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Abstract
The European Alps and their surroundings (hereby referred to as the Extended European 
Alpine Region, EEAR) are known to be a hot-spot of climate change as they are experienc-
ing a faster warming rate than other regions in the world. However, the complex nature of 
the Alpine terrain makes it more difficult to understand how climatic changes are distrib-
uted over space, and in particular with elevation. In this study, we present a comprehensive 
analysis of how air temperature, precipitation and a broad set of extreme indices have 
changed over the EEAR during the period 1961–2020, based on a newly developed daily 
observational dataset with unprecedented spatial density. The analysis relies on robust 
trend estimation using the non-parametric Sen’s slope method, with statistical significance 
assessed via the Mann–Kendall test. In addition, elevation-dependent climate change is 
investigated through a twofold approach that accounts for both linear and non-linear pat-
terns. The analysis of the trends of air temperature and precipitation highlights the en-
hanced warming in the Alpine region, which amounts to about +2◦C on average during 
the 1961–2020 period. In terms of temperature extremes, the same period is characterized 
by a significant increase in warm spells duration index (WSDI), +10.1 days, and in both 
minimum and maximum temperature indices, respectively +48 warm nights (TN90p) and 
+49 warm days (TX90p). While mean precipitation does not show a significant change 
in time, the frequency of extreme rainfall events (R95p index) significantly increased by 
about +13 days since 1961. Moreover, an enhanced warming with elevation is observed 
for mean and minimum temperature from February to May, while increasing precipitation 
trends with elevation are found, mainly in summer.
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1  Introduction

Recent research results have shown that mountain regions worldwide have been experienc-
ing enhanced warming compared to other regions of the world, making them more vulner-
able to climate change  (Hock et al. 2019; Cramer et al. 2020). In particular, in the Alpine 
area and surrounding regions, climate change is already influencing the occurrence and the 
magnitude of natural hazards, such as floods, heat waves, cold breaks, droughts, landslides 
and snow avalanches  (Beniston 2006; Ménégoz et al. 2020). These phenomena profoundly 
impact numerous socio-economic and environmental sectors and resources, including tour-
ism, agriculture, hydropower, human health, ecosystems, water, infrastructures, and the 
mountain cryosphere  (Toreti and Desiato 2008; Gobiet et al. 2014; Hock et al. 2019).

However, understanding how the climate is changing in regions of complex orography, 
such as the European Alps, is a challenging goal, due to the complexity and heterogeneity 
of the region, coupled with uncertainties in observational data. Limitations of the observa-
tional network, scarcity of measurements at high elevations, differences in homogenization 
methods and mapping procedures are all sources of uncertainty. Despite these limitations, 
significant progress has been made to improve our understanding of the Alpine climate and 
its long-term trends. The Alpine climate is shaped by the complex orography of the region 
and the influence of several climate regimes, such as oceanic, continental, humid subtropi-
cal and Mediterranean influenced  (Koppen 1936; Beck et al. 2018), resulting in pronounced 
spatial variability and unique climate features  (Beniston 2005).

Climate research in the last two decades has provided increasing evidence of the 
enhanced warming occurring in the Alpine area compared to surrounding regions  (Beniston 
and Jungo 2002; Moberg and Jones 2005; Toreti and Desiato 2008), highlighting the Alps 
as a remarkable hot-spot for climate change  (Giorgi 2006; Auer et al. 2007; Baettig et al. 
2007; Gulev et al. 2021). Indeed, since the late nineteenth century, most of the European 
Alpine region has been warming twice as fast as the global average of the planet  (Auer et al. 
2007; Brunetti et al. 2009; Ceppi et al. 2012; Ohmura 2012). However, the warming exhibits 
different rates depending on different elevations, periods, and regions. Also, the evaluation 
of trends is strongly affected by the density of the weather stations network considered  
(Vose et al. 2004; Gulev et al. 2021). In particular, a latitude-dependence of temperature 
trends across the Alpine range has been observed in recent decades, with a more pronounced 
warming on the Southern Alps, +0.49◦C/decade, compared to the northern side, +0.35◦C
/decade  (Pepin et al. 2022). Also, warming trends resulted in more frequent summer days 
and warm-tropical nights, more persistent heat waves and an overall decreasing occurrence 
of cold nights and frost days  (Moberg and Jones 2005; Toreti and Desiato 2008; Acquaotta 
et al. 2015).

