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Abstract

Assessing future changes of weather-related variables in mountainous areas poses significant challenges, partly due to
the inherent complexity of orographic effects and the associated atmospheric dynamics, which further amplify the dif-
ficulty. Additionally, mountains exhibit region-specific changes, making it essential to analyze single areas separately.
In recent decades, elevation-dependent warming and its future projections have been studied extensively compared to
other variables. However, understanding the drivers and interconnections among various elevation patterns requires a
comprehensive analysis of results from model simulations. This study focuses on the European Alpine region and uses
the large EURO-CORDEX ensemble to investigate elevation-dependent patterns of change between the historical period
(1981-2010) and future projections (2071-2100, RCP8.5) across 18 climate variables, including surface and air tem-
perature, long- and shortwave radiation, humidity, cloud cover, and snow cover. In particular, we assess whether these
elevation-dependent patterns are consistent across simulations during the winter and spring seasons, and we investigate
potential driving mechanisms behind these changes. We find strong elevation-dependent patterns for minimum tempera-
ture, diurnal temperature range, and specific humidity. Significant correlations are also observed between changes of sur-
face temperature and diurnal temperature range, minimum temperature, specific humidity, downward longwave radiation,
and shortwave radiation balance. These relationships exhibit a clear elevation dependence, possibly primarily driven by
changes in snow cover and soil properties, which also influence surface heat fluxes. At the same time, the results indicate
that variables heavily influenced by model parameterization (e.g. heat fluxes and snow cover fraction) exhibit little to no
coherence within the ensemble. This underscores the importance of adopting an ensemble-based approach when develop-
ing climate scenarios for future adaptation plans in order to capture the full range of possible outcomes.
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1 Introduction

Mountain climates are strongly responding to global climate
change, although often showing spatially non-uniform pat-
terns (Pepin et al. 2015, 2022; Napoli et al. 2023b; Fergug-
lia et al. 2024). Indeed, these changes are known to affect
mountain systems in different region-specific ways, posing
significant challenges to our understanding of the underly-
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et al. 2014; Crespi et al. 2021; Skrk et al. 2021; Hiebl and
Frei 2018), as well as its high sensitivity and vulnerability to
climate change. Between the late 19th century and the early
21st century, large portions of the Alpine range have expe-
rienced a warming rate higher than that observed in sur-
rounding European land areas (Auer et al. 2007; Ceppi et al.
2012). However, the warming rate is not uniform in space: it
varies with elevation, region, and even between the northern
and southern sides of the Alps (Nigrelli and Chiarle 2023).
Indeed, different parts of the Alps show contrasting patterns:
in some areas, such as the eastern Italian Alps (Tudoroiu
et al. 2016) and Switzerland during autumn and early winter
(Scherrer et al. 2026), lower elevations have warmed more
than higher elevations, primarily due to increased sunshine
duration, and reductions in cloud, fog, and aerosol cover.
Conversely, mid-elevations can exhibit slightly enhanced
warming in spring, driven by snow-albedo feedbacks, as
observed in Switzerland (Scherrer et al. 2026) and in the
French Alps (Beaumet et al. 2021). At the same time, posi-
tive elevation-dependent warming has been documented at
high altitudes in Valle d’ Aosta (western Alps), based on per-
mafrost changes (Pogliotti et al. 2023).

In time, not only the mean temperature has changed, but
also the distribution of temperature minima and maxima,
and consequently the Diurnal Temperature Range (DTR),
an important indicator of climate change and a critical ther-
mal metric to assess the impact climate warming on agricul-
ture, human health (Cheng et al. 2014), vegetation (Gallou
et al. 2023; Wang et al. 2023), and ecosystems (Barton and
Schmitz 2018). Changes in the DTR over time show strong
spatial and temporal variability, highlighting the local char-
acteristics of different mountain regions (Mall et al. 2021;
Zhao et al. 2024). In particular, in the European Alps (Weber
et al. 1997) and parts of it (Piedmont region) (Rogora et al.
2004), climate warming mainly affected temperature min-
ima, showing a non-univocal trend. In both studies, warm-
ing did not affect daily temperature extremes in the same
way, resulting in a significant change over time in DTR
values.

For precipitation, long-term changes and elevation
dependencies vary across the Alpine region. The large
decadal variability of precipitation in the Alps can modu-
late or even induce trends over long periods (Ménégoz et al.
2020), and such trends may differ spatially and seasonally
(Blanchet et al. 2021; Kotlarski et al. 2022; Schmidli et al.
2002) exhibiting high spatial heterogeneity (Gobiet et al.
2014; Rysman et al. 2016). Moreover, extreme precipita-
tion may respond differently from mean precipitation rates
(Bronnimann et al. 2018), complicating the identification
of the precipitation patterns and their associated changes
in the region. Moreover, locally, precipitation changes vary
across elevation ranges depending on the period and the
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considered regions (Napoli et al. 2019). Snow phenology
has also been significantly influenced by global warming
across different latitudes and elevations (Guo et al. 2026).
Alpine snow cover and snow depth have declined substan-
tially over recent decades due to climate-driven changes in
temperature and precipitation, with reductions varying by
season and elevation. These declines have become particu-
larly pronounced at lower elevations in winter and at higher
elevations in spring (Valt and Cianfarra 2010; Matiu et al.
2021).

Not only these variables changed in the past and con-
tinue to do so unevenly across elevations and valleys in the
European Alps, but other key variables (such as radiation,
heat fluxes, humidity, and cloud cover) play a fundamental
role as feedbacks and drivers of many physical processes. In
the Alpine range, surface solar radiation has increased over
recent decades. This trend is attributed to a combination of
reduced cloud cover and changes in atmospheric aerosols
impacting different elevation bands (Manara et al. 2016;
Schilliger et al. 2024). Humidity-related variables exhibit
significant temporal and spatial variability: high-resolution
measurements along an elevational gradient in the Italian
Alps confirm the spatial variability of relative humidity
within mountain environments (Zandonai et al. 2024), while
recent continental-scale analyses indicate historical trends
in both specific and relative humidity across Europe (Bilgili
and Tokmakei 2025).

