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Abstract. A climatology of snow water equivalent (SWE)
based on data collected at 240 gauging sites was performed
for the Italian Alps over the 1967-2020 period, when Enel
routinely conducted snow depth and density measurements
with homogeneous methods. Six hydrological sub-regions
were investigated spanning from the eastern Alps to the west-
ern Alps at altitudes ranging from 1000 to 3000 m a.s.l. Mea-
surements were conducted at fixed dates at the beginning of
each month from 1 February to 1 June and on 15 April. To
our knowledge, this is the most comprehensive and homo-
geneous dataset of measured snow depth and density for the
Italian Alps. Significant decreasing trends over the years at
all fixed dates and elevation classes were identified for both
snow depth, equal to —0.12 4+ 0.06 m per decade, and snow
water equivalent, equal to —51 4= 37 mm per decade, on aver-
age in the six macro-basins we selected. The analysis of bulk
snow density data showed a temporal evolution along the
snow accumulation and melt season, but no altitudinal trends
were found. A Moving Average and Running Trend Analysis
(MARTA triangles), combined with a Pettitt’s test change-
point detection, highlighted a decreasing change of snow cli-
matology occurring around the end of the 1980s. The com-
parison with winter temperature and precipitation data from
the HISTALP dataset identified a major role played by tem-
perature on the long-term decrease and changing points of
snow depth and SWE with respect to precipitation, mainly re-
sponsible for its variability. Correlation with climatic indexes
indicates significant negative values of the Pearson correla-
tion coefficient with winter North Atlantic Oscillation (NAO)
and positive values with winter Western Mediterranean Os-
cillation (WeMO) for some areas and elevation classes. Re-
sults of this climatology are synthesized in a temporal poly-

nomial model that is useful for climatological studies and
water resources management in mountain areas.

1 Introduction

The effects of global climate change on the cryosphere at dif-
ferent latitudes have been widely studied in the last decades
(IPCC, 2019). The comparison between photos of the past
decades with the current ones, together with imagery analysis
from satellites, confirms the retreat of glaciers in the Alpine
region (Ranzi et al., 1999; Beniston, 2012). Analysis of long-
term observed snow depth and simulated bulk snow density
in 20 gauging sites in the Italian Alps highlights a decrease in
snow water equivalent especially after the 1990s (Colombo et
al., 2022). Modifications of the greater Alpine region climate
have been confirmed by the analysis of the HISTALP dataset,
with significant trends in temperature (twice as the global av-
erage), precipitation and (in low elevation areas) relative hu-
midity (Auer et al., 2007; Brunetti et al., 2009). In fact, the
Alpine region is an extremely sensitive area to the variations
in climate conditions, making mountain glaciers sentinels of
climate change.

Snow is the largest component of the cryosphere in terms
of areal extension. Its importance in the Alpine region is re-
lated to climatological, hydrological, biological, economic
and social aspects (Beniston et al., 2018). Snow cover reg-
ulates the surface energy balance, affecting circulation pat-
terns and atmospheric flow regimes (Gong et al., 2004; Ge
and Gong, 2009). The hydrological cycle is strongly depen-
dent on the separation between solid and liquid precipitation
and the timing of the melting season onset, mainly driven by
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temperature, and the hydrological response of high-mountain
catchments is often regulated by snowmelt and accumulation
(Penna et al., 2016). Moreover, snow accumulation and melt-
ing are major components of the mass balance of glaciers.
Snow monitoring is crucial in order to provide a proper esti-
mate of glaciers mass and energy balance to evaluate glacial
response to snow cover variations (Ranzi et al. 2010). The
presence of snow is also of paramount importance for ski re-
sorts and for winter tourism in general in the Alpine region,
accounting for about EUR 10 billion, maintaining seasonal
jobs and slowing down the rural depopulation in the valleys
(Lehr et al., 2012; Reynard, 2020). The water stored as snow
in winter is released as the melting season begins, contribut-
ing to the water availability for agriculture and energy pro-
duction in hydropower plants (HPPs).

Hence, it is of great interest for HPP managers to have an
accurate quantification of the snow water equivalent (SWE)
and possible variability in a climate change scenario (Schae-
fli et al., 2007). In view of this, since 1966, Enel (former
Italian national electricity board) has conducted systematic
observations of snowpack depth and density in the basins
subtended by seasonal regulation reservoirs (Berni and Gi-
acanelli, 1966). The Enel measurement program is simi-
lar to other institutional measurement networks (e.g., SNO-
TEL; Serreze et al., 1999). Before the creation of Enel, some
power companies already took care of periodic measure-
ments of the snowpack consistency on the Alpine and Apen-
nine basins supplying reservoirs within their competence.
However, these surveys were carried out unevenly, adopt-
ing different instruments and, of course, with different pro-
cedures for processing and interpreting the collected dataset.
The Enel measurement campaigns were scheduled since the
early 1960s at fixed dates from 1 February to 1 June at fixed
locations in the catchments of the main Alpine reservoirs.
Such an extensive and standardized monitoring campaign
represents a rich and valuable source of in situ measurements
covering a wide portion of the Italian Alps for a 54-year time
window spanning the 1967-2020 period. Hydrological mod-
els and remote sensing techniques have been widely used to
estimate SWE (Taschner et al., 2004; Tedesco et al., 2015)
and snow cover (Terzago et al., 2010). However, in situ mea-
surements are required to validate such estimates, and it is
not trivial to reconstruct a coherent time series long enough
to be suitable for climatological studies by means of satellite
observations. Lejeune et al. (2019) used a snow dataset of
57 years from a mountain meteorological station to evaluate
snow depth variability between 1960 and 2017, a temporal
range sufficiently wide enough to evaluate climate impacts
on snow depth. A similar dataset has been used by Lépez-
Moreno et al. (2020) to evaluate long-term trends of snow
depth and snow cover in the Pyrenees. Schoner et al. (2019)
used an ensemble of 196 stations to study the snow depth
and its linkages to climate change over the Swiss—Austrian
Alps over the monitoring period of 1961-2012. A more com-
prehensive study of the Northern Hemisphere has been car-
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ried out by Pulliainen et al. (2020) using the GlobSnow v3.0
dataset (Takala et al., 2011) for the monitoring period of
1980-2018. Valt and Cianfarra (2010) found a reduction of
snow cover duration and snowfall between 1950 and 2009,
together with breakpoints of the time series at the end of
the 1980s. Marty et al. (2017) observed a SWE decrease,
more pronounced in spring than in winter, over the obser-
vation period of 1968-2012. Colombo et al. (2022) modeled
the SWE from 19 historical snow depth measurements and
studied the links of the Standardized SWE Index with tele-
connection indexes and temperature anomalies. Marcolini et
al. (2017) analyzed snow depth series in the Adige basin,
finding a reduction of snow cover duration and snow depth
over the period 1980-2009, especially at low-elevation sites.
The dataset we use here covers almost the same period of
previous studies, but it is spatially distributed over the Italian
Alpine region and includes bulk snow density measurements
to estimate SWE. Such a combination of spatial and temporal
coverage makes this dataset an extremely precious support
to understand snow variability and climate change impacts
in the Italian Alps. Unlike previous studies, we make use
of not only measurements of snow depth but also extended
observations of bulk snow density, instead of modeled esti-
mates, over a very long period and a wide spatial coverage of
the Italian Alps. The novelty also relies on the homogeneity
of the data collection methods of SWE measurements con-
ducted for purposes of hydropower generation management.

In this study, we present a detailed long-term trends and
variability analysis of snow depth and SWE measurements
in a wide portion of the Italian Alps between 1967 and 2020.
The first objective of this research is to quantify how snow
depth and SWE has changed in time over the monitoring
period, evaluating temporal trends and identifying possible
change points using an unprecedented dataset. The second
objective is to establish elevation and seasonal dependencies
of snow depth and snow density. A large dataset covering a
wide area and spread at different elevations, like the one pre-
sented here, is suitable for such considerations and for fitting
simple models able to describe those dependencies, with the
aim of obtaining a climatological estimate of SWE as a func-
tion of the day of the year and altitude. The third objective
is to understand the links between meteorological variables
with snow depth and SWE. In particular, we aim to better
understand what are the weights played by temperature, pre-
cipitation and teleconnection indexes.

In Sect. 2, after a description of the study area and the
snow depth and density measurement procedure, we present
the datasets adopted and describe the statistical methodology
used for the climatological analysis, together with a simple
model to estimate the SWE as a function of elevation and
day of the year. In Sect. 3, we present and discuss the results
obtained for the climatological analysis of snow depth, bulk
snow density and SWE, the comparative analysis of meteo-
rological variables and climatic teleconnection indexes, and,
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finally, the estimates of SWE obtained with the presented re-
gression model.