Precipitation trends over the Alpine region are challenging to detect due to the strong 
locally-controlled dynamics, significant inter-annual to decadal variability, and spatial vari-
ability. In particular, significant trends on time scales shorter than a century are often chal-
lenging to capture  (Gobiet et al. 2014; Zubler et al. 2014; Rysman et al. 2016; Ménégoz et 
al. 2020). Despite these challenges, a general decrease in total precipitation over the Euro-
pean Alps has been observed in the last century  (Brunetti et al. 2006; Brugnara et al. 2012). 
Conversely, extreme rainfall events have increased on a continental scale, especially since 
the 1950s, in both frequency and intensity (van den Besselaar et al. 2013).
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Many observational studies show a correlation between warming rates and elevation, 
although this may vary depending on the season, region and variable  (Beniston et al. 1997; 
Böhm et al. 2001; Rangwala and Miller 2012; Gobiet et al. 2014; Pepin et al. 2015). This 
phenomenon, known as Elevation Dependent Warming (EDW, Palazzi et al. 2019), is char-
acterized by a systematic difference in warming rates between mountain summits and valleys  
(Pepin and Lundquist 2008; Pepin et al. 2015). The EDW mechanism is favoured by local 
effects on the surface energy balance, such as the snow-albedo feedback (i.e., the warming 
enhancement where the snowline is retreating Pepin and Lundquist (2008)), an increase 
of specific humidity in initially drier atmospheric conditions   (Rangwala et al. 2016), an 
enhanced radiative forcing change at lower temperatures  (Ohmura 2012), decreased aero-
sol concentrations at higher elevation   (Napoli et al. 2019), and clouds. However, EDW 
remains one of the physical processes occurring in mountainous regions that is not yet fully 
understood   (Pepin et al. 2015, 2022). Despite these uncertainties, the presence of EDW 
could exacerbate loss of high-altitude cryosphere and changes in mountain ecosystems and 
precipitation patterns.

In the case of precipitation, a similar phenomenon occurs, commonly referred to as Ele-
vation Dependent Precipitation Change (EDPC, Luce et al. (2013)). However, precipita-
tion variability is even less consistent than temperature variability   (Gobiet et al. 2014), 
and studies focused on EDPC involving observations are very limited. In recent years, the 
analysis of elevation dependency has been extended to include additional meteorological 
variables besides temperature and precipitation, and is now commonly referred to as Eleva-
tion Dependent Climate Change (EDCC)  (Pepin et al. 2022). However, for the European 
Alps, EDCC has mostly been investigated nationally, based on sparse meteorological net-
works, and focusing on mean values rather than on extremes  (Böhm et al. 2001; Rangwala 
and Miller 2012).

Here, we present a comprehensive study of air temperature and precipitation changes that 
occurred in the Alpine region during the period 1961–2020, based on the newly developed 
EEAR-Clim dataset   (Bongiovanni et al. 2025), a high-quality, spatially dense, homoge-
neous and internally consistent station-based observational product for the Extended Euro-
pean Alpine Region. This research aims to provide a better understanding of the climatology 
and long-term trends across the European Alps by leveraging the high quality and spatial 
density of the station network, and by assessing a large set of indices describing extreme 
conditions. In addition, the elevational coverage of EEAR-Clim is exploited to assess 
EDCC through a twofold approach that accounts for both linearity and non-linearity of the 
elevation dependence.

The paper is structured as follows: Sect. 2 frames the study domain from a geographical 
and climatic perspective, introduces the observational data, and describes the main analysis 
methods and metrics used; Sect. 3 discusses the main results in terms of trends and analyses 
elevation dependencies. Sections 4 and 5 report a discussion on Alpine climate changes over 
1961–2020 and the main conclusions, respectively.
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2  Data and methods

2.1  Study area

The present study focuses on an area encompassing the Extended European Alpine Region 
(EEAR), shown in Fig. 1, spanning from 3◦E to 18◦E in longitude and from 43◦N to 49◦N 
in latitude. The EEAR domain extends 1100 km East-West and 700 km North-South, cov-
ering an area of about 800,000 km2. The EEAR is centered on the European Alps, but 
also includes parts of several other sub-alpine mountain ranges, such as the Jura mountains 
(North-West EEAR, France-Switzerland), the Massif Central (South-West EEAR, central-
southern France), the Black Forest (North-West EEAR, south-western Germany), the Bohe-
mian Forest (North-East EEAR, Germany-Czech Republic), the Dinaric Alps (South-East 
EEAR, Croatia) and the Apennines (South EEAR, central Italy). The EEAR features com-
plex orography with extensive lowlands and deep valleys intersecting both the Alpine and 
the sub-alpine range and shaping several mountain massifs. Being predominantly a complex 
terrain region, the EEAR exhibits a strong elevation contrast between the lowlands and the 
top of the European Alps, 4807 m above sea level (a.s.l.) at the Mont Blanc summit.

The Alps stand out due to their diverse climatic features resulting from the combined 
influence of North Atlantic weather systems, the Mediterranean Sea, and the large Euro-
pean land mass   (Schär et al. 1998; Böhm et al. 2001; Beniston and Jungo 2002; Begert 
et al. 2005). Moreover, the climate of the EEAR is shaped by the interplay of different 
regimes, including the influence of oceanic climate in the northern areas, humid subtropi-
cal conditions in the southern lowlands, and Mediterranean-influenced climate along the 
coastal areas. The main Alpine range exhibits colder conditions typical of a continental 
climate, with sub-arctic and Alpine polar-tundra regimes confined to the highest elevations   

