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Abstract: Gallarate M., Viani C., Gay A., Marengo A., Baronetti A., Guenzi D., Giardino M., Freppaz M., Motta L., Acquaotta F., Laboratory of Alpine 
Climatology (LabClima): a new research network for climate change research on Monte Rosa, Western Italian Alps. (IT ISSN 0391-9838, 2024). In this work 
we focus on the Monte Rosa massif, the second highest mountain of the Italian Alps. We investigate the warming rate of this area and how it affected 
the frontal evolution of its glaciers. Firstly, we analysed the temperature series of two weather stations, located in the Sesia and Lys valleys. Our analysis 
covers the twenty-year period from 2003 to 2022. From these series we extracted climatic indexes and their time trends. Our results showed an increase 
in minimum and maximum temperatures, with a significantly decrease in the number of days with extremely low minimum temperatures. We also col-
lected data from the Bulletin of the Italian Glaciological Committee to investigate the oscillations of two glaciers of interest, namely the Lys and Indren 
Glaciers. We later compared their frontal variation from 1928 to 2017. This analysis showed a net retreat of both glaciers. The most severe retrocessions 
happened in recent years that also experienced severe droughts. During our work we noted the lack of data relating to elevations above 3000 m a.s.l.. 
The intention to fill this gap is one of the main motives behind the establishment of the Laboratory of Alpine Climatology. The Laboratory of Alpine 
Climatology (“Laboratorio di Climatologia Alpina” - LabClima in Italian) is a network of automated weather stations located in the Western Italian 
Alps. The first fully operational station of LabClima is Passo dei Salati (3030 m a.s.l.). The station has recently reached its first year of activity. In this 
work we briefly present the data collected so far. The second station, named Garstelet (3455 m a.s.l.), became operational in September 2024. LabClima 
focuses also on the deployment of innovative sensors in high elevation environments. The sensors intended to study the snow optical properties and 
the equivalent mass of water contained in the snowpack are presented in the last section of this work.
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Riassunto: Gallarate M., Viani C., Gay A., Marengo A., Baronetti A., Guenzi D., Giardino M., Freppaz M., Motta L., Acquaotta F., Il Laboratorio 
di Climatologia Alpina (LabClima): un nuovo network di ricerca per l’indagine sul cambiamento climatico sul Monte Rosa, Alpi Occidentali Italiane. 
(IT ISSN 0391-9838, 2024). Questo articolo si concentra sul massiccio del Monte Rosa, la seconda vetta più alta delle Alpi italiane. Viene studiato il 
tasso di riscaldamento di quest’area e il modo in cui ha influenzato l’evoluzione frontale dei suoi ghiacciai. Innanzitutto, abbiamo analizzato le serie 
di temperature di due stazioni meteorologiche, situate nelle valli del Sesia e del Lys. La nostra analisi copre il ventennio dal 2003 al 2022. Da queste 
serie abbiamo estrapolato gli indici climatici e i loro trend. I nostri risultati mostrano un aumento delle temperature sia minime che massime, con una 
diminuzione significativa del numero di giorni con temperature minime estremamente basse. Abbiamo inoltre raccolto i dati del Bollettino del Comi-
tato Glaciologico Italiano per indagare le oscillazioni di due ghiacciai di interesse: i ghiacciai Lys e Indren. Successivamente abbiamo confrontato la 
loro variazione frontale dal 1928 al 2017. Questa analisi mostra un netto ritiro di entrambi i ghiacciai. Gli arretramenti più ingenti si sono avuti negli 
ultimi anni, durante i quali si sono verificate anche gravi siccità. Nel corso del nostro lavoro abbiamo notato la mancanza di dati relativi alle altitudini 
superiori a 3000 m s.l.m. L’intenzione di colmare questa lacuna è uno dei motivi principali alla base della creazione del Laboratorio di Climatologia 
Alpina. Il Laboratorio di Climatologia Alpina (LabClima) è una rete di stazioni meteorologiche automatizzate situate nelle Alpi dell’Italia occidentale. 
La prima stazione pienamente operativa di LabClima è Passo dei Salati (3030 m s.l.m.). La stazione ha da poco raggiunto il suo primo anno di attività. 
In questo lavoro presentiamo brevemente i dati finora raccolti. La seconda stazione, denominata Garstelet (3455 m s.l.m.), è diventata operativa nel 
settembre 2024. LabClima si concentra anche sull’implementazione di sensori innovativi in territori d’alta quota. Nell’ultima sezione di questo articolo 
sono presentati i sensori destinati a studiare le proprietà ottiche della neve e la massa equivalente di acqua contenuta nel manto nevoso (SWE).
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INTRODUCTION