Understanding future changes in meteorological vari-
ables is crucial for assessing the impacts of climate change
on environmental and socio-economic sectors at different
elevation ranges (Napoli et al. 2026). Specifically, tem-
perature and precipitation projections indicate that both
summer and winter temperatures are expected to increase
substantially across the European Alps by the end of the
21st century (Kotlarski et al. 2022), with increased warm-
ing at medium to high elevations, depending on the season
(Kotlarski et al. 2022; Napoli et al. 2023a). In addition, a
decrease of summer precipitation has to be expected, par-
ticularly in the southern Alpine range (Frei et al. 2018; Kot-
larski et al. 2022; Coppola et al. 2021; Napoli et al. 2023a).
Projected precipitation trends show a statistically significant
relationship with elevation (Napoli et al. 2023a). Snow cover
is also expected to decline markedly, with a marked eleva-
tion dependence, with strongest relative reductions in val-
ley regions (Frei et al. 2018; Kotlarski et al. 2022). Winter
precipitation is projected to slightly increase in the Alps and
this might lead to core winter snowpack at high-elevation
remaining constant; however, total seasonal snowpack is
still found to decrease across all elevations (Kotlarski et al.
2022). In addition, future changes are expected in seasonal
radiation and relative humidity (Gobiet et al. 2014), as well
as in wind speed and direction, cloud cover, and the surface
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energy budget (Pepin et al. 2022). However, the elevation
dependency of these variables remains uncertain.

To better understand how climate change affects meteo-
rological variables across elevation ranges in mountainous
areas, it is essential to examine the physical drivers of these
changes. Recent studies have explored the physical mecha-
nisms driving temperature changes in various mountain
regions worldwide, based on diverse datasets (e.g., Global
Climate Models (Palazzi et al. 2017), observations (Wil-
liamson et al. 2020), and Regional Climate Models (Toledo
et al. 2021)). In the European Alps, only a limited number
of recent studies have investigated potential drivers of tem-
perature (Tudoroiu et al. 2016; Ceppi et al. 2012) and pre-
cipitation changes (Kotlarski et al. 2022; Napoli et al. 2022,
2023a), emphasizing the need for more comprehensive
analyses of the underlying processes influencing climate
variability and climate change in these regions.

Surface temperature (ts) is a key variable that can be used
to investigate the drivers of changes in temperature-related
variables. As highlighted in several studies (e.g. Pepin et al.
2016), and assessment reports (e.g. IPCC and Chap 2021),
surface temperature provides direct information on surface
energy balance and land-atmosphere interactions, as the
coupling between surface and near-surface air temperature
is primarily governed by surface energy balance processes
(CH2018 2018; Shati et al. 2018). Owing to its strong
coupling with near-surface air temperature, it represents a
valuable diagnostic variable for interpreting the dominant
physical drivers of temperature.

In the present paper, we analyse the expected future
changes in the European Alps using one of the most exten-
sive climate modelling ensembles available over the region
of interest, namely the European branch of the World Cli-
mate Research Programme’s Coordinated Regional Climate
Downscaling Experiment (EURO-CORDEX) ensemble
(Jacob et al. 2014, 2020; Vautard et al. 2021). The analysis
encompasses 18 climate variables and is thus the most com-
prehensive analysis available to date. Unlike existing stud-
ies on the European Alps (e.g., Kotlarski et al. 2022; Napoli
et al. 2023a), we seek model (dis-)agreement on plausible
physical mechanisms driving primarily surface temperature
change. We focus our analysis on winter (DJF December-
January-February) and spring (MAM March-April-May)
seasons.

Fig. 1 Study area: the red box out-
lines part of Southern Europe, the
European Alpine Region, while the
black box highlights the primary
focus area of the study. The eleva-
tion map of the area is shown in
meters above sea level

The paper is structured as follows. Section 2 describes the
study area and the main climatic features. Section 3 presents
the model data used in the study, along with the methods
employed. Section 4 presents the results, followed by a dis-
cussion in Sect. 5. Finally, Sect. 6 presents the conclusions.

2 Study area

The study area refers to the region called the Greater Alpine
Region (GAR), which includes the European Alps and their
broader surroundings. This region is geographically defined
approximately between 4 — 19°E and 43 — 49°N and com-
prises areas that are functionally and climatically connected
to the Alpine system (Auer et al. 2007) (Fig. 1). The region
analysed cover the Alpine range spans roughly 1200 km
across central Europe, passing through countries such as
France, Italy, Switzerland, Austria, Germany, and Slovenia.
This region features a diverse and complex terrain, charac-
terized by sharp peaks, deep valleys, and extensive plateaus.
Iconic mountains, such as Mont Blanc (4809 m above sea
level), the highest peak in Western Europe, and the Mat-
terhorn (4478 m), highlight the dramatic relief of the Alps.
These variations in elevation and the geographical location
significantly influence the local climate, ecosystems, and
hydrology of the area.

The climate of the Alpine range is shaped by a complex
interplay of large scale and local factors. This extensive
mountain system acts as a major natural barrier to atmo-
spheric circulation, influencing both local dynamics—due to
its complex topography—and large-scale weather patterns
across Europe. The Alps are strongly affected by intense
synoptic disturbances arriving from the Atlantic (Berto et al.
2004; Bartolini et al. 2009; Zampieri et al. 2013), as well
as by moist air masses originating from the Mediterranean
Sea, a major moisture source for the surrounding land areas
(Schicker et al. 2010). The northern Alps are predominantly
influenced by Atlantic moisture, whereas the southern Alps
receive a larger Mediterranean contribution (Sodemann and
Zubler 2010; Giovannini et al. 2021), with these air masses
forced to rise over the Alpine barrier. The resulting con-
trasts between the two sides of the mountain range make the
Alpine region climatically very complex. Furthermore, cli-
mate patterns across both lowland and high-elevation areas
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Table 1 List of the variables analised in the study, which is composed
by 14 variables downloaded from the EUROCORDEX raw ensemble
and 4 computed. The acronym and the corresponding extended name
are shown for each variable. Upward fluxes are considered positive