Fig. 1  Overview of the Extended European Alpine region domain. The topography is based on the digital 
elevation model (DEM) from the shuttle radar topography mission CGIAR-SRTM (90 m resolution) ​(​​​h​t​t​p​
s​:​/​/​s​r​t​m​.​c​s​i​.​c​g​i​a​r​.​o​r​g​/​​​​​)​. Country borders are retrieved from global administrative areas (GADM) database 
(https://gadm.org/)
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(Koppen 1936; Beck et al. 2018). The complex topography of the region induces local 
weather phenomena including orographic lifting, air channeling and air blocking, and 
related effects such as orographic precipitation or rain shadowing. In addition, the region 
is also prone to thermally-driven orographic phenomena including the Alpine Foehn across 
the European Alps, the Mistral in the Rhone Valley, the Bora in the north-eastern Adriatic 
Sea, more local winds such as Ora del Garda over Garda Lake (Italy), or Malojawind in 
Engadina (Switzerland), as well as thermal inversions in the Po Valley  (Auer et al. 2007; 
Zecchetto et al. 2009; Laiti et al. 2013). The interactions between processes typical of the 
different climate zones, coupled with the Alpine orography, promote strong spatial and ele-
vational climate gradients  (Auer et al. 2007). Moreover, the geography of the Alps and the 
high mountain range act as a natural barrier, shielding downstream regions against intense 
Atlantic synoptic perturbations and intercepting moisture-rich Mediterranean inflows, 
though orographic effects and lee cyclogenesis may enhance precipitation and the severity 
of weather events in such areas. In addition, the Alpine topography favors the trapping of 
pollutants and haze, mostly generated by anthropogenic activities in the highly urbanized 
areas surrounding the Alpine region  (Sandrini et al. 2014; Schroeder et al. 2014).

The EEAR extends into the Mediterranean Sea to the South. The Mediterranean area, 
including southern Europe and northern Africa, has been identified as a climate change hot-
spot  (Gulev et al. 2021), experiencing an amplified warming with strong impacts on several 
sectors, including cryosphere and hydrological cycle. The proximity of two such hot-spots, 
the Alps and the Mediterranean region, heightens the vulnerability of the whole area to the 
impacts of climate change.

2.2  Observational data

The observational data used in this study were extracted from the EEAR-Clim dataset  
(Bongiovanni et al. 2025), including daily measurements of precipitation (P), mean (T), 
minimum (Tmin) and maximum (Tmax) air temperature up to 2020. EEAR-Clim dataset 
is based on time series thoroughly screened applying a comprehensive and deep quality 
control procedure aimed at assessing internal and temporal consistency, as well as spatial 
coherence, facing the problem of outliers identification. In addition, time series were tested 
for data homogeneity by a cross-comparison of break points identified using the Climatol  
(Guijarro 2023), ACMANT  (Domonkos 2015) and RHtests   (Wang 2008) methods, and 
the resulting inhomogeneous periods were adjusted through a quantile matching technique.

We used a subset of the EEAR-Clim dataset (see Fig. 2) that encompasses almost com-
plete time series for the period 1961–2020.Time series were selected based on a trade-off 
between a minimum period extent of 30 years, homogeneous spatial coverage, and compli-
ance with WMO (2017) requirements in terms of data completeness. Concerning missing 
observations, a month of data is considered valid if the “5/3” rule is satisfied, i.e. there are no 
more than five missing daily observations in the whole month and no more than three con-
secutive missing days  (WMO, 1989). A year is deemed valid if there are no more than three 
missing months  (Fioravanti et al. 2019), and these are not consecutive. Finally, time series 
with at least 80% of valid years over the considered period and no more than four consecu-
tive missing years were selected. The strict criteria adopted allowed for selecting only time 
series with more than 85% of valid data. Among the selected time series, data completeness 
exceeded 95% for over 91% of air temperature and 96% of precipitation stations.In total, 
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the selected subset consists of 301 mean temperature, 320 minimum temperature, 318 maxi-
mum temperature, and 989 precipitation time series.

2.3  ETCCDI indices

Several climate indices derived from daily data have been proposed and widely used in the 
literature to measure and quantify climate variability and trends  (Zhang et al. 2011). Most 
of these indices were developed by the joint Expert Team on Climate Change Detection 
and Indices (ETCCDI, https://etccdi.pacificclimate.org/), while others are proposed by the 
European Climate Assessment and Dataset (ECA&D). These indices are designed to moni-
tor, analyze and detect changes in temperature and precipitation extremes at a regional level  
(Folland et al. 2000; Tank and 2003; Peterson 2005; Toreti and Desiato 2008).

In this work, we considered a subset of 16 indices from the full set provided by ETCCDI 
and ECA&D, selecting the most suitable for describing changes in the frequency, intensity 
and duration of temperature and precipitation extremes over the EEAR. An overview of the 
selected indices is provided in Table 1.

For percentile-based indices (TN10p, TN90p, TX10p, TX90p, R95p, R99p), the percen-
tiles are calculated from the empirical distribution of daily values observed during the period 
1961–1990, following ETCCDI recommendations, using the function ts2clm from the R 
package heatwaveR  (Schlegel and Smit 2021). This methodology allows for a consistent 

Fig. 2  Distribution of stations selected for the trend analysis, providing daily precipitation (989 time se-
ries) and temperatures (mean, minimum and maximum, with respectively 301, 320 and 318 time series) 
during the 1961–2020 period

 

https://etccdi.pacificclimate.org/
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baseline to evaluate changes in the frequency of extreme events over time and compare 
the findings among different regions and studies. These indices are computed annually, but 
seasonal estimates are also provided in the Supplementary Material. Spell-related (WSDI, 
CSDI, CDD, CWD) and temperature percentile-based (TN10p, TN90p, TX10p, TX90p) 
indices are computed on a 5-day moving window, following the ETCCDI definition.