The global cryosphere has undergone significant ice 
mass losses due to climate change and global warming 
(Zemp et al., 2019). These losses have increased since the 
beginning of the 21st century (Hugonnet et al., 2021) and 
percentage melt has been higher for Southern European 
glaciers compared to other regions (GlaMBIE, 2025). Me-
teorological and glaciological monitoring in the European 
Alps began in the late 19th century and saw a significant 
expansion during the 20th century (Shahgedanova et al., 
2021). For this reason, the Alps are the best-known moun-
tain area in terms of weather and climate (Beniston, 2006) 
retaining many long-term, homogenous ground-based ob-
servations (Viviroli et al., 2011). Manual daily observation 
of weather and snow constitute the core dataset for clima-
tological studies in the Alps (Bozzoli et al. 2024). Howev-
er, the diffusion of automated weather stations since the 
end of the 20th century increased significantly the spatial 
coverage and the continuity of the climatological data 
available (Brugnara and Maugeri, 2019; Pavan et al., 2019). 
The European Alps are significantly impacted by climate 
change (Hock et al., 2019) due to rise in air temperatures 
(Auer et al. 2007), changes in precipitation patterns and in-
tensity (Gobiet et al., 2014), and loss of snow cover (Rumpf 
et al., 2022). The Monte Rosa massif is an area of particu-
lar interest for Alpine environment studies focusing on its 
glacial (Viani et al., 2020; Vione et al., 2021), permafrost 
(Colombo et al. 2019), pedological (Freppaz et al., 2019; 
Pintaldi et al., 2021) and geomorphological (Tognetto et 
al., 2021) features. The research carried out so far shows 
an increase in air temperatures and a reduction in precip-
itation, both solid (snow) and liquid in the area of inter-
est of the project. For temperatures, the greatest increase 
was recorded in high elevation locations (Acquaotta et al., 
2015). Liquid precipitations show a decrease in localities 
below 1600 m a.s.l. while, for snowfall, the reduction is 
observed in localities above 1600 m a.s.l. (Baronetti et 
al., 2022). From a climatological point of view, the data 
analysis showed that the considered area has warmed up 
twice as fast as the surrounding areas, with an increase 
of 0.5 °C per decade since the 1980s (Zimmermann et al., 
2013). Over the last 50 years the extreme maximum tem-
peratures (i.e. the 90th percentile of the maximum daily 
temperatures series) have increased by 1.5 °C. In the same 
period, the extreme minimum temperatures (i.e. the 10th 
percentile of the minimum daily temperatures series) have 
increased by 2.2°C. Precipitation decreased by an average 
of 3 mm per year; dry periods experienced an increase 
(Baronetti et al., 2018; IPCC, 2021). These variations had 
important effects on the cryosphere such as the retreat of 
the glaciers (Salvatore et al., 2015; Smiraglia et al., 2015) 
and the permafrost degradation (Damm and Felderer, 
2013; Haberkorn et al., 2021). By the end of the 21st centu-

ry, a loss ranging from about 63% to 94% of the volume of 
glaciers has been estimated considering different climate 
model simulations, thus determining important effects on 
environmental, social and economic systems (Zekollari et 
al., 2019).

Monte Rosa is therefore a focal point for the scientific 
research involving the study of glaciers dynamics and the 
overall evolution of the Alpine cryosphere. However, this 
crucial area was subject to a lack of representativeness in 
the historical meteorological datasets available. In fact, 
before the start of the Laboratory of Alpine Climatolo-
gy (LabClima), there were only four automated weather 
stations located at high elevations on the Sesia and Lys 
valleys of the Monte Rosa massif. Among those stations, 
none are in the elevation range between 3000 m a.s.l. and 
4000 m a.s.l.. This absence in available data prompted the 
birth of LabClima to address and fill the existing gap. The 
Laboratory of Alpine Climatology was born thanks to the 
contribution of the Cassa di Risparmio di Torino Founda-
tion - CRT, a private non-profit organisation. Part of the 
instruments installed were acquired thanks to the fund-
ing of the Nord Ovest Digitale E Sostenibile (NODES) 
project that was part of the National Recovery and Resil-
ience Plan funded by the European Union – NextGener-
ationEU program. LabClima consists in a developing net-
work of automated monitoring stations, managed by the 
Department of Earth Sciences (DST) of the University of 
Turin (UNITO) located in western Italy, which are meant 
to retrieve weather and snow data both for research and 
educational purposes, addressing the lack of reliable and 
continuous data for the area at altitudes above 3000 m 
a.s.l. The long-term sustainability of the project will be 
granted by internal funding of the DST, along with the 
partecipation of LabClima in national and international 
grant calls.

STUDY AREA

LabClima involves a high mountain area of the Monte 
Rosa massif between the Italian regions of Piedmont and 
Aosta Valley, within the municipalities of Alagna Valsesia 
and Gressoney-La-Trinité (fig. 1). The area has a high en-
vironmental, cultural, touristic, and scientific value: it is 
part of the Alta Valsesia Natural Park and of the larger 
Sesia Val Grande UNESCO Global Geopark. However, 
the region faces increasing threats from the ongoing cli-
mate change, in particular from the associated tempera-
ture rise.

The Monte Rosa massif has a relevant touristic role 
both in winter (due to ski-related activities) and in sum-
mer, when it is visited by alpinists, hikers and climbers 
interested in the panoramic views and naturalistic attrac-
tions. Since the late 19th century, Monte Rosa has been an 
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important site for scientific research. In 1893, the Italian 
Alpine Club built the Capanna Regina Margherita Ob-
servatory on Punta Gnifetti (4554 m a.s.l.), which remains 
active today. It houses a weather station and a laboratory 
that supports significant international research in physics, 
glaciology, and meteorology. Another important centre for 
Alpine research in the Monte Rosa area is the Angelo Mos-
so Institute, opened in 1907 and located on Col D’Olen 
(2900 m a.s.l.) and managed by the University of Turin. 
The Institute is part of the Italian Long-Term Ecosystem 
Research Network (LTER-IT) which is a component of 
the European Long-Term Ecosystem Research Network 
(LTER Europe). At the Mosso Institute and in the sur-
rounding area many research activities are performed by 
the University of Turin alongside with many other entities 
that give their contribution to data collection such as the 
Italian National Research Council (CNR), Alpine Troops 
Command-Service Meteomont, Monterosa 2000 S.p.A. 
and Monterosa S.p.A. (Monterosa Ski), Protected areas 
of Valsesia, Sesia Val Grande Geopark and the Regional 
Environmental Protection Agencies (ARPAs) of Piedmont 
and Aosta Valley.

Weather Stations

Prior to the establishment of LabClima, only four auto-
mated weather stations operated above 2300 m a.s.l. in the 
study area: Gabiet, Bocchetta delle Pisse, Col D’Olen and 
Capanna Margherita.

The Gabiet station (45° 50’ 44” N, 7° 50’ 52” E, 
2373 m a.s.l.) is located in the Gressoney-La-Trinité munici-
pality near the artificial lake Gabiet, on the Aosta Valley side 
of the massif. The station is managed by the Functional Cen-
tre of the Autonomous Aosta Valley Region (CFVdA). The 
Gabiet automated station had been active since 25/10/2002 
and ceased its activity in the month of November 2023, 
when it was replaced by the Diga Gabiet automated station, 
which is still located in the proximity of the Gabiet lake, 
although in a different position. Both the Gabiet station 
and its successor measure surface air temperature, total and 
reflected solar radiation, relative humidity, wind speed and 
direction, precipitation, and snow height. The Gabiet lake 
has been object of weather observations and measurements 
since at least the year 1919 when precipitation data began to 
be collected, in 1928 the measurement of air temperature 
and snow height started (Mercalli et al., 2003).

