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Abstract

Climate change has a strong impact on the environment in mountain areas,

where ecosystems have adapted to climatic conditions that change with elevation.

In this study, the response of temperature and precipitation climatic indices in the

complex orography setting of the Great Alpine Region is discussed. The high-

resolution gridded dataset that is presented has been produced with the Weather

Research Forecasting (WRF) convection permitting regional model. Two 30-year

periods have been considered (1979–2008, 2039–2068), obtained by downscaling

global climate simulations with historical setting and RCP8.5 emission scenario.

Both daily temperature and precipitation statistics have been found to be signifi-

cantly different in the two periods, consisting in an overall projected warming and

drying of the region. The dependence of the projected changes on elevation is

highlighted, indicating a larger warming at medium and high elevations as well as

a limited or nonexisting drying at high elevations. Physical mechanisms at the

base of those differences are presented and discussed.
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1 | INTRODUCTION

Mountain environments provide vital services to
human life: they sequester CO2, they are sources of
biodiversity and provide important natural resources
and ecosystem services (Adler et al., 2022). More than
50% of mountain areas have an essential or supportive

role for downstream regions so much so that they are
defined as the “water towers” of the planet (Viviroli
et al., 2007).

Areas with complex orography have peculiar micro-
climates and the conditions can be quite different in
nearby locations, creating narrow ecological niches that
on one hand favour biodiversity and on the other are a
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source of ecosystem fragility and vulnerability. It thus
becomes important to understand how climate is chang-
ing in these regions. The complex orography, however,
hinders our ability to project local climate evolution in
the future, due to its impact on the statistics of precipita-
tion at different time scales (Formetta et al., 2022), the
inadequacies in observations that are often insufficient to
capture fine-scale changes, and numerical model limita-
tions due to potentially incomplete understanding and
implementation of relevant physical processes, in addi-
tion to coarse grid spacing with respect to mountainous
topography. Despite these limitations, the research com-
munity agrees on the fact that mountain ecosystems are
particularly sensitive to the impacts of climate change
(Beniston, 2005; Beniston et al., 1997): mountains are cli-
matic “hotspots” where change can anticipate or amplify
what is occurring elsewhere, directly affecting mountain
settings, but also all those who depend on them. There is
growing evidence that mountain areas are responding fas-
ter and more intensely to climate change, in comparison
to the global mean and to other regions (Pepin et al., 2015,
2022). In fact, a relatively small change in temperature can
have major effects if it triggers nonlinear processes such as
phase transitions: one of the most widely reported effects
of global warming is the present and projected rapid melt-
ing of the mountain glaciers all over the world, from
Himalayas (Kraaijenbrink et al., 2017; Yao et al., 2012) to
the Alps (Vincent et al., 2017; Žebre et al., 2021), with cas-
cading effects on water, biodiversity and livelihoods (Xu
et al., 2009). Another expression of the sensitivity of moun-
tain regions to climate change is the Elevation Dependent
Warming (EDW), that is, a differential rate of temperature
change as function of elevation. This phenomenon has
been observed in many mountain areas of the world and it
is projected to continue and in some cases to be signifi-
cantly amplified in the future (Palazzi et al., 2017;
Rangwala et al., 2013, 2016), due to the existence of a wide
range of mechanisms that are possible drivers of EDW
(Palazzi et al., 2019).

The European Alps represent an especially challenging
region: they are one of the highest and most extensive
mountain range systems in Europe. They are exposed to
intense synoptic perturbations from the Atlantic and
to moisture-rich inflows from the Mediterranean. The
Alpine region is also influenced by both global and local
anthropic activities that impact climatic conditions, as it is
surrounded by highly urbanized areas. The pollution levels
in the Po Valley, just south of the Alps, reach the highest
values measured in the continent (Bigi et al., 2012; Bigi &
Ghermandi, 2014; Fuzzi et al., 2015; Guariso &
Volta, 2017). Previous studies suggest that elevation depen-
dence of climate change in the region is affected by aerosol

loads (Dhital et al., 2022; Kuhn & Olefs, 2020; Napoli
et al., 2019; Pepin et al., 2015; Rangwala & Miller, 2012).