2.4  Trend analysis

The analysis of trends aims to study the evolution of temperature, precipitation, and extreme 
indices in the EEAR during the 1961–2020 period. Daily time series of precipitation, as 
well as minimum, maximum and mean temperatures, were averaged for temperature and 
accumulated for precipitation values to monthly, seasonal, and annual time scales. This 
aggregation procedure does not apply to extreme indices, which are computed annually and 
seasonally based on the raw daily time series. Trend analysis was performed both on single-
station and on spatially-averaged time series using the non-parametric Theil-Sen estima-
tor  (Sen 1968), a robust regression technique based on the median of pairwise slopes that 
is commonly applied in climate research. Trends were estimated using single-station time 
series and

Note that units of trends in extremes are made uniform by converting TN10p, TN90p, 
TX10p, TX90p, R95p and R99p from percentage of days/decade to days/decade by multi-
plying values by 3.65 (i.e. 365 days divided by 100).

The statistical significance of trends is assessed through the Mann-Kendall non-paramet-
ric test  (Sneyers 1990) at 99 (p < 0.01) and 95 (p < 0.05) confidence levels.

2.5  Analysis of elevation-dependency

The study of elevation-dependency aims to assess EDW and EDPC patterns over the EEAR. 
Trends computed for each station are aggregated into 20 partly overlapping elevation 
classes (see below), each including approximately the same number of stations to reduce 
the variability due to the different sizes of the sample in each elevation range, as other 
elevation-dependent studies proposed Napoli et al. (2023). The elevation intervals were then 
adjusted to be consistent across all variables and to include at least 30 and 70 stations per 
class, respectively, for air temperature and precipitation, and to have the same classes for all 
variables. The final 20 bands have the following ranges: 0–155, 65–200, 165–260, 210–300, 
275–350, 315–415, 375–455, 430–485, 465–535, 490–575, 555–640, 585–720, 665–835, 
745–950, 865–1070, 985–1255, 1090–1435, 1315–1805, 1510–2515, and 1595–3600 m.

To evaluate the magnitude and uncertainty of trends in each elevation band, we com-
puted the median and the median absolute deviation (MAD), respectively. These indexes 
were adopted for their robustness and insensitivity to outliers  (Leys et al. 2013; Hunziker 
et al. 2018) as compared to the mean and standard deviation. However, estimates based on 
mean and standard deviation are also computed and reported for comparison purposes only.

The linear rate of the EDCC signal was estimated by regressing the median trend of each 
elevation band against the midpoint elevation of the corresponding band using the robust 
Theil-Sen method. The statistical significance was assessed using the Mann-Kendall test 
at the 95% and 99%. Recognizing that trend-elevation dependency, if occurring, can also 
be non-linear, we additionally interpolated the median trends with the LOcal regrESSion 
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(LOESS, sometimes also called Savitzky–Golay filter) method to capture possible depar-
tures from linearity  (Palazzi et al. 2019). In the case of extremes, only a selection of all the 
percentile-based indices (TN10p, TX10p, TN90p, TX90p, WSDI, CSDI, R95p, and R99p) 
was used to study their elevation patterns.

The analysis of the elevation-dependency was completed by assessing how fixed-thresh-
old temperature indices (CDD, CWD, FD, ID, R20mm, GSL, SU, TR) changed in the eleva-
tion range where they occurred. We compared the change in both minimum and maximum 
elevation from 1961 to 2020, and then evaluated the statistical significance of the observed 
changes, at 95% confidence level, by applying the Mann-Kendall test to the annual eleva-
tion time series.

3  Results

3.1  Trends in mean values

Air temperature time series show a clear evolution towards warming conditions at both 
annual and seasonal scales (Fig. 3) over 1961–2020, with the strongest trends in spring 
(MAM) and summer (JJA). Time series also highlight the record value reached in sum-
mer 2003 when a severe heatwave occurred  (Garcia-Herrera et al. 2010), which is seen in 

Fig. 3  Time series of annual and seasonal values of precipitation and mean, minimum and maximum 
temperature averaged over the Alpine region for the period 1961–2020. Straight lines show the linear fit. 
R2 values are provided in Table S2
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the JJA panels of temperature (Fig. 3). Conversely, the coldest conditions are bound to the 
beginning of the time series, with the lowest temperatures recorded in winter 1962/1963 
(DJF panel in Fig. 3).