Figure 1 - Satellite view over the study area with the glaciers and location of the automated weather stations (colored dots) mentioned in this paper.
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The Bocchetta delle Pisse station (45° 52’ 32” N, 7° 
54’ 4” E, 2410 m a.s.l.) is located in the Alagna munici-
pality in the Sesia valley. It is managed by the Regional 
Environmental Protection Agency of the Piedmont Re-
gion (ARPA Piemonte). The station began its activity 
at the end of October 1987 with measurements of air 
temperature and wind speed and direction. Since July 
1996 precipitation and snow height values are being re-
corded.

The Col D’Olen automated station (45° 52’ 31” N, 
7° 52’ 18” E, 2900 m a.s.l.) belongs to the Alagna munici-
pality and is located in the proximity of the Angelo Mosso 
Institute. It is managed by the Italian Army Alpine Troops 
Command-Service Meteomont and began its activity in 
2002 with measurements of air temperature, wind speed 
and direction, atmospheric pressure, relative humidity, 
and snow height. In the year 2022, the Col D’Olen station 
was object of maintenance works and change in the over-
all data recording process that resulted in substantial gaps 
in the series and some inhomogeneities in the data before 
and after the modifications. For this reason, we decided 
not to employ the data from Col D’Olen to perform our 
research.

Lastly, the Capanna Margherita automated station 
(45° 55’ 38” N, 7° 52’ 37” E, 4554 m a.s.l.) is part of the 
homonymous observatory located on Punta Gnifetti. The 
first weather observatory dates back to the year 1899 and 
recorded weather data, although only relative to the sum-
mer period, until 1958. The old building was demolished 
in 1980, when a new one was built in its place. The current 
automated station began its activity in 2002 and is man-
aged by ARPA Piemonte. The weather variables measured 
by the station are air temperature, wind speed and direc-
tion, wind gust, atmospheric pressure, and total incoming 
radiation. Even though the presence of a weather station at 
such a high elevation constitutes a great asset, the dataset 
of Capanna Margherita is discontinuous and, therefore, not 
suitable for climatic analysis.

Glaciers

One of the main features of the Monte Rosa massif 
is the presence of many glaciers. Just the Italian side of 
the massif retains 26 glaciers, namely (from west to east): 
Teodulo Inferiore, Valtournanche, Ventina, Tzére, Grande 
di Verra, Piccolo di Verra, Castore, Perazzi, Felik, Lys, 
Garstelet, Indren, Bors, Piode, Sesia-Vigne, Locce Sud, 
Locce Nord, Pizzo Bianco, Signal, Monte Rosa, Belvedere, 
Nordend, Piccolo Fillar, Jazzi, Roffel Occidentale (Mercal-
li et al., 1991; Smiraglia, 2015). Italian glaciers are system-
atically monitored by glaciological campaigns coordinated 
by the Italian Glaciological Committee (CGI). Every year, 
at the end of the ablation summer season, a glaciological 
survey is carried out during which measures of front vari-

ations and elevation and photographs from fixed points, 
observations of the snow cover and of the front morphol-
ogy are taken.

We focused on two glaciers of the Monte Rosa massif: 
Lys and Indren. These two glaciers retain a long series of 
data collected in the archives of the Italian Glaciological 
Committee and published in the Bulletin of the CGI and, 
since 1978, on the journal Geografia Fisica e Dinamica 
Quaternaria.

The Lys Glacier is the largest among the Italian gla-
ciers of Monte Rosa. It was a valley glacier with direct 
feeding, until the year 2012 when the detachment of its 
tongue happened transforming it into a mountain gla-
cier. The first accurate descriptions of the Lys Glacier 
and its history date back to the first years of the Twen-
tieth Century (Dainelli, 1902). Since 1912, thanks to the 
work of the Aosta Valley native Umberto Monterin and 
his successors, there are annual records including mea-
surements of the glaciers and many descriptive notes. 
Along with the first direct scientific measures, Monter-
in was able to partially reconstruct the evolution of the 
Lys glacier going back to the year 1812 (Monterin, 1932). 
Since 2012 the front, that was located at 2355 m a.s.l., has 
separated from the glacier forming a mass of dead ice. 
Nevertheless, in the following years the measurements of 
the glaciological campaigns were continued on this old 
front, mainly due to the impossibility of reaching the new 
front (which was located at 2650 m a.s.l.). However, from 
2017 the measures on the dead ice mass were discontin-
ued as they are not considered significant anymore. Still, 
the new active front is unreachable due to high slope and 
numerous collapses that occurred (Palomba et al., 2018 in 
Baroni et al., 2018).

The Indren Glacier occupies a wide slope delimited by 
two rocky ridges that form the catchment (Bonardo and 
Giardino, 2020). In the past this glacier had two branches: 
eastern and western. Initial measurements were carried 
out on both branches, but those on the eastern branch 
were soon ceased due to its pronounced retreat. Since 
1927, with the formation of a new ice tongue on the west-
ern branch of the glacier, it was possible to distinguish 
left and right lobes. Measurements were carried out in 
parallel on both lobes. The right one, being the oldest, 
stood at an elevation of 2890 m a.s.l., while the more 
recently formed left lobe reached 3020 m a.s.l. In 1954 
the right lobe of the western branch underwent numer-
ous collapses which caused the detachment of the front, 
which went on to form a mass of dead ice covered with 
debris (De Gemini et. al., 1956). From 1971 to 1986 no 
oscillations of the Indren Glacier were recorded, due to 
the snow preventing operators from performing the usual 
measurements. Today the annual measurements are car-
ried out on the western branch of the glacier, now free of 
bifurcations.
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METHODOLOGY