Table 2 Overview table of the variables calculated and analysed from
the EURO-CORDEX raw ensemble. The acronym, the extended
name, and the definition are here reported. Upward fluxes are consid-
ered positive

Extended name Acronym Extended name Acronym Definition
Minimum 2-meter air temperature tasmin Diurnal temperature DTR tasmax-tasmin
Maximum 2-meter air temperature tasmax range
Surface temperature ts Longwave radiative LW _balance rlds-rlus
Precipitation pr balance
Specific humidity huss Shortwave radiative SW_balance rsds-rsus

. balance
Snow cover fraction snc o
Total cloud cover fraction clt Net radiative balance Net_balance LW_balance+SW_

balance

Low level cloud cover fraction cll
Surface Downwelling Shortwave Radiation rsds . .
Surface Upwelling Shortwave Radiation rsus dependence on elevation. In addition, on the ESGF servers
Surface Downwelling Longwave Radiation Hds a larger ensemble of climate models is available for RCP8.5
Surface Upwelling Longwave Radiation tlus compared to RCP4.5 and RCP2.6, further supporting this
Surface Upward latent heat flux hils choice. The historical run of the RCMs, which ended in
Surface Upward sensible heat flux hfss 2005, was merged with the RCPS8.5 scenario, which started

are shaped not only by the region’s geographical features
but also by human activities, including aerosol loading (e.g.
Napoli et al. 2022; Bigi et al. 2012; Guariso and Volta 2017)
and land use/land cover (e.g. Barati et al. 2023; Ramtvedt
etal. 2021).

3 Data and methods
3.1 Data

We analyzed 18 meteorological variables. Most of them (14)
are downloaded from the public archive of the ensemble of
GCM-driven EURO-CORDEX RCMs dataset (Jacob et al.
2014, 2020; Vautard et al. 2021), and the remaining (4) have
been calculated to analyse the Diurnal Temperature Range
and radiative budget, as described in Table 1.

The ensemble was downloaded from the Earth System
Grid Federation (ESGF) servers between January 2023 and
September 2024. Since in the present work we focus on ele-
vation dependencies, we only employ the high-resolution
EUR-11 sub-ensemble, characterized by a horizontal reso-
lution of 0.11 degrees, corresponding to a grid cell width of
approximately 12 km. In this study, we focused exclusively
on the Representative Concentration Pathway 8.5 (RCP8.5).
We evaluated multiple time periods and emission scenarios
and identified the late-century period (2071-2100) under
RCP8.5 as the most suitable, as it represents the strongest
radiative forcing and thus allows elevation-dependent pat-
terns to emerge more clearly as also reported by other recent
studies as Kotlarski et al. (2022). Indeed, when consider-
ing temperature variables, differences between elevation
bands become more pronounced, with the magnitude of
projected changes showing a stronger and more consistent
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in 2006. We used the period 1981-2010 as a reference.

For the elevation analysis and the definition of land area,
we used the surface elevation and the land area fraction out-
puts from each RCM. Only grid cells with a water fraction
lower than 50% were considered, in order to include only
land areas in the analysis.

All the simulations downloaded and analysed in the pres-
ent work are reported in Table 3. Details on the model selec-
tion are provided in the Supplementary Material (Section
S2).

3.2 Methods

The analysis is based on the comparison between the future
(2071-2100) and the historical (1981-2010) climatological
periods. Specifically, we analyzed the elevation-dependent
change patterns of all the variables presented in Tables 1 and
2, after grouping them in the following 6 elevation classes:
[0, 500), [500, 1000), [1000, 1500), [1500, 2000), [2000,
2500), > 2500 m. The lower and upper bounds of each
elevation class were determined through a sensitivity analy-
sis, in which we evaluated both the number of bins and the
number of pixels per bin (which could vary or be the same
for each bin).

In this study, the change between the two periods was
calculated either by subtracting the mean climatological
value of the historical period from that of the future period,
or by calculating the ratio of this difference to the historical
period, expressed as a percentage (ratio).

Elevation class mean values were calculated for each
model and each period, and the means of the models were
computed for each variable as the average across all mod-
els. The elevation gradient was then estimated as a linear
regression of the ensemble mean. The inter-model variabil-
ity across GCM groups is reported in the Supplementary
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Material (Section S3). Although the relationship between
the target variables and elevation is not expected to be
strictly linear, this approach provides an initial assessment
of changes in elevation patterns between the two periods.
This method is commonly used in studies investigating ele-
vation-dependent variations in climate variables (e.g. Napoli
et al. (2023a); Ferguglia et al. (2024); Palazzi et al. (2019)).
The significance of the mean—elevation relationship was
evaluated using a permutation test (1000 random shuffles)
under the null hypothesis of no dependence. Results were
considered statistically significant for p-values lower than
0.05 (p< 0.05).

To better understand possible links between environ-
mental variables and their elevation patterns, scatterplots of
projected changes in the variables have been analysed. The
correlation between variables was calculated using the Pear-
son correlation coefficient.

4 Results

In this section, we present the main results for the winter
(December—January—February, DJF) and spring (March—
April-May, MAM) seasons. These periods are charac-
terised by pronounced elevation-dependent temperature
gradients compared to other seasons (Pepin et al. 2015,
2025) enabling a clearer identification of the dominant tem-
perature drivers. Furthermore, these seasons are particularly
relevant for mountain ecosystems and hydrology, as snow
processes play a key role (Edwards et al. 2007; Fayad et al.
2017). As a result, focusing on DJF and MAM provides a
comprehensive representation of the underlying dynamics.