Portions of the Alps have warmed twice as much as
the global average between the late 19th and the early 21st
century (Auer et al., 2007; Ceppi et al., 2012), despite the
fact that negative elevation-dependent warming has been
found in the Eastern side of the Italian Alps over some
periods of time (Tudoroiu et al., 2016). On average temper-
atures are expected to further rise by the end of the 21st
century. This warming is projected to be particularly
strong in summer, at high altitudes and on the Southern
slopes of the Alps (Kotlarski et al., 2022). Observed
changes of precipitation are not robust, as they show very
high spatial variability (Auer & Böhm, 1994; Gobiet
et al., 2014; Rysman et al., 2016; Zubler et al., 2014),
although studies have shown that the distribution of
annual precipitation among the lowlands and the moun-
tains over the GAR has varied over time (Napoli
et al., 2019). The studies carried out so far have shown that
summer precipitation in the Alpine region is projected to
be characterized by a substantial decrease on the western
and southern side (Coppola et al., 2021; Kotlarski
et al., 2022), and by an increase in the Eastern Alps, due to
enhanced convection in that area (Dallan et al., 2021;
Giorgi et al., 2016). Winter precipitation, on the other
hand, is projected to increase North of the Alps, while
large uncertainties and contrasting results have been
reported for the Southern part (Coppola et al., 2021;
Kotlarski et al., 2022). As a consequence, the Alpine area
is characterized by substantial uncertainty in the position
of the zero line of precipitation change, especially in the
winter months (Giorgi & Coppola, 2007; Jacob et al., 2014;
Kjellström et al., 2018). The overall reduction in snow
cover over the Alps in the last decades has already been
reported (Matiu et al., 2021; Valt & Cianfarra, 2010), and
projections, depending on the emission scenario, show
that Alpine glaciers will disappear to a large extent by the
end of the 21st century (Žebre et al., 2021; Zekollari
et al., 2019).

Due to their impacts, changes in weather extremes rep-
resent a particularly important study. The monitoring,
detection and attribution of changes in extremes has been
facilitated by the definition of a standard suite of indices
for extreme conditions and climate change (Karl
et al., 1999; Peterson et al., 2001). These indices are mainly
based on daily temperature and precipitation: using
regional ensembles, climate change indices have been ana-
lysed over the entire Europe (Coppola et al., 2021) and
over the Alps (Kotlarski et al., 2022). Recently, the impor-
tance of studying them as a function of altitude has gained
attention (Kotlarski et al., 2012, 2015). The present study
aims at complementing and extending the mentioned
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works by investigating projected changes in climate indi-
ces over the Great Alpine Region at convection-permitting
resolution and at climate temporal scale (30 years), in
order to assess and analyse elevation dependencies and
physical processes at their base.

This paper is organized as follows: in the first part we
describe tools, methods and datasets used for the study.
In the second part the results are presented, while the last
paragraph includes the discussion of the results.

2 | TOOLS AND METHODS

2.1 | Regional climate model

The Weather Research Forecasting (WRF) model (version
3.9.1.1) has been used for this study in a nonhydrostatic con-
figuration: 30-year historical simulations (1979–2008) and
climate-change projections (2039–2068) at convection per-
mitting resolution (4 km) have been run to be able to better
model the interaction between the air masses and the com-
plex orography. The model has been run with initial and
boundary conditions provided by EC-Earth global model at
0.25� grid resolution as described in Davini et al. (2017),
characterized by a daily update of SST. The Representative
Concentration Pathway 8.5 (RCP 8.5) has been used as
global emission scenario, which is compatible with the sce-
nario where no special measures to combat climate change
are taken. This scenario estimates a global temperature
increase of more than +2.5�C over pre-industrial levels by
the year 2070.

The study area is the Great Alpine Region (GAR),
which is represented on two nested domains (Figure 1):
the outer domain is characterized by a grid spacing of
12 km, while the inner one by a grid spacing of 4 km. The
outer domain includes the convection parameterization
scheme by Tiedtke (Tiedtke, 1989), necessary to represent
the vertical motions that characterize the summer climate
in the area under analysis, not explicitly resolved at the
12 km resolution. The vertical structure of both domains
consists of 50 terrain-following levels with a top pressure
level set at 50 hPa. The vertical resolution is finer near the
ground (order of tens of meters), while it is coarser aloft
(order of several hundreds of meters). Previous studies
have already used this configuration comparing results
with lower-resolution models and observational datasets
(Pieri et al., 2015), indicating that it is an acceptable com-
promise between the computational burden and the need
of resolving smaller scales to predict events with small
temporal and spatial scales (Adinolfi et al., 2020; Takayabu
et al., 2022). The output is stored at hourly temporal reso-
lution to allow studies based on extreme precipitation at
subdaily scales, which have significant flooding impacts in
rural and urban environments.

The simulations have been run with the two-way
nesting approach, where the two-way interaction is
reciprocal and simultaneous. The planetary boundary
layer is parametrized with the Yonsei University Scheme
(Hong et al., 2006). The shortwave and longwave option
used is the RRTMG (Rapid Radiative Transfer Model for
Global) (Iacono et al., 2008): with this scheme, the CAM
Green House Gases (GHG) option has been activated.
This option provides annual GHGs from 1765 to 2500 so
that the RRTMG long-wave scheme interacts with
GHGs. The Thompson Aerosol-Aware microphysics
scheme has been used (Thompson & Eidhammer, 2014):
this microphysics parametrisation has an explicit nucle-
ation of water droplets and activation of ice by dynami-
cal aerosols. Aerosols are advected, interact with clouds
and with radiation and are input at the surface through
a flux which is time independent (and thus with no dif-
ference between the historical and the scenario simula-
tions) but surface-elevation dependent (larger flux in
lowlands and smaller at high altitudes). The parameter
values used in the simulations are reported in Data S1,
Supporting Information.