2 Datasets and methods
2.1 The study area and basin aggregation

In this study, we focus our analysis on the following basins
of the Alpine region: Cordevole and Piave in the Veneto
region; Cismon, Brenta, Noce, Sarca, Chiese, and Valsura
in the Trentino-Alto Adige/Siidtirol region; Mallero, Adda,
Bitto, Serio, Brembo, and Oglio in the Lombardia region;
and Toce in the Piemonte region. We aggregate the individual
basins into six groups (Fig. 1a) according to the hydrographic
criteria, merging tributaries to the main river branch (e.g.,
Cordevole aggregated to Piave), and the geo-morphoclimatic
criteria, aggregating basins with similar annual average pre-
cipitation, temperature and geographical orientation (e.g., Pi-
ave and Brenta or Oglio, Chiese, and Sarca). Measurements
aggregation is a crucial step in the analysis and implies a
change of scale (Bloschl, 1999). However, we believe that
the adopted data aggregation can be representative of the se-
lected macro-basins.

Toce basin’s slopes are mainly oriented east, and its cli-
mate is affected by the influence of Lake Maggiore. As it is
the only basin where data are available in the Piemonte re-
gion, we decided not to aggregate it with other basins (we
denote the group simply as Toce). Since Serio and Brembo
are the tributaries of the lower Adda, downstream of Lake
Como, and their slope is mainly oriented southward, fac-
ing the Po River valley, they can be grouped into a unique
macro-basin denoted as Serio-Brembo. Bitto and Mallero
slopes are facing north and south, respectively, and both
basins are tributaries of the upper Adda, oriented westward,
upstream of Lake Como. Consequently, we aggregate Bitto,
Mallero and Adda basins into one group (denoted as Adda).
Oglio, Chiese and Sarca basins are fed by meltwater of
the Adamello glacier; accordingly, we considered a unique
macro-basin called Oglio-Chiese-Sarca. We denote Adige as
a macro-basin including its tributaries Noce and Valsura. Fi-
nally, we aggregate Piave, Brenta, Cismon and Cordevole
into another group (denoted Piave-Brenta), which is most
influenced by the Adriatic Sea. The main characteristic of
the macro-basins, such as the catchment area and minimum,
maximum, and average elevations, are reported in Table 1.

2.2 Snow depth, snow density and snow water
equivalent

We use a dataset of snow depth and bulk snow density mea-
surements collected between 1967 and 2020. The locations
of the measurement stations, reported in Fig. la, are fixed
with minor displacements over the monitoring period. For
each measurement station, multiple measurements of snow
depth were taken and then averaged. The choice of such lo-
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cations is based on accessibility in every moment of the win-
ter under normal meteorological conditions and representa-
tiveness of natural snow deposition, avoiding areas where
avalanche snow might be collected or places where other
forcings might change the snowpack height. The measure-
ment dates are fixed in time on 1 February, 1 March, 1 April,
15 April, 1 May and 1 June, providing strong consistency for
the time series analysis.

The tools adopted for height and density measurements of
the snowpack have been designed by the Hydrographic Of-
fice of the Water Authority of Venice. One of the tools is
a CN2-type snow sampler (Fig. 1b), derived from the CN1
type, tested by the Snow Commission of the Glaciologi-
cal committee through small technical changes suggested by
Enel in order to make use of it easier and faster. The CN2-
type snow sampler is made of four tubular elements in dura-
luminium, each 50 cm long and with an internal diameter of
7.2 cm. Screwable brass caps are attached to the ends of the
four tubes, allowing users to join two or more elements. On
the side of each tube there are measurement notches from 0 to
50 cm in order to measure the exact height of the snow. The
checking of this height is completed with a graduated rod,
made of three plugable elements in a rust-proof alloy. Other
accessories that complete the snow weighing toolset are two
snow-cutting knifes (Fig. 1c) attachable to the bottom of each
of the duraluminium tubes with three internal fins designed
to prevent the loss of snow at the bottom, dynamometers for
the weighing, a shovel for digging the trenches, nylon bags
with rings to attach the dynamometers, and a hammer and
wrenches for screwing the tubes (Fig. 1d). In recent years,
in some sites, the probes were substituted with Teflon probes
with similar characteristics.

The measurement procedure of snow depth and density in
the case of snowpack height lower than 2 m starts with a first
check of the snow depth with a graduated rod in order to pre-
pare the instrumentation with the proper number of tubular
elements. Then, the instrument is thrust into the snowpack,
applying a constant pressure and continuous rotational move-
ment until ground level and reading the snow depth measure-
ment on the external notches. Finally, the instrumentation is
extracted from the snowpack, depositing the collected sam-
ple in a nylon bag to be weighed. In the case of snowpack
deeper than 2 m, multiple extractions are necessary. A snow
pit must be dig up to ground level, paying attention to main-
tain the front wall vertical. Then, an aluminum plate is in-
serted horizontally, a first sample is taken from the snowpack
surface until the plate is reached, and the partial depth mea-
surement is recorded. The procedure is then repeated until
the ground level is reached. The bulk snow density is finally
computed by dividing the weight by the known volume of
the sample. In the case of the snow depth measurement only,
a simple graduated rod is adopted.
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Figure 1. (a) Map of the research area. The individual basins are grouped into six macro-basins by number: (1) Piave-Brenta, (2) Adige,
(3) Oglio-Chiese-Sarca, (4) Serio-Brembo, (5) Adda and (6) Toce. Locations of snow depth and density (green dots) and snow depth (red
squares) are also reported. (b) Photo of the CN2-type snow sampler, (c) details of the cutting knife with the three internal fins and (d) the

=

complete kit in its transporting bag.

Table 1. Area and minimum, maximum, and mean elevations of the considered macro-basins. For each macro-basin, the numbers of snow

depth measurement points by elevation class are given.

Area (km?)  Hpin (m)  Hmax (M) Hmean (M) N1oo0-1500  N1500-2000  N2000-2500  N2500-3000

Macro-basin

(1) Piave-Brenta 4857 106 3342 1315 18 23 7 2
(2) Adige 3815 238 3899 1874 1 8 5 6
(3) Oglio-Chiese-Sarca 3615 136 3556 1428 14 18 25 12
(4) Serio-Brembo 2609 230 3052 1213 1 18 9 1
(5) Adda 1225 213 4050 1844 0 11 18 2
(6) Toce 1533 198 4633 1641 3 12 25 1

Each snow depth and bulk snow density measurement is The spread and spatial density of the points of measure-
ment exhibit differences in the distribution of the data be-

recorded together with the name of the drainage basin, aver-
age slope, orientation with respect to the north and elevation. tween elevation classes (Table 1). The Oglio-Chiese-Sarca
We aggregated data into the six macro-basins described in basin presents the largest number of observations of both
the previous section in four elevation bands of equal range snow depth and bulk snow density for all the elevation
of 500m (1000-1500, 1500-2000, 2000-2500 and 2500- classes, followed by the Piave-Brenta basin, with similar
3000 ma.s.l.). Overall, 44411 snow depth and 14479 bulk measurement density for the three elevation classes between
snow density measurements were collected and processed. 1000 and 2500 m a.s.l. Accordingly, we expect more robust
Among the available 299 gauging sites, a subset of 240 sta- and representative results for these two areas. The Adige
tions located within the considered basins has been analyzed. basin exhibits a good spread of snow depth measurements,
except for the 1000-1500 class. In the Adda basin, snow
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depth and bulk snow density measurements are available
only for the 1500-2000 and 2000-2500 elevation classes,
with a slightly higher number of observations in the latter.
For the Toce and Serio-Brembo basins, a similar numeros-
ity of observations can be found in the same two middle el-
evation classes, with a higher number of measurements in
the 1500-2000 class for Serio-Brembo and in the 2000-2500
class for Toce.

We performed a preliminary data quality check in order
to remove possible erroneous data due to human mistake
in the data recording. In the case of snow depth, it might
happen that a zero is recorded instead of a missing value.
Specifically, we checked all the zero snow depth records by
comparing them with the closest measurement points. If the
snow depth measurements in the locations nearby the equiv-
ocal point are larger than a fixed threshold (set at 0.7 m), we
consider that zero as a missing value. In the specific case of
equivocal measurements on 15 April, we also checked the
previous and following dates of measurements at that point.
If in that location the snow depth on 1 April and 1 May is
larger than 0.7 m, we consider the equivocal zero as a miss-
ing value. In the case of bulk snow density measurements,
we removed density values larger than a fixed threshold of
0.75 gem™3, considered far larger than typical bulk snow
density values (USACE, 1956; Marbouty, 1980).

We used the snow depth and bulk snow density measure-
ments that have passed the quality check to compute the
SWE (mm) as

SWE = HS ., (1)

Pw

where HS (mm) is the snow depth, ps (kg m—?) the bulk snow
density and py, (kgm™3) is the liquid water density simply es-
timated as 1000 kgm™3. Since there is not a bulk snow den-
sity measurement for each snow depth record, we assigned
to ps the measured snow density only if present. In the case
of a missing bulk snow density value in correspondence with
the considered snow depth measurement, we assigned to ps
a mean value computed as the average of the other avail-
able snow density values measured in the corresponding date,
macro-basin and elevation class. In the case that there are
no density measurements in the corresponding geomorphic
class, we consider the SWE data for the specific date, macro-
basin and elevation class as missing. Finally, we obtained a
time series ranging from 1967 to 2020 of average value snow
depth and bulk snow density for each macro-basin, elevation
class and measurement date.