Stronger and statistically significant (p < 0.01) trends (Table 2) are found from mid-
spring (April) to late Summer (August) for 96.2% of stations, with the maximum warming 
rates in August: 0.4◦C, 0.48◦C and 0.58◦C/decade for Tmin, T and Tmax, respectively. Win-
ter (DJF) and autumn (SON) temperature trends show more variability than other seasons. 
Weaker, but still significant trends (p < 0.05, 63% of stations) are found from November to 
January. The strongest trends across winter and autumn months are observed in December, 
particularly for Tmin, which is experiencing the highest increase (0.4◦C/decade). The prob-
ability density function (PDF) of monthly trends (Fig. S1) shows a clear difference between 
the summer months, with intensified warming conditions, and the early-mid autumn, when 
trends are the lowest. On an annual scale, air temperature increased at an average rate of 
0.32◦C per decade, leading to a warming of about +2◦C since the 1960s. However, the 
spatial distribution of trends (Fig. S2) highlights an uneven warming across the EEAR, 
with more pronounced warming over the southern and north-eastern parts of the Alpine 
region. Our results also show a lower trend for annual minimum temperature compared to 
the annual maximum temperature, +0.29 and +0.39◦C per decade, respectively.

Precipitation time series exhibit larger variability and consequently have mostly non-sig-
nificant trends (p > 0.05) compared to air temperature for about 90% of stations. However, 
the spatial distribution of trends (Fig. S2) shows increasing precipitation observed across 
the northern Alps, where wetter conditions generally prevail, while decreasing precipitation 
totals are observed mostly over the southernmost side of the region and in Slovenia.

3.2  Trends in extremes indices

All temperature-related indices exhibit strong and significant trends (Table 2 and Fig. 4), 
supporting the results obtained for annual and seasonal temperatures. The robustness of such 
rates is supported by the number of stations with statistically significant (p < 0.05) trends, 
of about 93% or higher for most indices, with lower percentages (70%) for cold extremes 
(FD, ID, CSDI).Since 1961, SU has increased at a rate of 4 days per decade, TN90p and 
TX90p exhibit an increase of more than 8 days per decade, while a trend of +0.7 days per 
decade is found in the case of TR. These warming trends are also reflected in decreasing 
trends for cold extreme indices, with TN10p and TX10p declining at a rate of −4 days per 
decade and FD at a rate of −3 days per decade.

Warming conditions found in trends of extreme temperature indices are increasingly per-
sistent, with increased duration of warm spells (WSDI) and reduced duration for cold spells 
(CSDI). The warming climate is also associated with an increased length of the meteoro-
logical growing season for vegetation, quantified at about +4 days per decade.

At the seasonal scale, percentile-based temperature indices (TN10p, TX10p, and TN90p) 
show similar results to seasonal averages (Table S3). TX90p shows the highest trend values 
between spring and summer, the same period when air temperature trends are stronger and 
more significant.

Precipitation extremes show significant positive trends (30% of stations), leading to 
more frequent intense rainfall events, with change rates of +1.64 and +1.22 days per decade 
for R95p and R99p indices, respectively. Only dry and wet spells duration indices show no 
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significant trends, mainly due to strong variability in the values. At the seasonal scale (Table 
S3), extreme rainfall days (R95p and R99p) show stronger trends in winter and spring than 
in summer and autumn, while remaining positive and highly significant in all seasons except 
for R95p in autumn.

3.3  Elevation-dependency of trends

Linear EDW rates (Table 3) differ between seasons and temperature variables. Negative 
elevation-dependency for air temperature trends is observed from early autumn to mid-
winter, with maximum rates for T in October (−0.085◦Cdecade−1km−1) and Tmax in 
January (−0.138◦Cdecade−1km−1). From late winter (February) to late spring (May) we 
observed a positive EDW for T and Tmin, with the latter showing its maximum rate of 
+0.134◦Cdecade−1km−1 in April. Tmax does not exhibit significant positive rates, main-
taining a negative EDW for most of the year with negligible rates from April to June. In July, 
a significant and negative trend-elevation linear dependency is observed for T and Tmax 
(−0.05◦Cdecade−1km−1).

However, the linear estimation of EDW rates might mask some non-linearities, as 
revealed by the elevation distribution of trends at annual and seasonal scales. As shown in 
Fig. 5, mean, maximum, and minimum temperature trends exhibit different elevation pat-
terns depending on the season. Below 1000 m, trends of mean and maximum temperature 

Fig. 4  Time series of annual values of 16 selected extremes indices averaged over the Alpine region for 
the period 1961–2020. Straight lines show the linear fit. R2 values are provided in Table S2
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increase with elevation up to 500 m, while the magnitude of trends decreases with elevation 
in the 500–1000 m band. Minimum temperature trends do not show clear changes with 
elevation up to 1000 m. In addition, no elevation patterns are found for T, during autumn, 
and Tmax, in summer. Above 1000 m, Tmin and T trends generally increase with elevation, 
especially on an annual scale, in summer, and, for Tmin only, in spring. Tmax trends are 
mainly characterized by a strong variability with elevation and across the seasons.

For precipitation, a positive EDPC is observed mainly in summer, with significant rates 
in June and August, and in the autumn season (Table 3). Annually and in SON, significant 
EDPC rates show a clear increase only between 1000 and 1500 m. During winter, the pattern 
of precipitation trends with the elevation is characterized by an alternating shape: higher 
precipitation trends are observed between 500 and 1000 m, and lower otherwise. However, 
precipitation trends show markedly higher uncertainties (Table S4). In particular, evaluating 
the relative uncertainties as a percentage of the median trends, they are typically at least 
ten times larger than those observed for air temperature trends (Table S4 and S5). This 

Fig. 5  Distribution of seasonal trends with elevation for precipitation (P) and mean (T), minimum (Tmin), 
and maximum (Tmax) temperature. Median trend in each elevation band (red points), and the related 
interpolating line (in blue), are shown together with station trends (black points). Median points values 
and uncertainties are reported in Tables S4 and S5
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discrepancy is even more pronounced when using mean and standard deviation (Table S6), 
more sensitive to statistical outliers, further supporting the choice of median-based metrics 
as more robust estimators.