4.1 Overall temperature changes and their
elevation dependencies

Figure 2a shows the difference between the seasonal mean
of the daily maximum (first row), minimum (second row)
and surface (third row) air temperature between the future
and the historical period. The seasonal means are averaged
over the entire reference period and across all models. The
changes of the long-term seasonal means of the minimum
(tasmin) and surface (ts) daily temperatures show a similar
spatial pattern: in winter (DJF), more pronounced changes
are observed at mid-elevations (from 1000 to 1500 m), par-
ticularly on the southern side of the Alpine range. In con-
trast, in spring (MAM), the magnitude of these changes is
generally smaller, though differences between the two sides
of the Alpine range persist. Additionally, in both seasons,
the south-western sub-range of the Alps exhibits stron-
ger changes (darker colors) compared to other regions of
the European Alps. The difference between the long-term
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average of the daily maximum air temperature in the two
periods shows a different pattern: the magnitude of changes
is smaller compared to tasmin and ts across the Alps. How-
ever, in winter, the changes are always more pronounced to
the Italian and French sides of the Alps between 500 and
1500 m. In spring, the largest changes are observed between
1000 and 2000 m across the entire Alpine region. These dif-
ferences in changes between tasmin and tasmax influence
the pattern of changes in the Diurnal Temperature Range
(DTR), as shown in Fig. 2b. We notice positive changes
(i.e., larger DTR values in the future period), as evidenced
by warm colors, in the regions north and south of the Alpine
chain and contrasting negative changes across the Alps.
However, while in winter (DJF) the signal is strong above
1000 m, as evidenced by the widespread dark blue color, in
spring (MAM) the negative differences are evident at eleva-
tions above 1500 m across the Alps. This suggests a larger
increase in the minimum daily temperature than the maxi-
mum daily temperature, as discussed below.

As shown in Table 4, presenting the mean change between
future and historical periods of DTR, tasmin, tasmax, and
ts, in DJF the future projection exhibits a greater increase
in minimum daily temperature (+5.36+£0.86°C) than in
maximum daily temperature (+4.33+0.68°C), thereby
leading to a decrease in the Diurnal Temperature Range
(—1.0240.55°C). Indeed, a decrease in DTR indicates that
the temperature range between day and night is projected
to be narrow across the Alpine region. This effect is more
pronounced in winter than in spring. This pattern depends
on eclevation (Table 4): highlands higher than 1000 m are
expected to experience more pronounced increases in tem-
perature minima than lowland areas, less than 500 m. Con-
sequently, while low elevations exhibit a positive change in
DTR (+0.19+0.31°C in DJF and +0.18+0.33°C in MAM),
the more substantial warming at high elevations yields
a negative average DTR change across the entire Alpine
region (—1.58+0.69°C in DJF and —0.65+0.34°C in MAM).

The daily mean surface temperature shows an intermedi-
ate pattern between tasmin and tasmax, as it reflects an aver-
age of day- and nighttime conditions and represents ground
temperature, whereas tasmin and tasmax capture the daily
extremes (see Table 4).

To better understand the differences across elevation
ranges, Fig. 3 presents the mean changes as a function of
elevation class. The greater variability found at higher ele-
vations is likely due to the smaller sample size compared
to lower elevations, resulting from the smaller number of
grid cells in the respective elevation bands. Nonetheless,
a strong consistency is evident across the RCM models.
DTR and tasmin show significant elevation-dependent
changes in both seasons. On average, DTR decreases by
—0.90°Ckm~' in DJF and —0.80°C km~! in MAM,
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Fig.2 Maps of the mean change in DJF and MAM between future (2071-2100, RCP8.5) and historical (1981-2010) periods of daily temperatures
(tasmin, tasmax, ts) (a), and Diurnal temperature Range (b). The isolines are drawn every 500 m starting from 500 m

while tasmin increases by +0.91°C km~' in DJF and
+0.84°C'km~' in MAM. Surface temperature changes
show a significant positive trend with elevation in DJF
(+0.68°C km™'), but no significant trend in MAM. In
contrast, tasmax does not show any statistically significant
pattern with elevation in either season. Notably, all the ana-
lyzed temperature variables exhibit elevation patterns with
more pronounced increases or decreases at mid-elevations,
which vary depending on the season and the specific vari-
able considered. Maximum changes in the ensemble mean
in DJF are found between 1500-2000 m a.s.l. for tasmin
(+6.4°C) and DTR (—2.0°C), between 2000-2500 m
a.s.l. for ts (+5.6 °C'), and between 1000-1500 m a.s.l. for

tasmax (+4.6 °C). (+5.4°C), between 1500-2000 m a.s.1.
for ts (+5.1°C) and tasmax (+4.9 °C'), while DTR shows a
reversal of the altitude-dependent trend in the mid-elevation
range (about 1500 m a.s.1.).

4.2 Elevation dependencies of possible drivers of
surface and air temperature change

As strong consistency has been found for the air and surface
temperature changes and their elevation dependency in all
simulations of the EURO-CORDEX ensemble, we inves-
tigate here whether the same consistency is observed for

@ Springer
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Table 4 Mean change between future (2071-2100, RCP8.5) and his-
torical (1981-2010) periods of Diurnal Temperature Range (DTR),
minimum temperature (tasmin), maximum temperature (tasmax) and
surface temperature (ts) with the corresponding model variability (one
standard deviation). The values shown are calculated over the entire
domain, and further distinguished between lowlands (from 0 to 500 m)
and high elevation (higher than 1000 m)

DTR [°C] tasmin [°C]

tasmax [° s [°C]

C]

+4.33£0.68 +4.94+0.65 Entire

+4.12+0.56 +4.37+0.58 alpine
region

+4.15£0.39 +3.98+0.40 Low-

+3.66£0.56 +3.62+£0.49 lands

+4.37+0.84 +5.35+0.78 High

+4.30+0.63 +4.71+0.86 eleva-
tions

DIJF  —1.02+0.55 +5.36+0.86
MAM -0.35+0.27 +4.47+0.64

DJF  +0.19+0.31 +3.96+0.53
MAM +0.18+0.33 +3.48+0.40
DJF  —1.5840.69 +5.96+1.07
MAM —0.65+0.34 +4.95+0.80

variables that could impact or cause air and surface tem-
perature changes.

