1869
1895
1893
1894
1888
1865
1882
1877
1895
1871
1872
1885
1907
1881
1875
1891
1892
1901
1851
1876
1895
1866
1813
1895
1891
1905
1881
1895
1895
1895
1893
1864
1883
1889
1901
1901
1881
1892
1867
1894
1875
1865
1881
1872
1921
1882
1874
1880
1895
1895
1864
1895
1892
1886
1883
1921
1895
1787
1920
1776
1876
1896
1775
1864

EY
2019
2020
2022
2022
2020
2018
2022
2022
2022
2022
2020
2020
2022
2019
2022
2022
2019
2022
2020
2020
2022
2020
2016
2020
2022
2020
2022
2022
2022
2022
2022
2022
2022
2022
2022
2022
2022
2020
2020
2022
2020
2022
2020
2022
2021
1988
2022
2022
2022
2022
2020
2021
2022
2022
2022
2022
2020
2022
2022
2022
2022
2022
2022
2020
2020
2000
2022
2022
2022
2020

HT
HT
HT
HT
HT
HT

I

HT
HT
HT

HT
HT
HT

HT
HT
HT
HT
HT
HT

HT

HT
HT
HT

HT

HT
HT
HT

HT
HT
HT
HT

HT

HT

HT

HT
HT

HT
HT

I

HT
HT
HT
HT

I

HT
HT
HT
HT

HT
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APPENDIX B: HOMOGENEITY CHECK

In this study, the Climatol procedure, as implemented in
the R package “climatol” version 3.1.1 (Guijarro, 2018),
was used to check the homogeneity of the HN time
series. Other procedures could be applied, such as the
HOMogenization softwarE in R (HOMER; Caussinus &
Mestre, 2004) or the Adapted Caussinus-Mestre Algo-
rithm for Networks of Temperature series (ACMANT;
Domonkos (2011)). However, as suggested by Buchmann
et al. (2022), HOMER is very time-consuming for the user
and also requires extensive expert knowledge. On the
other hand, ACMANT is easier to apply, but implies a lot
of postprocessing, due to the large number of break
points detected, and also requires in-depth knowledge
about the station network. Morever, Coll et al. (2020)
recommended Climatol as the method to be used for pre-
cipitation, because the identified break points appeared
likely to be more realistic than the ones found with either
ACMANT or HOMER. Therefore, for these reasons, Cli-
matol was chosen in this study.

Climatol uses composite reference series and detects
breaks one-by-one with the Standard Normal Homogeni-
zation Test (SNHT; Alexandersson and Moberg (1997))
applied to anomaly series between observed and refer-
ence data. Data are normalized based on ratio or differ-
ence, depending on the climate variable, with respect to
the mean climatological value of the series. The normali-
zation based on the ratio is applied to HN series, since it
is more suitable for skewed data. Reference series are

of Climatology

estimated from the nearest observed series based on geo-
graphical proximity using Euclidean distances (Luna
et al., 2012). Series of anomalies are obtained by subtract-
ing the estimated values from the observed ones (always
in normalized form).

When the SNHT statistics of the series are greater
than a prescribed threshold, the series is split at the point
of maximum SNHT, moving all data before the break to a
new series. This procedure is done iteratively, splitting
only the series with the higher SNHT values at every
cycle, until no series is found inhomogeneous. Since
SNHT was originally designed for identifying a single
break-point, the existence of two or more shifts in the
mean with similar values could mask its results. To mini-
mize this problem, SNTH is applied in a first stage to
stepped overlapping temporal windows (stage 1), fol-
lowed by a second stage applying SNHT to the entire
series (stage 2), which is where the test exhibits more
power of detection. Finally, a third stage is dedicated to
in-fill all missing data in all homogeneous series and sub-
series with the same data estimation procedure (Stage 3).
All these processes are described in the flow-chart shown
in Figure Al. Thresholds for outlier rejection and break-
point detection can be very different depending on the
data periodicity and cross-correlation of the series. There-
fore, it is highly recommended to make a first run in the
so-called “exploratory” mode in order to detect these
thresholds.

Following the procedure described above, Climatol
was applied to our HN dataset. From the exploratory
analysis, histograms of maximum windowed and global

A -
. »a
! Read input data ; L < Normalize series with their [«
—; means and standard deviations

Y

\2

If stage 3,

RETURN

Initial checks and calculation of
means and standard deviations

FIGURE A1l

\

Stage 1: SNHT applied on
stepped overlapping windows

v

Stage 2: SNHT applied

on the whole series

v

Stage 3: In-filling of

all missing data

Y

Write homogenized series,
graphics and other outpus

Estimate all series from
their neighbors and
undo normalization

v

Compute series of anomalies
(observed - estimated data)
and delete outliers

v

In-fill missing data and
compute new means
and standard deviations

Yes
Did any mean

No

Compute SNHT
of all series

If maximum SNHT
lower than threshold
RETURN

changed?

Split series with higher
SNHT break-points

Climatol operational flowchart (Guijarro, 2018). [Colour figure can be viewed at wileyonlinelibrary.com]
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Histograms of the maximum SNHT values found on overlapping stepped windows (a) and on the whole series (b) using

Climatol exploratory mode. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE A3 Distribution of station ID numbers according to

their final Root Mean Squared Error (RMSE) and Standard Normal
Homogenization Test (SNHT) values evaluated by Climatol.
[Colour figure can be viewed at wileyonlinelibrary.com]

SNHT were used to choose the thresholds to detect
changes in the mean of the series (Figure A2). These his-
tograms display a prominent occurrence of low values,
leading to the conclusion that all the series should be
fairly homogeneous. However, considering the histogram
of maximum global SNHT, there is one higher and more
isolated cluster representing a possible inhomogeneous
case. As suggested by Guijarro (2018), when there is a

distinct separation (or a well-defined minimum), the
threshold for detection stages can be set to a certain value
between them. Therefore, in our case, the threshold value
for the stepped SNHT window test applied in stage
1 (snhtl) was set to 10, while the threshold value for the
SNHT test applied to the complete series in stage 2 (snht2)
was set to 30. Moreover, by default, vertical coordinates
in meters and horizontal coordinates in kilometres are
equally weighted. As done by Buchmann et al. (2022), to
consider the impact of elevation, which is a crucial factor
for snow, the scale parameter was adjusted to 0.1, so that
elevation was given 100 times more weight.

Once the parameters were set, Climatol was run.
Figure A3 shows the distribution of station ID numbers
(see Table Al) according to their final Root Mean
Squared Error (RMSE) and SNHT values. RMSEs are cal-
culated by comparing the estimated and the observed
data in every series. High values may indicate poor qual-
ity of the series, whereas homogeneous series tend to be
clustered in the left bottom part of the plot
(Guijarro, 2018). In our case, almost all stations were
found to be in the left bottom part of the plot and all sta-
tions present SNHT values below the threshold imposed
in stage 2 (snht2 = 30), leading to the conclusion that all
our series were sufficiently homogeneous. However,
there were three of them with a higher RMSE (#54, #12,
#60). From Table Al, it can be seen that these stations
are those at the highest elevation and consequently those
most subjected to errors in HN estimates. For this reason,
we decided to not consider these stations for the trend
analysis. After a manual quality check, other 21 stations
were found to be not suitable for the trend analysis due
to the presence of frequent missing data.
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FIGURE A4 Evaluation of k-means clustering results of monthly snowfall (HN) for different numbers of clusters: Ratio of explained

variance (a), silhouette (b) and maps (c). [Colour figure can be viewed at wileyonlinelibrary.com]
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