2.3 Temperature and precipitation data

Precipitation and temperature are the main meteorological
variables regulating accumulation and melting of snow, with
air temperature mainly governing the separation of solid and
liquid precipitation and driving snowmelt. To evaluate the
effects of precipitation and temperature variability on snow
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depth and SWE in the considered macro-basins, we con-
sider the HISTALP dataset (Auer et al., 2007; Chimani et
al., 2011). HISTALP is a multi-century-long (1780-2015)
database of monthly homogenized records of temperature,
pressure, precipitation, sunshine and cloudiness for the Alps.
Here, we consider the gridded precipitation and 2 m above
ground level air temperature data, provided at 0.08° spatial
resolution. Specifically, we considered the average tempera-
ture of December, January, February and March (DJFM) over
the period 1967-2015. Since 1967, the number of the me-
teorological stations adopted to create the database and the
distance between them have not changed (Auer et al., 2007),
making the time series sufficiently reliable for the long-term
variability and trend analysis. We extract from the gridded
dataset the average temperature over each macro-basin re-
ported in Fig. 1a. Accordingly, we consider the accumulated
precipitation of December, January, February and March.
These averaged time series do not take into account the al-
titudinal dependence of climatic variables, but they serve
as a valuable indicator for assessing the average variability
and trends of temperature and precipitation in the considered
basins. Additionally, the use of the HISTALP dataset enables
a consistent analysis across the six different basins.

2.4 North Atlantic Oscillation and Western
Mediterranean Oscillation indexes

Following an approach widely adopted (Maragno et al.,
2009; Bocchiola and Diolaiuti, 2010; Diolaiuti et al., 2012;
Ranzi et al., 2021), we evaluate the link of SWE with large-
scale circulation variability. Specifically, we consider the
North Atlantic Oscillation (NAQO) index and the Western
Mediterranean Oscillation (WeMO) index. NAO is a global
circulation pattern index defined as the normalized surface
sea-level pressure difference over the North Atlantic Ocean
between the subtropical (Azores) high and subpolar (Iceland)
low. It influences the European climate during winter (Os-
born, 2011), and it presents a negative correlation with pre-
cipitation in the Italian Alps (Steirou et al., 2017; Zampieri
et al., 2017; Brugnara and Maugeri, 2019). The WeMO in-
dex is a regional teleconnection pattern, spatially limited to
the western Mediterranean basin (Martin-Vide and Lopez-
Bustins, 2006). It is defined by the difference of monthly sea-
level pressure between the Padua and San Fernando (Cadiz)
stations. Here, we consider average winter (DJFM) NAO
and WeMO indexes to address the links with spring (April)
snow depth measured in the considered Alpine basins. The
comparison between winter teleconnections and April snow
depth aims to investigate the impact of atmospheric circula-
tion patterns on winter precipitation and snow accumulation,
generally reaching maximum values in April.

Hydrol. Earth Syst. Sci., 28, 2555-2578, 2024



2560

2.5 Statistical and climatological analysis

In order to investigate possible variability and tendencies
of snow depth and SWE during the monitored period, we
adopt three main methods of statistical analysis. At first, we
compute the trend over the complete period 1967-2020 by
means of a least-square linear regression. To test the statisti-
cal significance (p value < 0.05) of such trends, we adopted
the Mann—Kendall (MK) non-parametric test (Mann, 1945;
Kendall, 1938) and the parametric Student’s ¢ test on the
slope of the regression line, testing the null hypothesis Hy
of no trend against the alternative hypothesis H; of linear
trend (Kottegoda and Rosso, 2008). Such a trend analysis
provides only one piece of information, even if important,
related to the general tendency of the studied time series.
The second analysis consists of a Moving Average and Run-
ning Trend Analysis (MARTA from this point on), similarly
to that reported in Brunetti et al. (2009) and Ranzi et al.
(2021). MARTA consists of computing the running trend and
a moving average for all the possible sub-periods longer than
10 years, reporting the results in a chart where the central
year of the sub-period is reported on the horizontal axis and
its length on the vertical one. In the chart of the running
trends, computed by least-square linear regression, slopes are
represented by the color of the pixel. We represent on the plot
each trend. However, statistically significant trends accord-
ing to the MK test (p value < 0.05) are represented by thicker
pixels. In the chart of the moving averages, instead, all the
sub-period averages are reported. MARTA is an effective ex-
ploratory data analysis and visualization tool, which is able
to capture and highlight periods of values higher or lower
than the long-term mean in the time series. Here, we extend
the approach taken from Brunetti et al. (2009), including a
change detection analysis by means of the application of Pet-
titt’s test (Pettitt, 1979). Pettitt’s test is a non-parametric tech-
nique to solve the change-point problem (i.e., identifying if
and when the probability distribution of a stochastic variable
has changed), testing the null hypothesis Hy of no change.
We graphically represent the change point, if present, in the
moving-averages chart, indicating the year detected with the
statistical test. As a third analysis, to evaluate the global be-
havior of snow depth and SWE in each basin, we compute
the difference between the averages of the two halves of the
monitoring period (1967-1993 and 1994-2020). We test the
statistical significance of such differences by means of the
non-parametric Mann—Whitney U test (Mann and Whitney,
1947). In this case, we test the null hypothesis that the pop-
ulation of the sample of the measured variable in the period
1967-1993 is equal to the population of the sample of the
measured variable in the period 1994-2020; the alternative
hypothesis is that the second sample is stochastically smaller
than the first sample (i.e., the cumulative distribution func-
tion (CDF) of the first sample P;(x) is larger than the CDF of
the second sample P»(x) for every x). We divided the entire
observation period into two equally long sub-periods such
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that the two samples of the considered variable could have
the maximum possible number of observations to be suffi-
ciently representative of each climatology. In fact, climatolo-
gies are generally assessed over periods lasting 30 years at
least. With the available data, spanning 54 years, our subdivi-
sion enables us to analyze two independent periods with suf-
ficient climatological significance. Another possible division
of the monitoring period could be centered on the identified
change point (if present and statistically significant). How-
ever such a division would introduce two major limitations
in the analysis. First, one of the two sub-periods could be
largely represented than the other. Second, we prefer to keep
the Mann—Whitney U test results independent from those of
the Pettitt test.

Finally, we study the relationship and dependencies of
snow depth and SWE with variability and changes in cli-
mate. We perform the same MARTA for the temperature
and precipitation time series presented above. Moreover, to
evaluate the possible links between snow depth and the tele-
connection indexes, we evaluated Pearson’s correlation be-
tween the snow depth on 1 April and 15 April and the winter
(DJFM) NAO, previously investigated by other authors (e.g.,
Colombo et al., 2022), and WeMO indexes, here firstly com-
pared with the snow depth observation.

2.6 Mean snow climatology model

To compute the SWE, it is necessary to have a measurement
of both snow depth and bulk snow density (USACE, 1956;
Fierz et al., 2009). Empirical regressions of bulk snow den-
sity over day of the year in the Italian Alps have been stud-
ied by several authors (e.g., Sturm et al., 2010; Avanzi et al.,
2015; Pistocchi, 2016; Guyennon et al., 2019). Accordingly,
we evaluated the average temporal evolution of bulk snow
density during the monitoring period, updating it with our
new dataset and the parameters of the model proposed by
Guyennon et al. (2019), who found that the temporal evolu-
tion of bulk snow density is well described by a quadratic
polynomial function of the day of the year as

ps(DOY) = ng +n1(DOY +61) +n2(DOY +61)2, (2

where ps is the bulk snow density, DOY is the day of the year.
The choice of a second-order polynomial formulation, fol-
lowing Guyennon et al. (2019), was made to include a term
overcoming the assumption of a simpler linear model such as
the one of Pistocchi (2016).

Snow depth on the ground increases during the accumula-
tion season and starts decreasing after the melt onset. Con-
currently, positive correlations between snow depth or SWE
and elevation in the Alps are reported by many authors (Bav-
era and De Michele, 2009; Durand et al., 2009; Lehning et
al., 2011; Griinewald et al., 2014). Accordingly, we propose a
snow depth model that is linearly dependent on elevation and
with time-dependent coefficients. For each macro-basin and
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measurement date, we estimate the best-fitting linear model
of average observed snow depth as a function of elevation as

hs(H,DOY) = m(DOY)[H — Ho(DOY)] A3)

where &g (m) is the snow depth, H (m) is the elevation above
sea level, m (-) is the slope and Hp (m) is the elevation of
null snow depth in the regression (snowline elevation). In
such way, we reconstruct the elevation dependency of snow
depth at different times of the accumulation and melting sea-
sons, starting from the 1 February and ending on the 1 June.
Hence, the temporal dependency is contained in the coeffi-
cients m and Hp, computed for each available measurement
date. In order to obtain a continuous estimate of snow depth
as a function of both elevation and time, we fit the computed
m and Hy using a third-order polynomial curve as

m(DOY) = ag + a;DOY + a,DOY? + a3DOY?, 4)
Hy(DOY) = by + b;DOY + b,DOY? + b3DOY?, (5)

where ag, a1, a2, az, bo, by, by and b3 are obtained by a least-
square best-fitting procedure.