4.2.1 Clouds, humidity, precipitation, and snow cover

The relative changes in cloud cover (total and low-level
cloud cover), specific humidity, total precipitation, and
snow cover fraction as a function of the elevation are shown
in Fig. 4. As expected, a decrease is projected in all eleva-
tion ranges for the snow cover fraction in both seasons, with
higher relative values at lower elevations, characterised by a
climatological smaller amount of snow compared to higher
elevations. As shown in Fig. 4, total winter precipitation

change (pr) decreases with the elevation (—2.41% km~!
) but with an overall increase of +14.46%. On the other
hand, total spring precipitation change shows a small
overall increase (+2.48%) with a maximum increase of
about +3.15% km ™! at mid-high elevation classes (1000—
2500 m). Cloud cover change shows no statistically signifi-
cant change with the elevation in DJF where the mean change
over the entire region is +1.08% for clt and —0.72% for cll
(see Table 1 for the meaning of the acronyms). In spring,
changes in both cloud variables are decreasing when aver-
aged across the entire study area (clt —3.43%, cll —8.19%),
showing a statistically significant trend with the elevation
for low-level cloud cover (+1.76% km~1). Specific humid-
ity is projected to increase in the future in both seasons (DJF
+38.67%, MAM +28.95%): all the simulations are coher-
ent with the elevation pattern showing stronger changes at
higher elevations in both seasons (maximum value +44.1%
between 2000-2500 m a.s.l. in DJF, and +33.5% between
1500-2000 m a.s.l. in MAM), with significant elevation
trends (DJF +5.90% km~" MAM +5.00% km™1), a pat-
tern that is consistent with the temperature profiles.

4.2.2 Radiation components

Fig. 5 shows the changes in the upward and downward
radiation components. For long-wave radiation (rlds, rlus),
a net positive change is observed across the entire region
both in winter (+9.65%, +8.00% respectively) and in
spring (+7.66% and +6.74% respectively), with significant
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Fig.3 Winter and Spring elevation pattern of the mean change between
future (2071-2100) and historical (1981-2010) periods of Tempera-
tures (tasmin, tasmax, ts) and DTR. The grey lines represent all the
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individual simulations, while the black line is the ensemble mean. A
significant test has been applied to the mean changes with the eleva-
tion, as presented in Sect. 3.2
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Fig. 4 Winter and Spring elevation pattern of the climatological mean
change in percentage between future and historical periods of cloud
cover (low-level and total, respectively cll and clt), specific humidity
(huss), precipitation (pr) and snow cover fraction (snc). The grey lines

20
Change [%]

=) M (SRR NSNS S MR .. IS | S S (SRS W —,, -

Of AN

40 60 -20

represent all the simulations, while the black line is the mean over the
entire simulation ensemble. A significant test has been applied to the
mean changes with the elevation, as presented in Sect. 3.2
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Fig. 5 Winter and Spring elevation pattern of the climatological mean
change in percentage between future and historical periods of radiative
components: long-wave downward (rlds), long-wave upward (rlus),
short-wave downward (rsds), short-wave upward (rsus). The grey lines

dependence on elevation in winter (+1.17%km~! for
tlds, and +1.14% km~?! for rlus). In MAM the maximum
changes are between 1500-2000 m a.s.l. for rlds (+8.5%),
and rlus (+7.8%). In contrast, short-wave radiation com-
ponents (rsus and rsds) show higher model variability
and stronger elevation patterns. In winter, mean changes
in both downward and upward short-wave radiation are

15
Change [%]

-10

represent all the simulations, while the black line is the mean over the
entire simulation ensemble. A significant test has been applied to the
mean changes with the elevation, as presented in Sect. 3.2. Upward
fluxes are considered positive

predominantly negative (—6.52% for rsds and —23.00%
for rsus). The downward component displays high model
variability but a coherent pattern with elevation, whereas
the upward component varies more significantly based
on model parameterizations and shows different eleva-
tion patterns. For rsus, most simulations indicate a stron-
ger decrease from low to mid-elevations, followed by an
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increase at higher elevations, though a few models suggest
a slight linear decline with elevation. In spring, downward
and upward short-wave radiation is characterised by a sig-
nificant trend with the elevation: —3.00% km~! for rsds
and —15.14% km ! for rsus.

4.2.3 Radiative balance and heat fluxes

Temperature variations are more accurately assessed by
analyzing the absolute changes in heat fluxes and radiation
budgets rather than their percentage changes. This approach
is justified by the fact that heat fluxes and radiation budgets
are expressed in specific units (W m), and their absolute
changes more directly correspond to (absolute) temperature
shifts. For this reason, Fig. 6 shows the absolute changes.
Positive values indicate upward surface heat fluxes,
while negative values signify fluxes directed toward the ter-
rain (downward). The modelled climatology for these fluxes
in the historical reference period is shown in the Supple-
mentary Material (Section S1), where it is notable that the
latent heat fluxes are positive during both winter and spring
seasons, with a strong elevation dependency primarily in the
MAM season. Conversely, sensible heat fluxes are gener-
ally negative across all elevations during winter months but
become positive in spring. As illustrated in Fig. 6, which
reports the changes of heat fluxes and radiative balance
between future and historical simulations, the latent heat flux
(hfls) increases across all elevation bands (mean average of
+2.79Wm~2km~?! in DJF and +8.50 Wm—2km~! in
MAM). While the simulations show consistent patterns for
DJF, with slightly positive changes at low elevations and

small to no changes at mid-to-high elevations, the results
for MAM display greater variability among simulations.
However, all simulations consistently indicate an increase at
mid-elevations, followed by a decrease at higher elevations,
resulting in an overall non-significant linear trend with
elevation. For sensible heat fluxes, no substantial change is
projected for winter (+0.74 W m~2 km '), which suggests
that similar downward fluxes will also persist in the future
during winter. However, in MAM, higher elevations are
expected to experience increased sensible heat fluxes com-
pared to historical values, though the trend with elevation is
statistically not significant.