Temperatures analysis and climate indices

We collected the daily temperature data belonging to 
the stations of Bocchetta delle Pisse and Gabiet covering 
the 20-year period from 2003 to 2022. For each dataset we 
computed seven values:
	– monthly mean temperature; 
	– maximum value of temperature ever recorded for each 

month; 
	– minimum value of temperature ever recorded for each 

month; 
	– monthly average of the daily maximum temperatures; 
	– monthly average of the daily minimum temperatures;
	– monthly maximum temperature (i.e. average over the 

examined period of the maximum temperatures of each 
month);

	– monthly minimum temperature (i.e. average over the 
examined period of the minimum temperatures of each 
month).
Subsequently, we used the software package Climpact, 

developed by the Expert Team on Sector-Specific Climate 
Indices (ET-SCI) of the World Meteorological Organiza-
tion (WMO) to retrieve some climatological indices from 
the two series analyzed. Namely, the indices are (Zhang et 
al., 2011):
	– TN10p: yearly percentage of daily minimum tempera-

ture below the 10th percentile of the series;
	– TN90p: yearly percentage of daily minimum tempera-

ture above the 90th percentile of the series;
	– TX10p: yearly percentage of daily maximum tempera-

ture below the 10th percentile of the series;
	– TX90p: yearly percentage of daily maximum tempera-

ture above the 90th percentile of the series;
	– TMm: yearly average of the daily mean temperatures;
	– TXm: yearly average of the daily maximum tempera-

tures;
	– TNm: yearly average of the daily minimum tempera-

tures.
For each of these indices, we computed the linear trend 

and its relative p-value, obtained with the non-paramet-
ric Mann-Kendall test (Mann, 1945; Kendall, 1975). The 
significance level was in general fixed at 5% (i.e. p<0.05); 
p<0.1 was used in specific cases.

Glaciers

Firstly, we examined the frontal oscillations of the gla-
ciers (e.g. the variation of the front elevation recorded during 
each campaign) obtaining the cumulative variation of the 
front altitude. For the Lys Glacier we were able to assess the 
frontal oscillations and variation for a period longer than a 
century starting from the year 1913 and ending in 2017 (105 
years in total). The period covered by our analysis regarding 
the Indren Glacier covers from the year 1927 until 2017 (91 
years in total). Afterwards, we compared the cumulative vari-
ation of the frontal elevation with the Standardized Anomaly 
Index (SAI) for the FD (i.e. Frost Days) climatic index with 
the historical temperature series of the Gabiet station that 
has measures dating back to the year 1928. Given the start-
ing year of the meteorological data at our disposal, this work 
of comparison covered only the years when both these data 
and the glaciers frontal variations were available (e.g. from 
1928 to 2017, 90 years in total).

The FD index expresses the number of days in a year when 
the minimum temperature was below the 0 °C threshold. SAI 
(Katz et al., 1986) is defined as the difference between each 
(in our case, yearly) index and its mean value over the whole 
series, divided by its standard deviation. SAI is a good indica-
tor of how a single year deviates from the expected climatolo-
gy of the studied area and, therefore, can give better insights 
on events compared to the raw value of an index.

Overall, it is to be expected that strong negative oscilla-
tions of the front elevation should be associated with one or 
multiple negative SAI of FD in the previous years, as they are 
symptoms of warmer than average years. However, it should 
be kept in consideration that the Gabiet station is located at 
lower elevations compared to the glaciers and, therefore, the 
temperatures it registered had to be higher than the ones 
actually experienced by the ice masses studied. This consti-
tutes one of the main reasons that led us to the adoption of 
the SAI, as it is more descriptive of the anomalies leaving 
partially out the offset derived by the difference in altitude.

RESULTS

Temperatures

During the period analyzed, the temperature extremes 
in the Gabiet series (fig. 2a) are 24.1 °C (recorded on 
05/07/2015) and -26.8 °C (recorded on 27/02/2018). The av-

Table 1 - Summary of the automated weather stations present on the study area above 2000 m a.s.l.

Name Elevation (m a.s.l.) Period analyzed Number of missing days

Gabiet 2379 01/01/2003 – 31/12/2022 0

Bocchetta delle Pisse 2410 01/01/2003 – 31/12/2022 10

Capanna Margherita 4554 31/08/2002 – 31/12/2022 372

Col D’Olen 2900 20/10/2003 – 31/12/2022 214
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erage temperatures from November to April lay below the 
freezing point. Considering the monthly average tempera-
tures, January (-6.1 °C) and February (-5.9 °C) are the coldest 
months; the warmest are July (10.6 °C) and August (10.0 °C). 

The temperature extremes of the Bocchetta delle Pisse 
series (see fig. 2b) are 24.7 °C (on the 27/06/2019) and 
-24.5 °C (on the 27/02/2018). The average monthly tempera-
tures show the same pattern as Gabiet. In the months from 
November to April they are below the freezing point. On av-
erage the coldest months are January and February (-5.2 °C 
both) and the warmest are July (9.5 °C) and August (9.1 °C). 

Climate Indices

Table 2 shows the linear trend for the computed indices 
relative to the two analyzed temperature series in the peri-
od 2003-2022. 

At Gabiet, the statistically significant trends emerged 
are in TNm, TN10p, and TN90p. They all highlight an in-
crease in minimum temperature. TNm shows an increase 
of roughly 0.1 °C per year. TN10p (fig. 3) and TN90p have 
coupled trends that suggest a shift of the extremes of min-
imum temperatures towards a warmer state. 

At Bocchetta delle Pisse, only trends in TN10p, TNm, 
and TMm are statistically significant. The linear trends 
of TNm (0.05 °C/year) and TMm (0.06 °C/year) show a 
rise of the mean and minimum temperatures. The trend 
of the TN10p index (fig. 3) evidences a decrease of 0.42 % 
per year. These results, combined with the TX10p trend 
of -0.47 %/year (p < 0.1), underline an ongoing warming 
process that poses a risk for cryosphere preservation on the 
Monte Rosa massif. 