By substituting Egs. (4) and (5) into Eq. (3) and then
Egs. (2) and (3) into Eq. (1), we obtained a simple model
to estimate the SWE as a function of both elevation and time,
expressed as

ps(DOY)

SWE(H,DOY) = m(DOY)[H — Hy(DOY)] ©6)

W

The parameters of the proposed model are calibrated for the
two periods mentioned above (1967-1993 and 1994-2020)
and for each macro-basin. Because of the scarcity of mea-
surements above 2500 ma.s.l., it is not easy to determine
whether a maximum threshold is reached at higher altitudes.
Moreover, Grunewald et al. (2014) found that snow depth in-
creases with elevation until a certain level. Considering that
at higher altitudes the major slopes tend to trigger avalanches
and that the blowing winds tend to prevent snow deposition,
we assume, based also on the available observations, that our
altitudinal trends for the investigated region can be extrapo-
lated up to 2500 m a.s.1., and a plateau value can be assumed
above such an altitude. Such a threshold is dependent on the
topography of the considered basin and a larger number of
high-elevation measurements is needed to provide a better
estimate of the elevation of the plateau in other mountain
ranges and climatic regions.

3 Results and discussion

3.1 Snow depth

We computed the temporal trends of snow depth for each
macro-basin, elevation class and date of measurement. In
Fig. 2, we report the MARTA triangles of snow depth for
the Toce and Oglio-Chiese-Sarca macro-basins on 1 April
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and 1 May. Such a graphical representation of the running
averages and trends highlights the temporal variability of the
time series analyzed. For each case, the snow depth time se-
ries shows a decreasing trend, with a slightly steeper regres-
sion line in the case of the Oglio-Chiese-Sarca region. We ob-
serve statistically significant decreasing trends for the Oglio-
Chiese-Sarca basin for all the considered time spans, with
the shorter windows centered around 1990. The results of
long-term trends (1967-2020) for each macro-basin, eleva-
tion class and date of measurement are reported in Table 2.
All the trends with 5 % significance level according to the
MK or Student’s ¢ test, representing the 57 % of the time se-
ries analyzed, are negative and are in accordance with the re-
sults found by Matiu et al. (2021). The significant trends for
all the elevation classes and measurement dates are on aver-
age —0.12 m per decade with a standard deviation of 0.06 m
per decade. Assuming that the slope of the non-significant
trends is zero, the average becomes —(0.07 m per decade with
a standard deviation of 0.08 m per decade. The absolute value
of the negative trends increases moving from east to west
and from the lower to the higher altitudes. Additionally, we
found that the absolute value of the long-term trend slopes
increases moving from winter (i.e., 1 February and 1 March
measurements) to spring (1 and 15 April and 1 May). These
are common results across all macro-basins. For the Serio-
Brembo macro-basin, we obtained the strongest decreasing
trend in the elevation class 2000-2500 in the date of 15 April,
with a decrease in snow depth of about 0.3 m every decade.
The computed trends are consistent with those obtained by
Schoner et al. (2019), who computed a decrease of up to
0.12m every decade in the southern regions of the Swiss
and Austrian Alps for the monitoring period 1961-2012. In
the centered moving-averages plot, the change point detected
by Pettitt’s test is reported. In the case of Toce, we found
a change point in 1985 for the snow depth measured on
1 April, while for the Oglio-Chiese-Sarca case we obtained
a statistically significant change point for both 1 April and
1 May time series in 1988 and 1989, respectively. Table 3
contains the statistically significant change-point years de-
tected by Pettitt’s test; 50 % of the cases exhibit a statisti-
cally significant change point according to Pettitt’s test. The
change points obtained range from 1980 to 1992, with 1989
being the mode and 1988 being the median. Specifically,
the most frequent results are 1986 (frequency f =19 %),
1987 (f =19%), 1988 (f =25%) and 1989 (f =26 %).
The centered moving-average plots show a visible difference
in snow depth before and after the change points (Fig. 2a, ¢
and d). Such a late 1980s change point was first found by
Marty (2008) for the Alpine snow and later confirmed by
Reid et al. (2016) at the global scale and is consistent with the
end of a period of positive mass balance of several glaciers
in the Italian Alps (Carturan et al., 2016).

Subsequently, we evaluated the difference in average snow
depth for each macro-basin, elevation class and date of mea-
surement. Figure 3 shows the average snow depth computed
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Figure 2. Moving Average and Running Trend Analysis (MARTA triangles) of snow depth on 1 April (a, ¢) and 1 May (b, d) in the
altitudinal class 1500-2000 m a.s.1. for the Toce and 2000-2500 m a.s.l. for the Oglio-Chiese-Sarca macro-basins. In the top part of each
panel, the statistically significant change point detected by Pettitt’s test (5 % significance) is reported as a dashed line, while in the bottom
part the statistically significant trends with 5 % significance level of the Mann—Kendall test are reported as thicker pixels.

over the monitoring periods 1967-1993 (red circles) and
1994-2020 (black circles). If the difference between the av-
erages of the two samples is statistically significant accord-
ing to the Mann—Whitney U test, the circles are filled. To
improve readability of the plot, an upward or downward blue
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arrow is reported if an increasing or a decreasing statistically
significant trend is present (Table 2), respectively. In the case
of the Toce basin, at the lower altitudes, a statistically signif-
icant difference has been found only in April, together with a
statistically significant decreasing trend, with an average de-

https://doi.org/10.5194/hess-28-2555-2024



R. Ranzi et al.: Climatology of snow depth and water equivalent measurements in the Italian Alps

2563

Table 2. Trends of snow depth (1967-2020) for each macro-basin, elevation class (EC) and date. Only statistically significant results accord-
ing to Mann—Kendall and Student’s 7 tests are reported. If only one test is passed, then the trend is marked with an asterisk; cases in which
there are not enough data are flagged as ND (no data). If the trend is not statistically significant for either of the two tests, the value is not

reported (-).
EC Date Temporal trend (1967-2019) of snow depth (m per decade)
Macro-basin
(HDP-B  (2)Adige (3)O-C-S (4)S-B (5 Adda (6) Toce
1000-1500 1 Feb —0.04* - —0.07 —0.08 ND -
1 Mar - - —0.09 —0.07 ND -
1 Apr -0.07 - -0.1 -0.1 ND —0.12
15 Apr —0.07 - —0.1 —0.05 ND —0.1
1 May —0.04 - —0.06 ND ND  —0.06*
1 Jun - - - - ND -
1500-2000 1 Feb - - - - - -
1 Mar - - -0.09 —0.10* - —0.09
1 Apr - - —0.13 —0.18 - —0.14
15 Apr —0.12 - —0.15 -0.21 —0.13 —0.17
1 May —0.13 —0.07 —0.18 —0.18 —0.13 —0.16
1 Jun —0.03* —0.02* —0.04 —0.08 —0.06 —0.06
2000-2500 1 Feb —0.05* - - —0.18 - -
1 Mar - - —0.09* —0.24 —0.08* -
1 Apr - - —0.11 —-0.27 - -
15 Apr —0.1 - —0.13 —0.31 —0.13* -
1 May —0.09 —0.07* —0.16 -0.29 —0.16 -
1 Jun - —0.04 —0.08 —0.24 —0.11 —0.18
2500-3000 1 Feb ND - - ND ND ND
1 Mar ND - - ND ND ND
1 Apr ND - —0.12* ND ND ND
15 Apr ND - —0.19 ND ND ND
1 May ND - -0.19 ND ND ND
1 Jun ND —0.17 -0.19 ND ND ND
Percent of significant trends 56 % 21 % 79 % 88 % 58 % 50 %
Mean (m per decade) —0.07 —0.07 —0.12 —0.17 —0.11 —-0.12