Figure 6 also illustrates changes in the radiative balance
(long-wave, short-wave, and net), with climatological val-
ues available in the Supplementary Material (Section S1):
it is important to note that, on average, the historical clima-
tology of the long-wave budget is predominantly negative
in both seasons, while the short-wave budget is positive,
exhibiting notable differences in magnitude between DJF
and MAM. As a result, the net radiative budget is close
to zero in winter and positive in spring. This context is
essential for interpreting the projected changes in these
radiative balances shown in Fig. 6. The future change in
the long-wave budget shows no statistically significant
elevation-dependent patterns, with an average increase of
+1.85 Wm~2km™! (about +4.6% relative to the historical
climatology of the LW _balance) in DJF and approximately
no change with the historical mean value in MAM. In con-
trast, the short-wave radiative balance displays more pro-
nounced patterns with elevation, especially in MAM, where
high-elevation areas are projected to experience increases
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Fig. 6 Winter and Spring elevation pattern of the climatological mean
change between future and historical periods of heat fluxes (latent heat
and sensible heat, respectively hfls and hfss) and radiative balance
(long-wave, short-wave and net, respectively LW _balance, SW_bal-
ance, Net_balance). Positive LW _balance and SW_balance mean that
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the surface is warmed by the atmosphere. The grey lines represent all
the simulations, while the black line is the mean over the entire simula-
tion ensemble. A significant test has been applied to the mean changes
with the elevation, as presented in Sect. 3.2
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of the budget exceeding 20 W m~2 which is roughly 30%
increase over the historical mean at these elevations. The
trend with the elevation of the mean for the SW_balance
is statistically significant in MAM (4+8.31 Wm~2km~!):
notice that only three models are not coherent with all the
others in representing the elevation pattern of the budget.
The pattern of the net balance largely mirrors that of the
short-wave. These results suggest that in the future long-
wave radiation components will change, but basically with
no significant change in the balance between downward and
upward radiation, while for short-wave radiation the future
decrease of the components (see Fig. 5) will lead to stronger
positive changes in the balance at higher elevations. This
interesting behavior is better discussed in the Discussion
section.

5 Discussion

5.1 Links between air temperature variables and
surface temperature

The minimum temperature represents nighttime conditions,
during which the Planetary Boundary Layer (PBL) is usu-
ally stably stratified and weakly mixed, so air temperatures
at lower levels closely follow the surface temperature. In
contrast, the maximum temperature occurs during daytime,
usually in the afternoon, when the PBL is more turbulent,
linking tasmax to surface temperature under more mixed
conditions. This is shown in our study by the high cor-
relation between changes in tasmin and ts both in winter
(r = 0.92, p< 0.05; Fig. 7b) and spring (r = 0.80, p< 0.05
; Fig. 8b), while the correlation between ts and tasmax is
higher in spring (r = 0.85, p< 0.05; Fig. 8c) than in winter
(r = 0.68, p< 0.05; Fig. 7c), likely reflecting the stronger
daytime PBL mixing in spring that enhances the coupling
between ts and tasmax.

The diurnal temperature range (DTR) reflects the com-
bined behaviour of daily minimum and maximum tempera-
tures. The strong negative correlation between changes in
minimum temperature and DTR (DJF: r = —0.83, p< 0.05
; MAM: r = —0.67, p< 0.05) indicates that the larger
changes in tasmin compared to tasmax could play a domi-
nant role in driving the reduction of DTR during these sea-
sons. Indeed, changes in tasmax show little correlation with
DTR (DJF: r = 0.01; MAM: r = 0.19). Similar behaviour
between tasmin and tasmax changes has been reported in
other regions, such as India (Mall et al. 2021) and China
(Zhao et al. 2024), where global warming has been found
to affect more strongly temperature minima than maximum.
This asymmetric warming leads to a reduction in the diurnal
temperature range, resulting in a negative trend of DTR. The

seasonal variation in the correlation between DTR and sur-
face temperature can be explained by the changing relative
contributions of tasmin and tasmax, which are differently
correlated with ts in different seasons as explained above.
In winter, ts is more strongly linked to tasmin, resulting in a
high correlation between DTR and ts (r = —0.73, p< 0.05,
Fig. 7a). In spring, tasmax contributes more to DTR, so that
the correlation between DTR and ts decreases (r = —0.28,
p< 0.05, Fig. 8a), as DTR is now controlled by both tasmin
and tasmax rather than primarily by tasmin.

All temperature variables exhibit major changes at mid-
elevations, as shown in Figs. 7a, b, c and 8a, b, ¢ and dis-
cussed in Sect. 4. This behaviour is consistent with the
framework of elevation-dependent warming, as reported
in previous studies such as Pepin et al. (2015) and, for the
Alpine region, Kotlarski et al. (2022) and Kuhn and Olefs
(2020). Rather than showing a fixed elevation of maximum
change, the vertical structure of temperature trends appears
to vary depending on the season and the analysed period.
In our case, distinct patterns emerge between winter and
spring, particularly for tasmax, which in turn influences the
peak in DTR changes. This suggests that different physical
mechanisms dominate in different seasons, leading to varia-
tions in the elevation at which maximum changes occur
(Pepin et al. 2025). Observational studies in Switzerland
(Rottler et al. 2021) support this interpretation, showing that
temperature trends depend on season, elevation, and time
of day, with the strongest warming occurring in spring and
being particularly pronounced for daytime maximum tem-
peratures. This seasonal signal has been linked to changes in
downward solar radiation, cloud cover, and the frequency of
specific weather types (Scherrer et al. 2026).