The analysis of EDW and EDPC patterns is extended to trends of eight selected extreme 
indices (Fig. S4). Negative trends are observed for cold days (TX10p) and cold nights 
(TN10p) at all elevations, but with a less negative tendency in the 500–1500 m range. In 
particular, TX10p trends in this elevation range show a significant positive rate of 0.148% 
of daysdecade−1km−1, meaning a stronger decrease of cold days at lowlands compared 
to higher elevation. Conversely, higher trends of warm nights (TN90p) above 1000 m align 
with Tmin behavior. Trends in warm days (TX90p) exhibit a significant decrease with eleva-
tion (−0.296% daysdecade−1km−1) with lowlands, up to 500 m, experiencing a stronger 
increase of warm days compared to high elevations. A similar negative pattern with eleva-
tion in the 0–500 m range is observed for the warm spell duration (WSDI), in contrast to 
the enhanced warming of air temperature at the lowest elevations. Contrarily, CSDI trends, 
which report an overall significant relation with elevation of −0.053% daysdecade−1km−1

, decrease with elevation in the 0–500 m range and increase in the 800–1500 m range, par-
tially aligning with the elevation pattern of Tmin trends. The trends in precipitation extremes 
show no significant elevation pattern, with small EDPC rates, particularly for the R95p 
index. The absence of EDPC for very extreme rainfall (R99p) is influenced by a reduction 
in trends in lowlands and an increase at higher elevations, more pronounced above 1500 m 
(Fig. S4).

As some temperature indices depend on a fixed threshold (e.g., ID on 0◦C, SU on 25◦C), 
and temperature strongly depends on elevation, we assessed changes in the elevation range 
where thresholds of these indices are reached (Table S8). The ID index exhibited a small 
increase in the minimum elevation where Tmax remains below 0◦C. GSL, SU and TR indi-
ces showed a statistically significant (p < 0.05) increase in the maximum elevation where 
the temperature reaches the related fixed thresholds. In particular, the maximum elevation 
increased by 880 m for GSL, from 2691 m to 3571 m, by 453 m for SU, reaching 2063 m in 
2020, while TR reached up to 1979 m in 2020 with an increase of 911 m in 60 years.

4  Discussion

The comprehensive analysis of 1961–2020 average climate conditions, long-term trends 
and their elevation dependency in the Extended European Alpine Region (EEAR), based on 
a spatially dense dataset of quality-checked and homogenized time series of air temperature 
and precipitation, provides a broad and detailed overview of the climate changes affecting 
this complex region.

The choice of the subset of stations used for the analysis relies on rigorous criteria, allow-
ing for the selection of time series with a high percentage of valid data, while preserving 
the homogeneity of the spatial distribution of the stations. A sensitivity analysis estimating 
the trend magnitude after excluding time series with completeness below 95% (Table S1), 
showed no variations or significant changes compared to the rates estimated using the whole 
subset. These findings support the validity of rules applied to select time series and the 
robustness of the estimated trends.
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Since 1961, there has been a significant increase in air temperature in the European Alps, 
estimated at about +2◦C, at both annual and seasonal scales, with higher rates mostly dur-
ing spring and summer. Thus, temperature values comparable to those experienced during 
the memorable summer of 2003, and even higher, are likely to be measured in the future, 
following the estimated trends and observations during the most recent years (2017–2020). 
Conversely, conditions characterized by strong negative anomalies are unlikely to repeat in 
the next centuries as a consequence of global warming, albeit still physically possible  (Sip-
pel et al. 2024). The estimated warming rates are consistent with previous analyses  (Auer et 
al. 2007; Brunetti et al. 2009; Ceppi et al. 2012; Rottler et al. 2019), though we found higher 
trends in winter. However, winter season, and also autumn, showed the largest spatial vari-
ability in temperature trends across stations, likely due to the influence of changes in snow 
cover and albedo, as well as the increased variability of atmospheric circulation patterns, 
mostly during winter months  (Beniston et al. 1997).

The Tmin-Tmax asymmetry observed predominantly in November and December, with 
Tmin trends higher than Tmax, aligns with the scientific literature   (Böhm et al. 2001; 
Beniston 2006; EEA, 2009). This suggests that a faster increase of minimum temperatures 
may contribute to the observed reduction of snow cover during winter months  (Gobiet et 
al. 2014), by delaying the onset of the snow season   (Hock et al. 2019). However, stud-
ies focused on more recent periods at the global and European levels showed a reversed 
behavior with a stronger increase of maximum than minimum temperature   (Curci et al. 
2021), in line with our findings for the rest of the year. We can observe that the discrepancy 
between trends of Tmin and Tmax increases as they approach their maximum trend values, 
in April and during summer, suggesting a disproportional daytime warming that may have 
dramatic implications for society, especially if this tendency continues in the next decades. 
The enhanced diurnal cycle may be explained by soil drying during summer, a springtime 
modulation of the snow-albedo feedback linked to the evolution of snow cover extent and 
distribution, and the influence of circulation patterns and associated meteorological condi-
tions to favor an amplified daytime radiative forcing.