crease of 0.32 m. However, in the elevation class 1500-2000
the difference in snow depth in the two periods is statisti-
cally significant from 1 March to 1 June, with a decrease
of 0.37 m; in the elevation class 2000-2500 the average dif-
ference between the two periods is 0.38 m, statistically sig-
nificant from 1 April. The Serio-Brembo and Oglio-Chiese-
Sarca macro-basins exhibit the strongest differences between
the two periods, statistically significant for 90 % of the cases.
At the two lowest altitudes, the difference between the two
periods is similar, with an average decrease of 0.28 m (1000—
1500) and 0.39m (1500-2000) for Oglio-Chiese-Sarca and
of 0.26 m (1000-1500) and 0.41 m (1500-2000) for Serio-
Brembo. In the elevation class 2000-2500, the difference
between the two periods in the Serio-Brembo macro-basin
(0.78 m) is more than twice larger than the one obtained for
Oglio-Chiese-Sarca (0.33 m). Measurements of snow depth
in the elevation class 2500-3000 show a statistically signifi-
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cant difference of 0.54 m on average starting from 1 April in
the Oglio-Chiese-Sarca macro-basin. We found a similar be-
havior in the Adda basin for the elevation classes 1500-2000
and 2000-2500, with a statistically significant difference of
0.39 and 0.40 m, respectively. The Adige basin exhibits fewer
statistically significant differences, mainly in the two central
elevation classes, with an average decrease of 0.21 m (1500-
2000) and 0.19 m (2000-2500). In the Piave-Brenta basin,
the difference in snow depth between the two periods is sta-
tistically significant in 89 % of the cases at the three lowest
elevation classes, with decreases of 0.21 m (1000-1500) and
0.29 m (1500-2000 and 2000-2500). These results are coher-
ent with the decrease computed by Lejeune et al. (2019) for
a mid-altitude (1325 m a.s.l.) mountain site in France (Col de
Porte). They estimated a decrease of 0.39 m in snow depth
between the 1969-1990 and 1991-2017 periods. The results
obtained show different trends for the considered regions. In
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view of this, Matiu et al. (2021) pointed out the difficulties in
generalizing the results to the whole Alpine area, thus sup-
porting the value of our in-depth analysis in different macro-
basins.

Finally, we evaluated the elevation dependency of snow
depth in each area for each measurement date. In Table 4
we report the values of m and Hj least-square regression co-
efficients fitting average snow depth vs. altitude in Eq. (3).
Since the results of the Mann—Whitney U test suggest that
there is, in general, a statistically significant difference be-
tween the first and second halves of the observation period,
we present the results for both the 1967-1993 and 1994—
2020 sub-periods. Together with the coefficients obtained
from the linear regression analysis, we report the R? val-
ues for each case as an indicator of goodness of the fitting
function. The Oglio-Chiese-Sarca, Serio-Brembo and Piave-
Brenta macro-basins show higher values of R? and a com-
mon behavior of m and Hj. In these basins, m increases after
February (accumulation), showing a peak value in spring, re-
inforced by the earlier onset of the melting season at lower
elevations, and then decreases as melting develops at higher
elevations. In fact, during the accumulation period the prin-
cipal factor affecting m is the change from rain to snow with
elevation, while during the melt period it is more affected by
the variation in melt with elevation (USACE, 1956). On the
other hand, Hy exhibits an almost stable or decreasing be-
havior during the accumulation phase, strongly increasing as
the melting season starts. We also observe that Hy exhibits
higher values in the second half of the monitoring period,
indicating that the elevation of null snow depth has moved
towards higher altitudes, according to the hypothesis of de-
creasing snow depth. Such results confirm the tendency that
was modeled by Giorgi et al. (1997), who studied the eleva-
tion dependency of surface climate change impacting snow
depth over the Alpine region. The results obtained for Adige
show similar results, although presenting lower values of R>
(between 0.63 and 0.85), while the model is not reliable for
the Toce and Adda basins (R? ranging from 0 to 0.26). The
differences found in this regression analysis are affected by
the different spreads of the data between elevation classes
described in Sect. 2.2, with the Oglio-Chiese-Sarca, Piave-
Brenta and Serio-Brembo basins better covered from the low-
est elevation class (1000-1500).

3.2 Snow density

In order to investigate possible variability and tendencies of
snow depth and SWE, we evaluated also bulk snow density
data variations with elevation and time. In Fig. 4a we show
as an example the bulk snow density plotted as a function
of the elevation for the six considered measurement dates
in all the considered macro-basins. We found that, within
each elevation class, bulk snow density does not substan-
tially vary with elevation for a specific measurement date.
On the other hand, we found that bulk snow density increases
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with measuring date, in accordance with the results found by
many authors (Strum et al., 2010; Pistocchi, 2016; Guyen-
non et al., 2019). Such behavior is common among all the
macro-basins studied. In Fig. 4b we report the average bulk
snow density computed over the monitoring period. From a
least-square fitting of Eq. (2), we obtained new values for
the polynomial coefficients, better modeling the data here-
presented (R? = 0.998) and compared with the model from
Guyennon et al. (2019). Specifically, we obtained ng = 277,
n1 = —0.36 and n, = 0.0051, which are more representative
for our dataset and more suitable to be used in the considered
basins. Such a seasonal increase in snow density is related to
different processes such as compaction and increase in lig-
uid water in the snowpack due to melting as the temperature
increases.

3.3 Snow water equivalent

For the available SWE measurements, we computed the tem-
poral trends for each macro-basin, elevation class and date of
measurement. In Table 5 we report the temporal trends com-
puted over the monitoring period 1967-2020. The general
behavior is in accordance with the one found in the case of
snow depth, showing a decreasing trend. Among the consid-
ered time series with sufficient SWE measurements, we ob-
tained statistically significant trends in 44 % of the cases ac-
cording to the MK or Student’s ¢ test. The significant trends
for all the elevation classes and measurement dates are all
negative and on average —51 mm per decade with a stan-
dard deviation of 37 mm per decade. Assuming that the slope
of the non-significant trends is zero, the average becomes
—23 mm per decade with a standard deviation of 35 mm per
decade. As for the snow depth, also the absolute value of the
SWE trends increases from the eastern to the western macro-
basins, ranging from —25 mm per decade in the Piave-Brenta
basin to —95 mm per decade in the Toce basin. In the Oglio-
Chiese-Sarca macro-basin, the computed trends increase in
terms of absolute value moving from winter to spring in the
two lower elevation classes, reaching a maximum between
15 April (—36 mm every decade for 1000—1500) and 1 May
(—67 mm every decade for 1500-2000); in the two higher-
elevation classes, we found statistically significant trends for
the measurement dates of 15 April, 1 May and 1 June, sug-
gesting that the spring snow has been more strongly affected
in the past decades, reaching a maximum absolute value in
May (—48 mm every decade for 2000-2500 and —67 mm
every decade for 2500-3000). In Table 6 we report the re-
sults of the change-point analysis performed by means of
Pettitt’s test. The change points obtained range from 1986 to
1991, with 1988 being both mode and median. Specifically,
the most frequent change-point years are 1989 (f = 17 %),
1986 (f =27 %) and 1988 (f = 46 %). The Pettitt test con-
firms on a sound statistical basis the findings of other studies,
such as Marty et al. (2017), based on SWE measurements,
and Colombo et al. (2022), based on snow depth measure-
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Figure 3. Average snow depths (Hs) in the 1967-1993 (red circles) and 1994-2020 (black circles) periods are plotted for each elevation class
in the six observation campaign dates (1 February, 1 March, 1 April, 15 April, 1 May, 1 June). Statistically significant (p <0.01, Mann—
Kendall test) trends of the entire 1967-2020 period are sketched as upward (downward) blue arrows for increasing (decreasing) trends.
Circles are filled if the difference of Hs between the two periods is statistically significant (p <0.01, Mann—Whitney U test).

ments and SWE modeling. Valt and Cianfarra (2010) ob-
tained similar results, finding breakpoints between 1984 and
1994. Also in this case, the Oglio-Chiese-Sarca macro-basin
exhibits statistically significant results for the largest cases
of elevation classes and measurement dates. For this specific
macro-basin, we found the significant change points mainly
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in April and May, in agreement with the results obtained for
the long-term trends.

As for the case of snow depth, we evaluated the differ-
ence in average SWE for each macro-basin, elevation class
and date of measurement. In Fig. 5 we report the average
SWE computed over the monitoring periods 1967-1993 (red

Hydrol. Earth Syst. Sci., 28, 2555-2578, 2024



2566 R. Ranzi et al.: Climatology of snow depth and water equivalent measurements in the Italian Alps

Table 3. Years of change points detected by Pettitt’s test in snow depth time series for each macro-basin, elevation class (EC) and date. Only
statistically significant results are reported, while cases in which there is not enough data are flagged as ND (no data). If the change point is
not statistically significant for either of the two tests, the value is not reported (-).