Glaciers

The Lys Glacier had the main positive oscillations be-
tween 1914 and 1920 and between 1973 and 1986 (fig. 4). 
The largest advance was registered in 1917. The others are 
generally less than 20 m. The most important negative fluc-
tuations (e.g. in the order of 40 m) occurred in 1941-1942, 
1947, 1950, 2003 and 2007. The frontal retreats of 2003 
and 2007 happened in years affected by severe drought 
events in the Po River basin with prolonged precipitation 
deficit (Baronetti et al., 2020). The years 1934, 1965, and 
2009 show negative variations exceeding 20 m. In general, 
for the period covered, the years in which the glacier has 
been subjected to a decline vastly surpass the years when 
the front advanced, which are only one fifth of the series. In 
the period covered by our analysis, front retreats were four 
times more frequent than advances.

The last front advances occurred between 1973 and 
1986. In the same period SAI FD retains mostly positive 
values. From 1992, the Lys Glacier experienced only ret-
rocessions. In the 21st Century the annual SAI FD has 
exclusively negative values, often below the -1 threshold 
(see fig. 5). Between 2003 and 2007 the Lys Glacier front 
lost 165 m with an average rate of recession of 30 m per 
year. This result is in accordance with the temperature rise 
that was discussed in the previous section. An increase in 
temperatures impacts negatively the number of frost days 
recorded each year. The lack of frost days in many subse-
quent years is then reflected in net mass loss for the glacier.

Our data suggest that the Indren Glacier experienced 
few and exiguous advances (fig. 6). Between 1971 and 
1986, snow prevented the operators from performing the 
usual annual measurements. This caused a 16-year gap in 

Figure 2 - Multi-annual mean monthly temperature values for the period 2003-2022 of: - highest temperature ever recorded (red solid); - monthly 
maximum temperature (red dashed); - monthly average of daily maximum temperatures (red dotted); - monthly average temperature (green); - monthly 
average of daily minimum temperatures (blue dotted); - monthly minimum temperature (blue dashed); -lowest temperature ever recorded (blue solid). 
Panel a: Gabiet station, 2379 m a.s.l.; Panel b: Bocchetta delle Pisse station, 2410 m a.s.l.
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the series that could explain its apparent lack of positive 
variations. In fact, the same period saw the largest expan-
sion of the Lys Glacier (and of most of the other glaciers 
in the area). The major negative front oscillations occurred 
in 1928, 1998, 2006, and 2012. As noted by Baronetti et al. 
(2020), in 1998 and 2012 significant and prolonged drought 
events occurred in the Western Italian Alps, extending to 
the Po River basin. From 2019 to 2021 the Indren Glacier 
has undergone a 24 m recession. The terminal sheet ap-
pears to be in disarray; this will most probably result in a 
dead glacier detachment in the coming years (Palomba et 
al., 2022 in Baroni et al., 2022).

The SAI FD (fig. 7) for the year 1928 is positive. The 
same year, the Indren Glacier was subject to a heavy retreat. 

This discordance is explained by the cause of the 1928 re-
cession: it was due to a detachment from the glacier front 
during the winter coupled with low snow precipitations 
in the following spring (Monterin, 1929). The recession of 
1998 is associated with slightly negative values of the SAI 
FD. The largest recession happened in the year 2006. It 
coincides with the two lowest annual SAI FD values of the 
Gabiet temperature series. The 2012 recession could not 
be linked to SAI FD due to the gaps in the Gabiet series. 
The three most important frontal recession years of the 
Indren Glacier (i.e. 1998, 2006, and 2012) were observed 
in the last two decades of the period analyzed. These results 
are in accordance with the temperature indices analysis 
performed for the Gabiet and Bocchetta delle Pisse series. 

Table 2 - Indices and slopes computed for Bocchetta delle Pisse and Gabiet in the period 2003-2022 (* = 5% significance level, ** = 10% significance level).

Index TN10p TN90p TNm TX10p TX90p TXm TMm 

Bocchetta delle Pisse -0.42 %/year * 0.24 %/year 0.05 °/year * -0.47 %/year ** 0.46 %/year 0.10 °/year 0.06 °/year *

Gabiet -0.54 %/year * 0.38 %/year * 0.09 °/year * -0.01 %/year -0.2 %/year -0.03 °/year 0.02 °/year

Figure 3 - Time series of the TN10p index (black line and circles) and its linear trend (red line) for the period 2003-2022. Panel a: Gabiet; Panel b: 
Bocchetta delle Pisse. Blue triangles symbolize missing data.

Figure 4 - Annual variation of the Lys glacier front in the 1913-2017 period.
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Figure 6 - Annual variation of the Indren Glacier front in the period 1928-2021.

Figure 5 - Yearly SAI of the FD index (SAI FD) for the Gabiet temperature series (orange bars) plotted against the cumulative variation of the 
Lys glacier front.

Figure 7 - Yearly SAI of the FD index (SAI FD) for the Gabiet temperature series (orange bars) plotted against the cumulative variation of the 
Indren glacier front.
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The TN10p index trend suggests a general warming of the 
study area. This phenomenon, combined with the increase 
in length and frequency of drought events (e.g. Baronetti et 
al., 2022; Chartier-Rescan et al., 2025), negatively impacts 
the mass balance of glaciers on the Monte Rosa massif.

THE LABORATORY OF ALPINE CLIMATOLOGY – 
LABCLIMA

Our study stressed the lack of a network of sensors able 
to retrieve reliable and continuous weather data above 3000 
m a.s.l., a zone characterized both by seasonal snow cover 
and the overall receding glaciers. We believed that such an 
asset could be invaluable to better investigate the impact 
of climate change on the Monte Rosa massif. The filling of 
this gap in the elevation distribution of data is one of the 
main reasons that led to the establishment of LabClima.