The significant warming also involves extreme high temperatures, which are becoming 
more frequent, with increasingly persistent conditions, primarily attributable to summertime 
when higher warming trends are found. However, both cold and warm indices show statisti-
cally significant but diverging rates, with negative trends for the former (e.g. TN10p) and 
positive trends for the latter (e.g. TN90p), that reflect the shift towards higher values in the 
annual temperature distribution under warming conditions. These strong and robust rates 
could be explained by the natural variability amplified by anthropogenic warming  (Stocker 
et al. 2013), as well as the influence of soil moisture   (Mueller and Seneviratne 2012), 
warming enhancement related to the snow-albedo feedback  (Pepin and Lundquist 2008), 
radiative forcing effects  (Ohmura 2012), and changes in aerosol concentrations  (Napoli et 
al. 2019). The warming climate also influences the vegetation, with an increased length of 
meteorological growing season favoring anticipated leaf unfolding and delayed leaf color-
ing. This is consistent to observations of several studies, highlighting plant phenology as 
one of the more reliable bioclimatic indicators of climate change  (Piao et al. 2019; Menzel 
et al. 2020; Inouye 2022).

The assessment of precipitation trends is more complex due to the high uncertainty in 
estimated rates, and being not statistically significant for most of the stations. This is likely 
related to the greater temporal and spatial variability of precipitation especially when time 
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series shorter than a century are considered  (Schmidli et al. 2002; Gobiet et al. 2014; Méné-
goz et al. 2020). Conversely, statistically significant increases of heavy rainfall events are 
not limited to summer  (Panziera et al. 2018; Dallan et al. 2022), but are observed in all 
seasons, aligning to   (Ménégoz et al. 2020). This, in combination to the strong warming 
and the increased persistency of extreme temperatures, may further enhance the sensitivity 
and vulnerability of the European Alps to the ongoing climate change throughout the year. 
Accordingly, attention should be paid not only to the summer, but also to other seasons.

The spatial distribution of trends highlights an uneven warming over the EEAR. For 
instance, warming is more pronounced over the southern and north-eastern sides of the 
Alpine region, consistent with findings of several studies  (Beniston 2006; Auer et al. 2007; 
Gobiet et al. 2014; Pepin et al. 2022). In contrast, precipitation exhibits diverging patterns 
across the main Alpine ridge, with wetter conditions over the northern Alps compared to the 
southern side and Slovenia, in agreement with other assessments  (Brunetti et al. 2009, de 
Luis et al. 2014; Gobiet et al. 2014; Kotlarski et al. 2023; Monteiro and Morin 2023). How-
ever, spatial patterns of climate change are more robustly identified through regionalization 
approaches  (Auer et al. 2007) by assessing trends at sub-regional scale, which is beyond 
the scope of the present study.

The elevation-dependency of air temperature trends shows a higher degree of agreement 
with model-based studies, as compared to other assessments based on in-situ observations. 
This is mainly due to the larger number of stations involved in this study and the better 
coverage of the whole elevation range. However, the agreement with model-based studies 
is limited to seasons when an enhanced warming with elevation is detected, such as from 
late winter (February) to late spring (May), and to climate projections including a strong 
snow-albedo feedback (Palazzi et al. 2019; Pepin et al. 2022; Napoli et al. 2023; Ferguglia 
et al. 2024). This suggests that a decreasing snow-albedo effect related to reducing snow-ice 
coverage may act as a key mechanism explaining the enhanced warming at higher eleva-
tions and in spring season   (Pepin and Lundquist 2008; Pepin et al. 2015; Palazzi et al. 
2019). The negative EDW found in our study from early autumn to mid-winter disagrees 
with model results, while our findings align better to other observational studies focusing 
on parts of the alpine range (e.g. Tudoroiu et al. 2016). While this disagreement might be 
due to the different nature of observations and climate models, is it also important to under-
stand whether this involves all the European Alps or is a more local pattern.Reductions 
in atmospheric aerosol loadings, mostly at lower elevations, contribute to enhancing the 
global radiation brightening combined with the greenhouse warming, thereby favoring the 
negative elevation-dependent warming, particularly during autumn and winter. Instead, the 
negative EDW observed for Tmax in summer suggests additional mechanisms at play, such 
as changes in cloud cover, enhanced convective activity, land-use and land-cover changes, 
and water vapour feedback (Giorgi et al. 1997; Pepin and Lundquist 2008; Rangwala and 
Miller 2012; Philipona 2013; Tudoroiu et al. 2016).