EC Date Change point (year)

Macro-basin

(1)P-B  (2) Adige (3)O-C-S 4)S-B (5)Adda (6) Toce

1000-1500 1 Feb - - 1988 1987 ND -
1 Mar - - 1989 - ND -
1 Apr 1988 - 1988 - ND -
15 Apr 1988 - 1986 - ND -
1 May 1989 - 1989 ND ND -
1 June - - - - ND -

1500-2000 1 Feb -
1 Mar 1989 - 1989

1 Apr 1988 - 1988 1988 1988 1988
15 Apr 1988 - 1988 1988 1988 1989
1 May 1989 - 1989 1986 1986 1986
1 June - - 1992 1989 1987 1987
2000-2500 1 Feb - - - 1986 - -
1 Mar - - 1989 1989 1980 -
1 Apr 1988 - 1987 1987 1985 1985
15 Apr 1987 - 1989 1987 1986 -
1 May 1989 - 1992 1989 1986 -
1 June - - 1987 1987 1987 1986
2500-3000 1 Feb ND - - ND ND ND
1 Mar ND - - ND ND ND
1 Apr ND - 1986 ND ND ND
15 Apr ND - 1989 ND ND ND
1 May ND - 1990 ND ND ND
1 June ND 1986 1986 ND ND ND
700 450
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Figure 4. (a) Bulk snow density dependence on elevation. Average bulk snow density for each measurement date is represented with different
color intensity with changing date of the year. (b) Temporal variability of bulk snow density. Average bulk snow density for each measurement
date is represented as a black diamond, and the error bars represent the standard deviation. We also report in red the computed polynomial
model and in blue the one proposed in Guyennon et al. (2019).
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Table 4. Linear regression coefficients (m and Hp) and R? of the least-square linear fitting of average snow depth and elevation for the two

sub-periods 1967-1993 and 1994-2020.

Macro-basin Date 1967-1993 ‘ 1994-2020
mx103 (=)  Hy(m) R? | mx10*(-)  Hy(m) R?
(1) Piave-Brenta 1 Feb 0.51 92 0.53 0.53 385 0.63
1 Mar 0.67 101 0.57 0.7 424 06
1 Apr 0.94 646 0.81 0.9 840  0.65
15 Apr 1.24 953 0.85 1.48 1109  0.74
1 May 1.16 1144 0.86 0.95 1292 0.71
1 June 0.53 1333 0.37 0.43 1462 0.41
(2) Adige 1 Feb 0.34 —209 0.66 0.54 570 0.47
1 Mar 0.43 —341 0.63 0.43 —12 067
1 Apr 0.75 643 0.78 0.78 933 0.59
15 Apr 0.89 886 0.8 0.98 1197 091
1 May 1.16 1298 0.86 1.16 1442 0.86
1 June 1.09 1692 0.75 0.49 1634  0.53
(3) Oglio-Chiese-Sarca 1 Feb 0.67 375 0.82 0.69 703 0.73
1 Mar 0.66 26 0.62 0.79 697 0.7
1 Apr 0.98 638 0.78 1.07 1145 075
15 Apr 1.22 899 0.78 1.15 1269 0.79
1 May 1.25 1115 0.79 1.04 1425 07
1 June 0.9 1491 0.52 0.68 1643 0.41
(4) Serio-Brembo 1 Feb 1.37 909 0.71 0.91 776 0.62
1 Mar 1.72 957 0.68 0.83 495 0.31
1 Apr 1.94 1027 0.58 0.94 712 043
15 Apr 2.12 1128 0.74 1.37 1204 0.64
1 May 2.13 1260 0.71 1.63 1458 0.28
1 June 1.23 1522 0.47 1.51 1801 04
(5) Adda 1 Feb 027  —2617 0.01 0.78 157 024
1 Mar 0.07 —17704 <0.01 052 —770.71 0.07
1 Apr 0.03 —59185 <0.01 0.78  288.63 0.11
15 Apr 0.61 —517 0.02 1.18 100338 0.22
1 May 0.65 -25 0.02 173 150491 0.38
1 June 1.66 1638 0.13 1.72 1884  0.68
(6) Toce 1 Feb 0.95 593 0.01 1.023 718 034
1 Mar 1.24 650 0.01 1.23 742 041
1 Apr 1.74 941 0.04 1.72 1113 0.51
15 Apr 1.97 1092 0.07 1.93 1241 057
1 May 2.24 1276 0.12 2.19 1427 0.62
1 June 2.19 1483 0.26 1.57 1571 0.59

circles) and 1994-2020 (black circles). The Oglio-Chiese-
Sarca macro-basin presents statistically significant results in
most cases. We found that the largest statistically significant
differences in SWE between the two periods is in spring,
for the measurement dates of 1 April and 15 April for the
1000-1500 elevation class and 15 April and 1 May for the
other cases. The average difference between the two peri-
ods is 85 mm for the elevation class 1000-1500, 135 mm for
1500-2000, 104 mm for 2000-2500 and 226 mm for 2500—
3000. The Piave-Brenta macro-basin shows similar results,
with statistically significant differences in 89 % of the cases.
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We found the largest statistically significant differences on
1 April and 15 April for the 1000-1500 elevation class, with
an average difference of 59 mm; on 15 April and 1 May for
the 1500-2000 elevation class, with an average difference of
82 mm; and on 1 May and 1 June for the 2000-2500 elevation
class, with an average difference of 78 mm. For the Adige
basin, we found significant differences mainly in the 1500-
2000 elevation class, with an average difference of 70 mm.
For the Toce and Serio-Brembo macro-basins, the estimate
of SWE appears less robust than in the other basins, mainly
because of the fewer available measurements of bulk snow
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Table 5. Trends of snow water equivalent (SWE, 1967-2019) for each macro-basin, elevation class (EC) and date. Only statistically signif-
icant results according to Mann—Kendall and Student’s ¢ tests are reported. If only one test is passed, the trend is marked with an asterisk,
while cases in which there are not enough data are flagged as ND (no data). If the trend is not statistically significant for either of the two

tests, the value is not reported (—).

EC Date Temporal trend (1967-2020) of SWE (mm per decade)
Macro-basin
(HDP-B  (2) Adige (3)O-C-S (4)S-B (5 Adda (6) Toce
1000-1500 1 Feb - - —11* ND ND ND
1 Mar - - 22 ND ND ND
1 Apr - ND -34 ND ND ND
15 Apr —-22 ND -36 ND ND ND
1 May —14 ND -21 ND ND ND
1 June - ND —2% ND ND ND
1500-2000 1 Feb - - —24 - - -
1 Mar - - —27* ND - ND
1 Apr - - —43 —55* - —121
15 Apr -37 - -59 - - ND
1 May —47 - —67 —69 - —85*
1 June —15* ND -21 —22* - —24*
2000-2500 1 Feb —19* ND - —78 - -
1 Mar - ND - ND - ND
1 Apr - ND - —113 - —149
15 Apr - ND —38 —121 - ND
1 May —23* ND —48 —125 - -
1 June - - =30 -92 - ND
2500-3000 1 Feb ND - - ND ND ND
1 Mar ND - - ND ND ND
1 Apr ND - - ND ND ND
15 Apr ND - —61 ND ND ND
1 May ND - —67 ND ND ND
1 June ND -55 —58* ND ND ND
Percent of significant trends 39% 7 % 75 % 80 % 0% 57 %
Mean (mm per decade) -25 -55 -37 -84 - -95

density, resulting in more scattered time series in Fig. 5. The
Adda basin exhibits significant differences in the 1500-2000
and 2000-2500 elevation classes, with average differences
of 141 mm and 104 mm, respectively. Similarly, Marty et al.
(2017) observed a stronger decrease in SWE at higher alti-
tudes. Moreover, they also found larger decreases for April
SWE than for February SWE, in agreement with our results.

3.4 Climate variability

In order to evaluate possible links between climate variabil-
ity and changes that occurred during the monitoring period
and the amount and persistence of snow in the considered
macro-basins, we also performed MARTA on temperature
and precipitation data. Specifically, we considered the aver-
age DJFM precipitation and temperature obtained for each
macro-basin from the HISTALP dataset. We report the re-
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sults of the precipitation analysis in Fig. 6 and the tempera-
ture analysis in Fig. 7. For all the considered macro-basins,
DJFM precipitation exhibits a slight non-significant decrease
over the monitoring period, and no statistically significant
change point is detected according to Pettitt’s test (Fig. 8).
By looking at the sub-periods between 10 and 20 years, it
is possible to notice three areas of statistically significant
trends, showing an increase before 1980, a decrease around
1990 and another increase around 2000, confirming a non-
uniform tendency over the complete monitoring period. By
comparing the precipitation and snow depth MARTA trian-
gles (Fig. 2), it is possible to notice the similar pattern of
wet and dry fluctuations in the moving-average chart. The
wet years in terms of precipitation before 1980 and 2010,
clearly visible, for example, in the Toce basin in Fig. 6f
(slightly weaker signal in the Piave-Brenta basin and weaker
yet visible in the other four basins), can be also found in

https://doi.org/10.5194/hess-28-2555-2024



R. Ranzi et al.: Climatology of snow depth and water equivalent measurements in the Italian Alps 2569

Elevation class (m)

1000 1500

2000 2500 3000

1200 13

1000 |
800 |
fsoo :
= °®
=400 |

200 | ®

Toce

o]}
[ 1

1

1200
1000 | '
800 [
600 | Qe o
%400 - 3 °
200 }

Serio-Brembo
m
[ ]