There are many examples of networks of automated sta-
tions in mountainous areas recording meteorological data 
in remote locations. Among them, the Mount Washington 
Observatory Regional Mesonet in North America (Fitzger-
ald et al., 2023), and the SHARE network involving stations 
from Europe, Asia, Africa, and South America (Vuillermoz 
et al., 2009). One of the most important and well-estab-
lished networks of monitoring stations in mountain areas 
is the Intercantonal Measurement and Information System 
(IMIS). It was developed in the late 1990s by the Swiss Fed-
eral Institute for Snow and Avalanche Research (SLF) (Leh-
ning et al., 1999). IMIS began its activity in the 1996/1997 
winter with a network of 20 installations. As of now, 189 
IMIS stations located at high elevation (mostly in the range 
2000-3000 m a.s.l.), provide weather and snow data to the 
SLF on a 30-minute basis. These data are used to assess av-
alanche hazards and other risks for the public, as well as 
being used as an input for the modelization of the snowpack 
state in the region through the SNOWPACK model simula-
tions (Pérez-Guillén et al., 2022; Mayer et al., 2024).

The Laboratory of Alpine Climatology aims to reproduce 
the successes achieved by these international networks. Do-
ing so in an area with a high scientific value and vocation 
that, prior to LabClima, lacked a similar diffuse structure. 
One of the most innovative aspects of the LabClima project 
is that its stations are designed not only to measure the main 
meteorological parameters (e.g. air temperature, relative hu-
midity, wind speed and direction, precipitations), but to be 
equipped with state-of-the-art sensors recording some less 
inquired aspects of the remote Alpine environment.

The first station of the LabClima network was installed 
at Passo dei Salati, a mountain pass located at 3030 m a.s.l. 
at the junction of the Sesia and Lys valleys (i.e. the Piedmont 
and Aosta Valley sides of the lower Monte Rosa massif). The 
station location (45° 52’ 43” N, 7° 52’ 4” E) coincides with 
the shared arriving point of the lift facilities operating in 

Piedmont and Aosta Valley. It is also the base of the lift 
connecting to the Indren Glacier. Passo dei Salati is there-
fore easily reachable regardless of the region of departure. 
This feature, alongside its high elevation, made it an optimal 
site for the installation of the first station of the network. A 
second station of the LabClima network has been recent-
ly established (45° 53’ 46” N, 7° 50’ 55” E, 3455 m a.s.l.). 
It is located near the “Città di Mantova” Hut not far from 
the Lys, Garstelet, and Indren glaciers. The station, named 
Garstelet after its nearest glacier, became fully operational 
at the beginning of September 2024. Since then, it contin-
uously records the main weather parameters, snow height, 
snow water equivalent, type of precipitation, and visibility.

LabClima deploys sensors for direct measurement of the 
equivalent mass of water of the snowpack (SWE) and the op-
tical properties of snow. This kind of framework was never 
adopted in such elevated environments. One of the pecu-
liarities of the LabClima is its vocation for transferring, test-
ing and applying new research methodologies to the remote 
high mountainous environment where it resides. LabClima 
promotes the exchange of knowledge and collaboration 
among the working groups dealing with all the aspects of 
Alpine scientific research. Once validated, the data collected 
by LabClima would be made available to the public insti-
tutions in charge of monitoring and forecasting in the area 
(e.g. the ARPAs of Piedmont and Aosta Valley). This process 
should be smooth given the pre-existing research collabora-
tion among the members of LabClima and the ones of the 
regional agencies operating on Monte Rosa.

LabClima is not only a research laboratory collecting 
data, but an entity which actively engages with the public 
aiming to promote a broaden sensibilization on impacts of 
climate change over the Alpine region, while advocating 
for a collective effort to tackle the challenges it poses.

Passo dei Salati and Garstelet automated weather stations

The automated weather station of Passo dei Salati (fig. 8) 
was installed in the summer of 2023. The station has been 
fully operational since October 2023. Its proximity with 
the lift facilities allows for some advantages which are not 
common for such elevations. In fact, thanks to the support 
of Monterosa2000 (the company managing the nearby ski-
ing facilities) the station is connected to the electricity net-
work of the nearby skiing infrastructure. This allows for a 
continuous energy supply without the need for batteries 
nor solar panels. In addition, the 4G networking coverage 
grants the transmission of the acquired data on near-real 
time. The available recording channels of the data logger 
installed at Passo dei Salati exceed the number of sensors 
currently operating. This feature is intended to allow for 
easier implementation of new sensors and experimental 
layouts in future seasons. In case any criticalities arise 
with the equipped instruments, the station is easily reach-
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able, allowing for fast, safe, and relatively cheap interven-
tions by technicians and researchers. Despite its proxim-
ity to the lift facilities, the station is not affected by the 
presence of skiers and tourists, who could inadvertently 
damage the sensors installed. This is because the station 
was intentionally laid on an area outside of any ski trail 
and accessible only by authorized personnel. 

Passo dei Salati measures the main meteorological 
parameters (e.g. air temperature, relative humidity, wind 
speed and direction, and precipitation) as well as the height 
of the snowpack (Table 3). Each datum is registered with 
a 10-minute frequency, resulting in 144 data per day. For 
most of the variables collected, the datum represents the 
point value registered by the sensor at the reference time; 
the exceptions being: the wind speed and direction, and 
the precipitation. The former are an average of the values 
recorded during the 10-minute time span; the latter rep-
resents the cumulative values among the period.

The station has two different types of rain gauges: tip-
ping bucket and weighing. This redundancy is intended to 
compare the performances of the instruments and offers 
a continuous backup of the precipitation measures in the 
event of a malfunction affecting one of the rain gauges. 
Both the gauges are heated, allowing for an estimate of 
snow precipitations.

Figure 8 - The Passo dei Salati Station. The two rain gauges are visible 
in the foreground (weighing and, behind it, the tipping bucket); in the 
background is visible the pole with the anemometer (top of the pole), the 
snow meter (right branch), the RoX (upper left branch), and the ther-
mo-hygrometer (lower left branch).

Table 3 - Summary of the sensors installed at the Passo dei Salati station 
(3030 m a.s.l.).