The assessment of EDPC patterns is more complex  (Gobiet et al. 2014; Pepin et al. 2022; 
Napoli et al. 2023; Ferguglia et al. 2024), likely due to the higher intrinsic variability of 
precipitation. However, a significant positive elevation-dependency was shown in summer, 
aligning with previous studies  (Ferguglia et al. 2024). This could be attributed to a larger 
drying at the lowest elevations, but also to a more pronounced increase of precipitation at 
higher elevations.
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The increase of precipitation at higher elevations is also supported by an increasing ten-
dency of very heavy rainfall above 1500 m, although the elevation dependency is rather 
non-linear. Instead, the resulting drier conditions in lowlands are favored by the stronger 
trends at mid-low elevations in temperature extremes, which reflect the amplification of 
warming resulting from longer heatwaves and higher winter temperatures, and contribute 
to snow-to-rain shift or reduction in total precipitation. However, the elevation at which 
extreme conditions (e.g. summer days or tropical nights) occur is progressively rising to 
over 2000 m, favoring the reduction of the mountain cryosphere and the increase of slope 
instability  (Beniston 2006; Gobiet et al. 2014; Ménégoz et al. 2020). Moreover, more fre-
quent extreme conditions in higher elevations, associated with shorter and delayed snow 
seasons, may dramatically affect the water availability in downstream regions, with deep 
implications for agriculture, hydropower production, human health, industry, wildfire and 
hydro-geological risk management  (Gobiet et al. 2014; Hock et al. 2019, van; Hamel and 
Brunner 2024; Cornale et al. 2025; Gerberding and Schirpke 2025).

The robustness of EDCC rates was enhanced by adopting overlapping elevation bands 
of variable width, each one including the same number of stations. This has the advantage 
of smoothing out the higher uncertainty in upper elevations, keeping it constant across the 
profile, while preserving the detail at higher elevations. Despite the larger number of high-
elevation time series used in this study, the distribution of stations across elevation still 
results in elevations bands that are denser at lower elevations and wider above 2000 m. 
This is mainly due to the fact that measurements in high-mountain stations only recently 
started, with only 8.5% of available time series covering the period 1961–2020, while they 
increase to 21% for 1991–2000 and to 60% after 2000s. Thus, the study of the station-based 
EDCC signal considering shorter and more recent periods (e.g. 1995–2025 or 2001–2030), 
may enhance the accuracy of elevation patterns, in particular above 2000 m. Moreover, the 
elevation-dependency of trends was found to be non-linear for most of variables and sea-
sons, so non-parametric methods or approaches specifically designed for non-monotonic 
signals may reveal more complex patterns and better capture the “nose-structure” of EDCC 
profiles, which is missed using linear regression methods.

5  Conclusions

This work provides an extensive study of the main climate features in the Extended Euro-
pean Alpine Region (EEAR) from 1961 to 2020, based on the analysis of a set of selected 
indexes evaluated on a dense and homogenized database of temperature and precipitation 
time series.

Drawing conclusions on the climate features exhibited by EEAR, the following take-
home messages can be highlighted:

	● The EEAR has experienced a significant average warming of about 2◦C across 1961–
2020, more pronounced from mid-spring to late summer and in early winter, with an 
acceleration since the early 1990s.

	● The overall warming is amplified in air temperature extremes, resulting in more persis-
tent and frequent high-temperature conditions and in a reduction of cold extremes as a 
result of warmer winters.
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	● While average precipitation does not show any clear trend, a significant increase in the 
frequency of heavy rainfall events was identified over the 60 years analyzed.

	● The assessment of the elevation dependency of trends reveals the presence of Elevation 
Dependent Climate Change with:

	– A well-defined positive elevation dependency of temperature from late winter to 
late spring

	– A negative EDW signal from early autumn to mid-winter and, limited to Tmax, 
during summer

	– A robust positive EDPC, mainly in summer, along with an increase in extreme rain-
fall events at higher elevations.

	● Additionally, extreme temperatures are occurring at increasingly higher elevations, in-
dicating that this pattern is likely to persist into the future and affect an even larger area 
of the EEAR.

These findings emphasize how the natural variability, such as the complex precipitation-
orography interplay and feedback mechanisms, especially regarding the seasonal snow-
albedo effect on temperature trends, plays key roles in shaping regional climatic changes. 
The progressive extent of extreme warm events to even higher elevations is expected to 
give rise to significant changes in the Alpine environment, with dramatic consequences in 
mountain ecosystems and downstream regions.

The approach adopted in this work can be readily applied to other areas or time periods 
and extended to other climate variables. For instance, a study of trends and their elevation 
dependency for other essential climate variables is needed to better understand the seasonal 
variability, the climate drivers of elevation patterns, the distribution of moisture availability 
at different elevations, and assess the potential impacts, e.g., on renewable energy poten-
tial in Alpine areas. Extreme indices also need more extensive studies, especially for their 
elevation patterns, given their key role in providing a better understanding of climate change 
impacts on the mountain environment. In this context, assessing how trends are spatially 
distributed is essential to highlight local differences in the observed patterns and to identify 
potential areas that are more vulnerable and sensitive to the ongoing climate changes.

The analyses provided in this study and the forthcoming applications would also offer 
a robust tool for better understanding climate change patterns, drivers and dynamics in 
the European Alps, improving the reliability of model simulations and future scenarios, 
and being the basis for more comprehensive studies that integrate model simulations with 
observational data. All these approaches would provide a robust foundation for targeted 
adaptation and mitigation strategies, in particular for regions that are highly vulnerable and 
sensitive to ongoing climate changes.
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