5.2 Links between specific humitidy, long-wave
downward radiation and surface temperature

In our study, changes in ts are closely correlated with
changes in specific humidity (huss) and in long-wave down-
ward radiation (rlds), particularly in winter (Fig. 7f and 1),
respectively 7 = 0.91 (p<0.05) and r = 0.84 (p<0.05).
These correlations also strongly depend on elevation, with
larger surface temperature changes found at higher eleva-
tions compared to lowlands, where both huss and rlds show
also more pronounced future changes, compared to the his-
torical climatology. A similar but slightly weaker correlation
is found in MAM (Fig. 8f and 1), with values of 0.79 (p<
0.05) and 0.69 (p< 0.05) for huss and rlds, respectively. As
also found in the Tibetan Plateau by Rangwala (2013), this
pattern may be attributed to future changes in atmospheric
humidity due to climate change. At high elevations, absolute
changes in huss are smaller than at low elevations. However,
the relative percentage change is larger (see Fig. 4), likely
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because high-elevation areas are characterized by colder
and drier air masses and therefore lower baseline humidity.
This substantial percentage change at high elevations sig-
nificantly influences the long-wave downward radiation, a
parameter highly sensitive to humidity levels (Zhang et al.
2024), in a non-linear and non-proportional manner (Pala-
zzi et al. 2019), and that has emerged as the most remark-
able contributing factor in controlling surface temperature
change in mid-high latitudes of the Northern Hemisphere
(Zhang et al. 2024). Consequently, these two factors impact
surface temperature by increasing the long-wave radiation
received from the atmosphere, affecting ts, tasmin, and the
diurnal temperature range. As also reported in the EDCC
review (Pepin et al. 2025), changes in specific humidity
and downward longwave radiation in model simulations
are more relevant for EDW in winter than in spring, likely
due to drier atmospheric conditions. In our study, the signal
is consistent across all simulations and shows a maximum
change at approximately 2000 m a.s.l. (see Figs. 3, 4, and
5). However, the resulting pattern of humidity change does
not exhibit a monotonic dependence on elevation, as it tends
to level off above mid-elevations, forming a plateau rather
than a continued increase. This behaviour suggests that the
signal cannot be explained solely by a proportional response
to changes in humidity with elevation. While humidity-
driven effects would be expected to produce a more mono-
tonic scaling, the observed plateau indicates that additional
physical constraints and processes become increasingly rel-
evant above mid-elevations.

5.3 Links between upward long-wave radiation,
short-wave components and surface temperature

The other unidirectional long-wave radiation component
(upward) is weakly correlated with ts in DJF (r = 0.51, p<
0.05, Fig. 71), while no correlation is present for short-wave
components (rsds: » = —0.2, p< 0.05; rsus: r = 0.02, p<
0.05; Fig. 7m, n) which also do not show a coherent signal
across all simulations as a function of elevation. In spring
season, except for rsds, radiation components are character-
ised by higher correlation coefficients (rlus: » = 0.67, p<
0.05; rsus: r = —0.72, p< 0.05; Fig. 8), likely because these
components may not directly drive changes in surface tem-
perature, but rather tend to respond to its variations.

5.4 Links between precipitation, cloud cover and
surface temperature

Despite potential physical feedbacks among variables,
seasonal changes in cloud cover and precipitation exhibit
weak correlations with surface temperature changes and do
not show a coherent elevation-dependent structure across
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simulations (Figs. 7d, g, h, and Fig. 8d, g, h). This suggests
that their relationship with surface temperature is not pri-
marily governed by a simple co-variation with elevation,
but rather reflects more complex and potentially decoupled
processes within the EURO-CORDEX ensemble. Alterna-
tively, it may indicate that changes in water vapor play a
more important role in driving surface temperature changes
than cloud cover (Zhang et al. 2024).

5.5 Links between snow cover and surface
temperature

An interesting pattern is observed for snow cover, a key
variable in mountain environments. As shown in several
studies over the European Alps (e.g. Beaumet et al. 2021;
Marty 2013; Marty et al. 2017), low elevations experience,
and are projected to experience, larger relative changes in
snow cover compared to high elevations, mainly due to dif-
ferences in baseline climatological snow conditions (Fig. 4).
In winter, the percentage change in snow cover fraction is
significantly correlated with surface temperature changes
(r = 0.64, p < 0.05; Fig. 7e) and also exhibits a clear eleva-
tion dependence, with larger temperature increases associ-
ated with smaller snow cover changes around 2000 m a.s.l.
In spring, however, no significant linear correlation is found
(r = 0.04, p > 0.05; Fig. 8e), despite the presence of a well-
defined elevation-dependent structure, with maximum sur-
face temperature changes occurring between approximately
1500 and 2000 m a.s.l., coinciding with snow cover changes
of about 50-70%. This pattern indicates that the relationship
between snow cover and temperature is non-linear (Mack-
iewicz 2012), particularly in spring, and strongly modulated
by elevation. The non-linearity likely arises from differ-
ences in the statistical distributions of the two variables and
from threshold processes in snow—temperature interactions,
which may also involve an important role of snowmelt
(Castellanos et al. 2026). In particular, spring conditions are
characterized by a transitional regime in which snow cover
becomes highly sensitive to temperature variations, where
the snow—albedo feedback can play a dominant role (Beau-
met et al. 2021; Napoli et al. 2023a) and may contribute to
shaping the elevation-dependent pattern of surface tempera-
ture changes.

5.6 Links between radiative balance and surface
temperature

Changes in the shortwave radiation and net radiative bud-
get are well correlated with surface temperature changes in
MAM, with correlation coefficients of » = 0.70 (p < 0.05
) and r = 0.63 (p < 0.05), respectively (see Fig. 8q, s). In
DIJF, no linear correlation higher than 0.5 is found between
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surface temperature and either longwave or net radiative
budget (Fig. 7r, s), while a moderate correlation is observed
for the shortwave budget (r = 0.55, p < 0.05; Fig. 7q). The
relatively weaker correlations in DJF are partly explained
by the fact that the relationship is not strictly linear. When
accounting for the nonlinearity of the signal, both the short-
wave and net radiative balances exhibit clear elevation-
dependent patterns consistent with surface temperature
changes: larger increases in ts correspond to stronger posi-
tive shortwave changes. This pattern is more pronounced
in MAM than in DJF. These results suggest that variations
in the net radiative budget are primarily driven by changes
in the shortwave component, while the longwave contribu-
tion plays a secondary role. This interpretation is consistent
with previous studies showing that longwave radiation is
expected to change in response to variations in tempera-
ture, atmospheric humidity, and cloud cover (e.g., Liu et al.
2025). Although longwave downwelling radiation repre-
sents a major contribution to changes in surface net radia-
tion (Ohmura 2024), both downward and upward longwave
components tend to increase simultaneously under warm-
ing conditions (see Fig. 5). Consequently, changes in net
longwave radiation exhibit smaller variations compared
to changes in net shortwave radiation (see Fig. 6), which
shows larger spatial and temporal variability due to its
strong dependence on cloud and surface properties (Wild
et al. 2013). The pattern with the elevation is consistent with
increasing shortwave-driven energy accumulation at higher
elevations, which in turn leads to enhanced surface warm-
ing. This behavior could be linked to mechanisms associ-
ated with high-elevation environments, such as snow cover
changes in the region (Matiu et al. 2021; Beaumet et al.
2021) by the reduction in surface albedo (Thackeray et al.
2019) across different elevation bands (Winter et al. 2017).
In addition, changes in land surface properties could also
explain the observed pattern, particularly through soil mois-
ture control on near-surface temperature (Seneviratne et al.
2006, 2010), although the relative contribution of these pro-
cesses cannot be directly assessed from the present analysis.