Type of sensor Variable(s) measured

Thermo-hygrometer Air Temperature and Relative 
Humidity

Ultrasonic Anemometer Wind Speed and Direction

Rain Gauge (Tipping Bucket) Precipitation

Rain Gauge (Weighing) Precipitation

Nivometer Snow Height

The Garstelet station is the most elevated of the LabCli-
ma network and the second to become operational. Its data 
acquisition started in September 2024. Compared to Passo 
dei Salati, it is not easily accessible during the whole year. 
The maintenance activities have to be performed during 
the summer months when the milder weather conditions 
allow to operate with a helicopter, which is the only viable 
mean of transport for the necessary equipment. Neverthe-
less, the Garstelet station has a crucial role in collecting 
weather parameters and snowpack data in a zone affected 
by a lack of similar data.

To address the existing lack of reliable data at high ele-
vation, the Garstelet station is equipped with more sensors 
(Table 4) compared to Passo dei Salati. Garstelet records the 
same main meteorological parameters as Passo dei Salati, 
with the addition of air pressure, incoming, reflected, and 
net solar radiation both Long-Wave and Short-Wave (LW 
and SW). A present weather optical sensor allows measure-
ments of type, size, and fall speed of precipitation particles. It 
also gives information on the visibility at the site, estimating 
the Meteorological Observable Range (MOR). Snow meter 
measurements are supported by temperature acquired by a 
thermometric array consisting of five thermometers installed 
at 50 cm vertical distance from one another. The operating 
range of this array goes from the ground levele up to 200 cm. 
Similar to Passo dei Salati, all the sensors at Garstelet record 
at a 10-minutes frequency, granting an accurate description 
of the weather and snow state nearly at real time. 

Table 4 - summary of the sensors installed at the Garstelet station (3455 
m a.s.l.).

Type of sensor Variable(s) measured

Thermo-hygrometer Air Temperature and Relative Humidity

Anemometer Wind Speed and Direction

Rain Gauge (Weighing) Precipitation

Barometer Air Pressure

Nivometer Snow Height

Thermometric Array Snowpack Temperature

Present Weather Sensor Precipitation Particles Type, Size and Fall 
Speed
Meteorological Observable Range

Radiometer Upward and Downward Radiation (Short 
and Long Wave)
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First year overview of Passo dei Salati

Fig. 9 shows the main features of the temperatures mea-
sured during the first year of activity of the Passo dei Salati 
from 01/11/2023 to 31/10/2024. On average, the air tem-
perature was -1.3 °C. The coldest month on average was 
November (-6.4 °C), followed by January (-6.3 °C). The 
hottest month was August (8.0 °C), almost a whole degree 
hotter than the second (July, 7.1 °C). The highest tem-
perature of the series is 16.8 °C, recorded on 30/07/2024 
at 14:40 UTC+1. The lowest value is -18.1 °C, recorded on 
20/01/2024 at 05:20 UTC+1. Slightly more than a week 
later, on 29/01/2024 at 12:30 UTC+1, the station record-
ed 8.5 °C: an increase of more than 25 °C. This unusually 
warm condition was associated with a foehn (Brinkmann, 
1971) event that interested the western Alps during the last 
days of January 2024. It caused a general rise in tempera-
tures among the region, a common feature of these phe-
nomena (Elvidge and Renfrew, 2015).

From November 2023 to October 2024, of the 52704 
theoretically available wind data registered every 10 min-
utes, 3266 were considered invalid. Those values, occur-
ring almost exclusively in the cold months, are related to 
snow or ice stuck in the anemometer cavity. Despite these 
problematic events (which were to be expected during the 
snowing season at such elevation), the sensor yielded a per-
centage of valid data equal to 92.8%.

The first year of data suggests that the station is not of-
ten subject to strong wind activity (see fig. 10a). The aver-
age wind speed is 3.7 m/s with 81.7% of the speeds record-
ed being equal or lesser than 6 m/s. 

The range of directions more frequently observed for 
the winds at Passo dei Salati is 225° - 270° (i.e. SW to W) 
with the winds blowing from WSW holding the highest 
frequency at 20.8%.

Even though the wind speeds equal or higher than 
10 m/s account only for the 3.7%, studying their distribu-
tion can give more insight about important phenomena for 
the research area such as foehn winds and wind-related 
snow ablation. The preferred blowing direction for strong 
winds (fig. 10b) is in the range 0° - 45° (i.e. N to NW). It 
accounts for 46.3% of the measurements considered. The 
peak direction frequency (22.8%) is NNW. The distribu-
tion of strong winds at Passo dei Salati retains some char-
acteristics from the general wind rose: the secondary peak 
is associated to WSW, the major direction for the totality of 
the winds measured. Further investigation and prolonged 
data acquisition could permit to assess how the air currents 
distribution is affected by the jet stream and the passage of 
fronts over the mountain ridge.

LabClima’s developing network could contribute to 
assessing the wind influence on snow accumulation and 
transport. Its continuous data encourages further re-
search on the possible coupling the wind regimes and 
snowpack formation and development on the Monte Rosa 
massif.

Innovative Sensors for snow-related data

LabClima’s data acquisition is not centered only on the 
main meteorological variables typical of automated weath-
er stations. A special focus is given to the adoption and 
installation of sensors measuring two aspects of the snow-
pack: its optical properties and the equivalent water mass it 
yields (e.g. the snow water equivalent or SWE).

Knowing the optical properties of the snow cover is 
essential for the assessment of snowpack microphysical 
properties. It also allows to integrate the remote-sensing 
multispectral data obtained by satellites (Salzano et al., 
2021).

The framework of the Laboratory of Alpine Climatolo-
gy deploys a set of sensors to collect reflectance and albedo 
data in multiple spectral wavelengths.

Passo dei Salati is equipped with the RoX, an automatic 
hyperspectral albedometer produced by JB-Hyperspectral 
Devices GmbH. It operates in the visible (VIS) and near 
infrared (NIR) bands (e.g. from 450 nm to 900 nm). The 
implementation of similar instruments has given successful 
results in polar areas (Picard et al., 2016, Picard et al., 2020).

The RoX records downward and upward solar radia-
tion, giving an estimate of reflectance and albedo in any 
band of interest in its working spectrum.

Additional sensors operating in the shortwave infrared 
(SWIR), namely in the 1300 nm and 1600 nm bands will be 
deployed at Passo dei Salati.