POTTYy Yy P8Il

1000
£800 |
=600 |
2400 | 3 e O

200 ) ::

Oglio-Chiese-Sarca

«
-
-
-
o0 =
oo ™

o
(0/0)
o O

1200

1000 |
=800 |
<600 |
%400 - ©

200 |

Adda
E
(]
[ X ]

1200

1000 |
€800 |
£

5600 |
= 400 |

»n
200

Adige

(0]e]

1200 ‘ ‘ l ‘

1000 |
‘E800 [
£

=600
= 400 |

@]
200

Piave-Brenta

1Feb

1 Mar

1 Apr

15 Apr |@®
1 May @D
1Jun @
1Feb

1 Mar

1 Apr

15 Apr

1 May

1Jun @D
[ _ ]

1Feb
1 Mar
1 Apr
15 Apr
1 May
1lJun
1Feb
1 Mar
1 Apr
15 Apr
1 May
1Jun

Figure 5. Average snow water equivalent (SWE) in the 1967-1993 (red circles) and in 1994-2020 (black circles) periods are plotted for
each elevation class in the six observation campaign dates (1 February, 1 March, 1 April, 15 April, 1 May, 1 June). Statistically significant
(p <0.01, Mann—Kendall test) trends of the entire 1967-2020 period are sketched as upward (downward) blue arrows for increasing (de-
creasing) trends. Circles are filled if the difference of SWE between the two periods is statistically significant (p <0.01, Mann—Whitney

test).

the snow depth moving-average chart, with a stronger pulse
before 1980, possibly related to the lower average temper-
ature recorded in those years with respect to the years be-
fore 2010 (Fig. 7). We also performed the same statistical
analysis to the HISTALP mean monthly temperature aver-

https://doi.org/10.5194/hess-28-2555-2024

aged over all the basins (not shown here), to evaluate possi-
ble differences in climate variability between accumulation
and melting seasons. Temperature increases significantly in
both the accumulation (from January to March) and, even
more significantly, the melting period (April and May), con-
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sistently with results reported by many authors such as Auer
et al. (2007) and Brunetti et al. (2009). These results explain
the decrease in snow depth and SWE on 1 April and the
accelerated melt in the 15 April-1 June period. Both win-
ter (DJFM) and spring (April and May) temperatures ex-
hibit a marked increase after 1987, where a change point is
detected by Pettitt’s test. This result is consistent with the
change point detected in the snow depth and SWE time se-
ries, suggesting a strong impact of temperature increase, es-
pecially in spring, on snowmelt. The combined effect of pre-
cipitation and temperature variability is consistent with the

Hydrol. Earth Syst. Sci., 28, 2555-2578, 2024

observed stationarity of winter (February and March) snow
depth and SWE, the significant decrease in the maximum
SWE observed in April and the accelerated melt in May.
Marty et al. (2017) found similar result, linking the strong
low-elevation SWE decreases to temperature increases and
decreasing snow/rain ratio. Colombo et al. (2023) studied
the relation between March SWE and winter precipitation
and temperature anomalies, obtaining results in agreement
with the ones found by Marty et al. (2017). The combina-
tion of low-temperature and precipitation anomalies, enhanc-
ing dry and warm conditions in the December to March pe-
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riod, is correlated with strong negative anomalies in March
SWE, such as the ones that occurred in 2022 (Colombo et
al., 2023). Our results confirm those obtained by Marty et al.
(2017), showing that winter (DJFM) temperature and precip-
itation regulate April SWE. These results confirm the impact
of temperature rise on snow, affecting consequently the hy-
drological cycle and water availability.

Finally, we evaluated the correlation between snow depth
on 1 and 15 April and the DJFM NAO and WeMO indexes. In
Table 7 we report the statistically significant Pearson’s cor-
relations, where the columns represent the six macro-basins
and the rows the four elevation classes. We obtain a neg-
ative statistically significant Pearson’s correlation between
winter NAO and spring snow depth, ranging between —0.30
and —0.55 for 1 April and between —0.29 and —0.49 for
15 April. These results are coherent with previous studies of
several authors as Steirou et al. (2017), who found linkages
between NAO and precipitation in Europe; Colombo et al.
(2022) found a negative correlation between NAO and SWE
indexes, while Bertoldi et al. (2023) found a negative corre-
lation between NAO and snow depth. The WeMO index ex-
hibits an opposite link with snow depth, with positive statisti-
cally significant correlations ranging between 0.27 and 0.37
for 1 April and between 0.27 and 0.40 for 15 April, in agree-
ment with the positive correlation between winter WeMO
and precipitation (0.38) obtained by Ranzi et al. (2021). Con-
sidering the role of NAO and WeMO in winter precipita-
tion, proved in the mentioned literature, the correlations we
found between these two indexes and April snow depth for
the complete time period enforce the results concerning the
role of precipitation in regulating the interannual variability
of snow depth. Periods of high NAO values are character-
ized by lower winter precipitation and, consequently, lower
snow depth in April. On the other hand, periods of high
WeMO are correlated with dryer conditions and with low-
snow-depth measurements. These results imply a relation be-
tween atmospheric circulation patterns and interannual vari-
ability of snow depth. Preliminary analysis of wavelet coher-
ence spectra (not reported here) for the Oglio-Chiese-Sarca
basin confirm a significant coherence for a period localized in
the proximity of the wet pulse observable in both snow depth
and precipitation MARTA triangles around 1980. Similarly,
we observed a coherence spot around 2010, statistically sig-
nificant only for the 1500-2000 elevation class and visible
but not statistically significant for the 2000-2500 elevation
class, less extended than the one temporally located in 1980.
For both late 1980s and 2010 local coherence areas, Bertoldi
et al. (2023) found negative changing points of snow depth
during a positive NAO phase for the former and at the very
end of a negative NAO phase for the latter, accompanied by
a temporary decrease in temperature.
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3.5 Mean snow climatology model

Here we show the results obtained from the SWE regression
model presented in Sect. 2.6, applied to the case of the Oglio-
Chiese-Sarca macro-basin. In Fig. 8 we show the values of
m (Fig. 8a) and Hy (Fig. 8b) obtained from the linear regres-
sion analysis of average snow depth measurements for the
monitoring periods 1967-1993 (gray triangles) and 1994—
2020 (black diamonds) obtained from Table 4. We selected
the Oglio-Chiese-Sarca macro-basin as it shows the highest
R? values (Table 3) and the second half of the monitoring
period as more representative of the current nivological sit-
uation. The best fits of Egs. (4) and (5) are plotted as dotted
black lines. The coefficients ag, ay, az, as, bo, b1, by and b3
are reported in Table 8. The fitting curves well describe the
observed behavior presented in Sect. 2.1, showing high val-
ues of R? (0.99 for both m and in the first period and Hy 0.97
for m and 0.99 for Hy in the second period). Such a fitting
must be considered valid only within the considered time pe-
riod, as it might introduce strong uncertainty due to the low
number of points adopted for the fitting procedure. However,
the curve obtained provides an analytical function to estimate
the temporal evolution of the linear regression coefficients m
and Hj.

The coefficients ng, n; and ny, to define the second-order
polynomial function of ps, are reported in Sect. 3.2. With
the estimates of m, Hy and ps obtained from the long-term
snow depth and bulk snow density observations, it is possi-
ble to estimate the SWE in the DOY-H space as shown in
Fig. 8c and d. From the contour plot, we observe that the
DOY of maximum SWE for fixed elevation (DOY of the lo-
cal minimum of the SWE isolines) linearly shifts in time,
confirming the behavior observed in the previous sections.
However, for elevations higher than 2500 ma.s.l., we con-
sider the model less reliable as the number of snow depth
measurements is lower at such elevation, and above a cer-
tain point snow depth might reach a plateau or even decrease
(Griinewald et al., 2014). We evaluated the uncertainty in the
estimate of the expected value of SWE at given elevation
and day of the year obtained by this climatological model
by comparing the results of the outputs with the average
of SWE measurements at fixed elevation and measurement
date (i.e., the average of all the SWE measurements at each
single measurement site for each measurement date within
the considered sub-period). In Fig. 8e we report the scatter-
plot of the measured and modeled climatological SWE for
the considered sub-periods of observation and measurement
dates. We obtained RMSE values of 148 mm of SWE for the
first period (R? =0.69) and 97 mm for the second period
(R?>=0.71). We observe that the maximum error is regis-
tered, for both sub-periods, on 1 June, possibly correlated
with the low values of R? of the linear regression model
of snow depth. Moreover, the error analysis shows higher
errors for higher elevations with the largest differences be-
tween model and observations above 2000 ma.s.l. on 1 June
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Figure 7. MARTA triangles of average winter (DJFM) temperature for the six macro-basins (in panel a Piave-Brenta, b Adige, ¢ Oglio-
Chiese-Sarca, d Serio-Brembo, e Adda and f Toce) from the HISTALP dataset. In the top part of each panel the statistically significant change
point detected by Pettitt’s test is reported as dashed line while in the bottom part, the statistically significant trends with 5 % significance

level of the Mann—Kendall test are reported as thicker pixels.