5.7 Links between heat fluxes and surface
temperature

CMIP5 and EURO-CORDEX projections for Central
Europe indicate substantial future changes in the sur-
face energy budget, with a strong seasonal re-partitioning
between latent and sensible heat fluxes driven by changes
in soil moisture and precipitation regimes (Skaldk et al.
2025). These changes are generally more pronounced dur-
ing the spring season, consistent with enhanced evapo-
transpiration and the combined effects of temperature and
precipitation variability. Over the European Alps in DJF, no

significant correlation with surface temperature is found for
either latent heat flux (hfls) or sensible heat flux (hfss) (see
Fig. 70, p). However, a not linear elevation-dependent sig-
nal emerges: higher elevations are associated with stronger
increases in ts, a positive change in sensible heat flux, and a
weak positive change in latent heat flux. In contrast, lowland
areas, characterized by smaller changes in ts, exhibit pre-
dominantly negative sensible heat flux changes and strongly
positive latent heat flux variations. In MAM (see Fig. 8o,
p), stronger correlations with ts are observed for both fluxes
(r =0.57, p < 0.05 for hfls; » = 0.54, p < 0.05 for hfss),
although no clear elevation-dependent pattern is detected.
This pattern characterizes the surface heat fluxes and is pri-
marily driven by soil moisture availability and snow cover
conditions, while sublimation and snowmelt processes also
play an important role (Castellanos et al. 2026). In DJF, at
high elevations where snow is present, increases in surface
temperature occur while snow cover limits the response of
latent heat flux, leading to a stronger increase in sensible
heat flux. In contrast, low-elevation areas exhibit weaker
increases in ts and a tendency toward higher latent heat flux
and reduced sensible heat flux, potentially associated with
differences in soil moisture availability and precipitation
regimes (Fig. 4). In MAM, the onset of snowmelt alters the
surface conditions, leading to a different coupling between
ts and surface heat fluxes.

6 Conclusions

Although local features arise from the complex topography,
geographical configuration, and spatial heterogeneity of the
mountain range, identifying large-scale patterns of change
across the region is crucial for understanding how climate is
evolving in the European Alps and how it affects its dense
population as well as various socio-economic and environ-
mental sectors.

Beyond using surface temperature as a valuable diag-
nostic variable to identify the dominant physical drivers of
temperature changes, the findings of this study highlight the
critical role of minimum temperatures (tasmin) in driving
changes in the Diurnal Temperature Range (DTR) in the
European Alpine Region, with a more pronounced reduc-
tion at higher elevations during winter (DJF) and spring
(MAM) seasons. Specifically, tasmin changes exhibit a
strong correlation with surface temperature (ts) changes in
winter and spring, indicating that nocturnal variations are
closely linked to surface processes, when the stable strati-
fication of the Planetary Boundary Layer limits mixing.
Moreover, larger increases in tasmin and ts are projected at
higher elevations compared to low elevations.

@ Springer



345 Page 16 of 19

A. Napoli et al.

The influence of tasmin is particularly pronounced at
higher elevations, where variations in specific humid-
ity (huss) and downward longwave radiation (rlds) show
strong correlations with ts changes in DJF. This highlights
how relatively small absolute changes at high elevations
can substantially amplify the effect of longwave radiation
on surface temperature under future conditions. In spring,
these correlations slightly weaken but remain significant,
suggesting a shift in the dominant controls on surface tem-
perature. During this season, changes in snow cover frac-
tion and soil properties at higher elevations may modulate
the surface radiative balance, with a comparatively stronger
role of shortwave radiation than in winter. In addition, both
soil properties and snow cover emerge as key drivers of sur-
face heat flux variability, which in turn influences surface
temperature variability.

Overall, our findings indicate that while RCM outputs are
generally consistent and informative, they should be inter-
preted as a first-order approximation (see Supplementary
Material, Sections S1 and S2). This is particularly relevant
in high-elevation environments, where careful consider-
ation is required to ensure that model outputs adequately
support adaptation strategies. A further limitation of this
study is that the development of regional climate models is
beyond our control, preventing a full assessment of whether
all relevant processes are properly represented and how they
interact. Moreover, the large model domain limits the ability
to resolve specific mountain systems in detail.

To further refine these insights and better capture local-
scale processes, sensitivity analyses based on high-resolu-
tion model ensembles such as CORDEX-FPS (Ban et al.
2021; Pichelli et al. 2021), together with complementary
idealized experimental frameworks, are needed to disen-
tangle the underlying mechanisms and their interactions.
Moreover, diagnosing the full energy balance in the RCM
outputs, including snowmelt and heat conduction within
the snowpack and soil layers, would be necessary to better
understand surface—atmosphere interactions. Finally, future
analyses could examine changes in the other two seasons,
summer (June—August) and autumn (September—Novem-
ber), as well as potential elevation-dependent shifts in the
magnitude of change. Such approaches would help assess
whether the patterns identified in this study persist at finer
spatial and temporal scales and clarify the processes driving
them, providing further insight into the mechanisms of cli-
mate change in mountain regions, ultimately enhancing our
understanding of climate dynamics in complex terrain and
supporting more robust adaptation strategies.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s00382-0
26-08305-x.
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