Figure 9 - Graphical representation of the temperature measured at 
Passo dei Salati during the period 01/11/2023 - 31/10/2024. In order: 
absolute maximum temperatures for each month (red), monthly average 
of the daily maximum temperatures (pink), mean monthly temperature 
(green), monthly average of the daily minimum temperatures (cyan), ab-
solute minimum temperature for each month (blue).
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The Snow Water Equivalent (SWE) expresses the mass 
of water that would result from a complete melting of the 
snowpack. It is an important variable for evaluating the 
hydrological balance in mountain regions, especially given 
the potential impact of climate change on high elevation 
sites (Barnett et al., 2005).

Standard SWE measurements consist of an in situ sur-
vey performed with a snow pit (Goodinson et al., 1987), 
an invasive operation that cannot be performed with high 
temporal frequency at relatively low costs. In alternative, 
it is common practice to derive SWE from snow height 
adopting parametrizations and performing numerical 
simulations (Bartelt and Lehning 2002, Sturm et al., 2010, 
Pistocchi 2016). However, values of SWE obtained from 
models inherit errors due to the parameterizations adopted 
to estimate the snow density. 

To get continuous and reliable SWE data, LabClima 
is testing SWE sensors based on two technologies: Cos-
mic Ray Neutron Sensing (CRNS) and GNSS signal delay 
sensors.

CRNS was initially proposed to estimate soil mois-
ture (Zreda et al., 2006). It can be applied to snow cov-
ered regions by placing two coupled sensors: one above 
the snowpack measuring the incoming cosmic rays flux, 
the other on the ground measuring neutron flux attenu-
ated by the snow layer (Schattan et al., 2017). This kind 
of sensor is completely automated, giving continuous 
measures of SWE and having the advantage of allowing 
for soil moisture measurements when the snow cover is 
absent.

The Global Navigation Satellite System (GNSS) sensors 
consist of antennas coupled and placed below and above 
the snow, with the latter serving as reference (Henkel et al., 
2018). This technology has already been applied to Alpine 
regions yielding promising results with relatively low costs. 
The same sensor is able to measure SWE, snowpack liquid 
water content (LW), and snow height (Koch et al., 2019, Ca-
pelli et al., 2022). A sensor based on this technology is cur-
rently operating at Garstelet alongside a CRNS sensor. The 
testing of the two technologies at the same site will allow 
for data comparison and validation through standard-ac-
quired SWE measurements.

CONCLUSIONS

The Monte Rosa massif is a relevant location to under-
stand the impact of climate change on the Alpine cryo-
sphere. Our analysis of the temperature series of Gabiet and 
Bocchetta delle Pisse confirmed that the area is undergoing 
a warming process. The climate indices and their trends in 
the last two decades suggest that both the minimum and 
maximum temperatures were subject to a stable increase. It 
is of particular concern the rise in minimum temperatures 
because it compromises the status of the many glaciers of 
the massif. Our analysis highlights a decreasing trend in 
the TN10p index at Bocchetta delle Pisse (-0.42%/year) 
and Gabiet (-0.54%/year).

The analysis of 90 years of data, from 1928 to 2017, 
of frontal oscillations of the Lys and Indren Glaciers 

Figure 10 - Windroses representing the distribution of wind speed and direction measured at Passo dei Salati. Panel a: all the valid measures; Panel b: 
winds with speed above 10 m/s.
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showed a net retreat for both the ice masses. Intense 
negative oscillations have become more frequent in re-
cent years. This can be linked to the warming emerging 
by the temperature analysis. Both glaciers experienced 
significant retreats during the years characterized by 
severe and prolonged drought events. In particular, the 
Lys Glacier experienced the most severe frontal regres-
sion between 2003 and 2007, losing 165 m. Our analysis 
shows that this period coincides with low SAI FD in the 
Gabiet series. In 2006 the Indren Glacier experienced its 
most relevant recession over the period analyzed. This 
event was preceded by the two lowest SAI FD values 
of the series. In addition, the three most important re-
cessions of the Indren Glacier happened in the last two 
decades of the period taken into consideration (in 1998, 
2006, and 2012) Among those years, 1998 and 2012 were 
characterized by intense drought events involving the Po 
River basin.

During our research activity in the Monte Rosa area, we 
noted a gap in the elevation range represented by the data 
available. None of the four active weather stations of Monte 
Rosa were between 3000 m a.s.l. and 4000 m a.s.l.. This 
existing gap prompted the establishment of the Laboratory 
of Alpine Climatology – LabClima.

LabClima is a developing network of monitoring sta-
tions in the Western Alps. Its first fully operational high 
elevation station, located at Passo dei Salati on the Monte 
Rosa massif (Italy), has recently seen its first year of activ-
ity. It collects data on the main meteorological variables. 
A second station, named Garstelet and located at 3455 m 
a.s.l., was established in September 2024. Addressing the 
lack of reliable and continuous data at these elevations 
is of the most importance. It could greatly help assess 
the impact of climate change in an area with significant 
environmental, cultural, and economic value. LabClima 
activities focus also on public engagement, raising the at-
tention given to the fragility of the Alpine region due to 
global warming.

Innovative sensors are being deployed in the LabClima 
framework. They focus on measurements of crucial aspects 
of the seasonal snowpack: its optical properties and the 
SWE.

Measures of snow cover reflectance on multiple bands, 
from visible shortwave infrared, will yield important infor-
mation on the snow properties and could be used to im-
prove satellite data.

The adoption of SWE sensors based on CRNS and 
GNSS technologies addresses the need for data retaining a 
high precision and temporal density.

LabClima aims to further develop its network of sta-
tions with new installations at different sites. It also intends 
to deploy new sensors and instruments, prioritizing the 
transfer, testing and application of methodologies new to 
the high elevation Alpine environment.

The activities carried out by LabClima aim to improve 
current knowledge not only in the field of climatology, but 
also in all areas of research concerning the Alps. For this 
reason, the laboratory is open to collaboration with institu-
tions, organizations, and working groups that could benefit 
from the development of its unique network.
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