(Fig. 8e). This model must be intended in a climatological
way, as it has been conceived from average values over a
time period of 27 years, and it can provide a simple yet
useful estimate of the expected snow water equivalent at a
given day of the year and at the specific altitude of inter-
est, albeit constrained by challenges related to knowledge of
actual snowpack conditions at elevations exceeding 2500 m
and the limited goodness of fit of the snow depth model in
June. In Fig. 8f we report the relative difference between the
modeled climatological SWE in the two sub-periods, com-
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puted as (SWE1967-1993 —SWE19942020) /SWE1967-1993. The
representation of the modeled climatological SWE relative
difference highlights an almost complete disappearance (de-
crease > 90 %) of SWE below 750ma.s.l. Above such an
elevation, the relative decrease is stronger, moving towards
the melting season, with the weakest decrease at high ele-
vations at the beginning of the year, in agreement with the
results previously presented.
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Table 6. Years of change points detected by Pettitt’s test in SWE time series for each macro-basin, elevation class (EC) and date. Only
statistically significant results are reported, while cases in which there are not enough data are flagged as ND (no data). If the change point is
not statistically significant for either of the two tests, the value is not reported (-).

EC Date Change point (year)
Macro-basin
(1)P-B  (2) Adige ((3)O-C-S (4)S-B (5)Adda (6) Toce
1000-1500 1 Feb - - - ND ND ND
1 Mar - - - ND ND ND
1 Apr 1986 ND 1988 ND ND ND
15 Apr 1988 ND 1988 ND ND ND
1 May 1988 ND 1989 ND ND ND
1 June - ND - ND ND ND
1500-2000 1 Feb - - - - - -
1 Mar - - 1988 ND - ND
1 Apr 1988 - 1988 - - -
15 Apr 1988 - 1988 - - ND
1 May 1989 - 1989 1991 - -
1 June - ND - - - -
2000-2500 1 Feb - ND - 1986 - -
1 Mar — ND - ND - ND
1 Apr 1988 ND 1987 1988 - -
15 Apr - ND 1988 - - ND
1 May 1987 ND 1989 1990 - -
1 June - - 1986 - - ND
2500-3000 1 Feb ND - - ND ND ND
1 Mar ND - - ND ND ND
1 Apr ND - 1986 ND ND ND
15 Apr ND - 1986 ND ND ND
1 May ND - 1986 ND ND ND
1 June ND - 1986 ND ND ND

Table 7. Statistically significant (p < 0.05) Pearson’s correlation between winter average teleconnection indexes NAO and WeMO and snow
depth measured on 1 April and 15 April for the considered basins and for the four considered elevation classes.

EC (HP-B (2 Adige (3)O-C-S (4)S-B (5 Adda (6) Toce
NAO vs. HS 1 April  2500-3000 - -052 —0.34 - - -
2000-2500  —0.36  —0.48 —049  —045  —035 -
1500-2000  —0.41 —0.49 —047  —042 036 —03
1000-1500  —0.37  —0.37 —053  —0.55 - -
WeMO vs. HS 1 April  2500-3000 - - 0.27 - - -
20002500 - - - - 031 0.36
1500-2000 033 - 029 032 0.37 0.34
1000-1500 - - - - - -
NAO vs. HS 15 April  2500-3000 - -048 - - - -
2000-2500 029  —0.49 —033  —038  —034 -
1500-2000  —0.36  —0.48 —04  -036  —033 -
1000-1500  —0.32 - ~0.39 - - -
WeMO vs. HS 15 April  2500-3000 - - 0.33 - - -
20002500 - - 0.27 - 0.35 0.4
1500-2000  0.34 - 032 028 0.39 0.4
1000-1500 - - - - - -
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Table 8. Parameters of the climatological third-order polynomial snow depth model for the sub-periods 1967-1993 and 1994-2020.

Period ap ay ap as by by by b3
1967-1993  1.5806 —5.07x 1072 8.0x10™* —3.0x107° 1906.7 —79.081 1.0178 —3.4x1073
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Figure 8. Slope m (a) and null snow depth elevation Hj (b) as a function of the day of the year for the sub-periods 1967-1993 (gray
triangles) and 1994-2020 (black diamonds). Dotted lines represent the third-order polynomial fitting curve (Egs. 4 and 5). Contour plots of
snow depth (¢) and snow water equivalent (d) in the time—elevation (DOY-H ) space for the 1994-2020 sub-period. In panel (e) the scatterplot
reports measured and modeled climatological SWE in the Oglio-Chiese-Sarca macro-basin for the first (red) and second (blue) sub-periods.
Panel (f) reports the comparison between the modeled climatological SWE in the first and in the second sub-periods, expressed as relative
decrease in SWE (unitless).
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4 Conclusions

We studied changes and variability of snow depth and SWE
in six macro-basins of the Italian Alps over the monitor-
ing period 1967-2020 based on measurements collected on
1 February, 1 March, 1 April, 15 April, 1 May and 1 June.
Our results show the effects of the temperature increase of
the past century on snow accumulation in the Italian Alps.
We found that all the statistically significant trends are nega-
tive in both snow depth (57 % of the cases) and SWE (44 %
of the cases) over the years.

All the mean values of snow depth in the first half of the
monitoring period (1967-1993) are higher than those in the
second one (1994-2020), and for 82 out of the 113 cases
(73 %) the two samples are significantly different. The re-
sults are the same when considering SWE, with 63 out of the
87 values (72 %) significantly higher in the first half period.
Specifically, we found that, as a spatial average throughout
all the basins and elevation classes, snow depth decreased
by 33 % on 1 April, exhibiting stronger differences between
the two periods at lower altitudes (62 % in the 1000-1500 m
elevation class) and smaller difference towards higher eleva-
tions (30 % at 1500-2000 m, 22 % at 2000-2500 m and 18 %
at 2500-3000 m). In the case of SWE, we found a spatial av-
erage decrease of 32 % with respect to the 19671993 period,
higher at low elevations (52 % at 1000-1500 m) and sub-
stantially lower at higher altitudes (between 28 % and 29 %).
Such results have also been confirmed by the higher values
of snowline elevation Hy we obtained for the second period.
The computed trends and differences exhibit a strong change
in spring (1 April and 15 April mainly) snow depth and
SWE, suggesting that spring snowmelt is highly impacted by
global warming. Such behavior can have strong effects on the
hydrological regime of the considered catchments, possibly
modifying magnitude and timing of flood events and affect-
ing water availability in the summer. We found that around
1988, on average, there was a change point, with snow depth
and SWE being lower in the following decades. This appears
to be a common result for all the macro-basins and eleva-
tions. To reject the hypothesis of possible errors in the snow
depth and SWE time series due to measurement methodol-
ogy, variations or other factors affecting the time series relia-
bility, we performed the same change-point detection analy-
sis on measured temperature data from the HISTALP dataset,
resulting in a change point in the same period. This result
confirms the robustness of our findings and highlights the
strong effects of temperature on snow amount and persis-
tency, both in terms of rain—snow separation and melt on-
set. The analysis of precipitation and temperature data also
confirms the weaker variation during the accumulation sea-
son (1 February and 1 March) in contrast with the strong de-
crease in snow depth and SWE during the melting season.
The correlation analysis of NAO and WeMO climatological
indexes with snow depth on 1 April showed similar corre-
lations obtained in other studies. In fact, we found negative
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Pearson’s correlation coefficient in the case of the NAO index
and positive in the case of the WeMO index. Further investi-
gations might highlight the impacts of the observed changes
in climatological and nivological conditions on hydropower
energy production. The elevation and time dependency anal-
ysis of snow depth and bulk snow density measurements al-
lowed for developing a simple SWE model as a function of
time and elevation. In fact, as shown in Fig. 4, bulk snow
density changes significantly only with the day of the year,
being almost constant with altitude. On the other hand, snow
depth linearly increases with elevation and, of course, in-
creases along the accumulation season and starts decreasing
as the melting season begins. From such an analysis, we ob-
tained the parameters for a simple SWE model that can be
applied to estimate the SWE evolution between February and
the end of May as a function of the elevation and day of the
year. Such a model can be used to estimate SWE for local
applications in the considered macro-basins. An error analy-
sis highlighted the limitations of the model performances at
high elevations at the end of the season, exhibiting the higher
absolute differences with average measured SWE on 1 June.

Future research may involve the utilization of analyzed
data for the reconstruction of snow depth and SWE maps,
within the targeted basins and possibly over a wider portion
of the Alps, employing more sophisticated models, such as
advanced machine learning techniques. Additionally, satel-
lite data and remote sensing algorithms may provide valuable
support in this context. These methodologies can be further
validated, leveraging the insights derived from the present
dataset.
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sity used for this study was provided by Enel. The average val-
ues at the macro-basin scale will be made available upon re-
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