2.2 | Climate extreme indices

For the objective measurement and characterization of
the variability and change of extremes with altitude, a
suite of the international climate change indices ETCCDI
(http://etccdi.pacificclimate.org/list_27_indices.shtml)
has been used and studied. The set of climate indicators
on which the analysis is based includes indices that rep-
resent the main weather-induced impacts on the natural,
social and economic spheres. In this work, some modifi-
cations were applied to the selected indicators to take
into account the specificities of the Alpine territory and
the aim of this study. The indices are:

• Tmean: seasonal mean temperature.
• FD5P: mean annual number of days with minimum

daily temperature below the 5th percentile of the his-
torical run.

• SU95P: mean annual number of days with maximum
daily temperature greater the 95th percentile of the
historical run.

• Seasonal precipitation: seasonal mean precipitation.
• R20: mean number of days with daily precipitation

greater than 20 mm.
• R95pTOT: annual average of the cumulative precipita-

tion that is above the 95th daily historical percentile
on a wet day (RR ≥ 1 mm), where RR is the daily
mean precipitation.

• CDD: annual mean of the maximum number of con-
secutive days with less than 1 mm�day−1 of rain.

NAPOLI ET AL. 3
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Maps of the indices for historical simulation and cli-
mate projection, as well as of their difference, have been
produced. Climatological conditions of the indices are
shown in Data S2. Moreover, land data have been clus-
tered according to surface elevation in order to evidence
the existence of altitudinal dependences in the change of
the indices. In particular, land positions over the GAR
are divided into 18 elevation classes, where the class
limits are chosen so that each class has the same number
of pixels (the class limits result in about 0–75, 75–114,
114–149, 149–190, 190–233, 233–277, 277–325, 325–382,
382–446, 446–508, 508–584, 584–675, 675–791, 791–930,
930–1114, 1114–1378, 1378–1856 and 1856–3062 m). We
then compute the mean of the projected-historical index
change for each class, and verify whether there is any sta-
tistically significant dependence of the index change ver-
sus elevation. The statistical significance is evaluated
based on the rejection of the null hypothesis of no rela-
tionship of index change with elevation (obtained using
repeated shuffling with 5000 permutations).

2.3 | Validation of the model dataset

To validate the climate dataset produced with the above
described simulations, comparisons with different data-
sets have been carried out: E-OBS, APGD, ERA5 and
ERA5_LAND.

The observational dataset E-OBS version 23.1 at about
11 km (0.1� × 0.1�) resolution (https://surfobs.climate.
copernicus.eu/dataaccess/access_eobs.php) has been used
to evaluate temperature and precipitation variables. With
a different gridding procedure compared to the previous
version (Haylock et al., 2008), this new version of E-OBS
provides daily gridded land-only observational dataset over

Europe. In this version a 100-member ensemble of each
daily field has been generated (Cornes et al., 2018). Since
the initial construction of E-OBS (Haylock et al., 2008),
many more station series have been added: during the 90s,
precipitation stations were about 7000, while temperature
stations were about 3000 over the entire Europe with a
large density over Germany and Scandinavia regions
(Cornes et al., 2018). This spatial distribution of stations
resulted in an increasing disparity in station density across
the domain, with relatively many stations in Central
Europe and Scandinavia, and many fewer toward the
South and East of the domain (Mediterranean and Alpine
area). This low density of stations over the complex orog-
raphy area has an impact over the thermodynamical vari-
ables and it increases the uncertainty of the data in the
area of interest (Hofstra et al., 2009).

The EURO4M-APGD dataset (Isotta et al., 2014) has
been used to validate precipitation: the dataset is based
on a collection of high-resolution rain-gauge data from
seven Alpine countries (about 5500 measurements per
day) in the period 1971–2008. The dataset is character-
ized by a grid spacing of 5 km, daily time resolution, and
it was constructed with a distance-angular weighting
scheme that integrates climatological precipitation–
topography relationships.

The latest version of ERA5 at 0.25� (about 27 km) has
been used for the precipitation variable (Hersbach
et al., 2020): ERA5 provides hourly estimates of a large
number of atmospheric, land and oceanic climate vari-
ables. The data cover the Earth and resolve the atmo-
sphere using 137 levels from the surface up to a height of
80 km. ERA5 includes information about uncertainties
for all variables at reduced spatial and temporal resolu-
tions. Quality-assured monthly updates of ERA5 (1979 to
present) are published within 3 months of real time. To

FIGURE 1 Two grafted domains that represent the GAR used in this model study. The topography of the inner domain (4 km

resolution) and of the external domain (12 km) are represented [Colour figure can be viewed at wileyonlinelibrary.com]
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obtain more robust statistics, the ERA5_LAND dataset
has also been used to validate the temperature variable: it
contains an orographic bias correction based on the lapse
rate and it is characterized by a spatial resolution of 9 km
(Muñoz-Sabater et al., 2021).

Temperature and precipitation datasets from WRF,
E-OBS, ERA5 and APGD (for precipitation) and ERA5_-
LAND (for temperature) have been interpolated on a
common grid, chosen as the coarser grid available, that
is, E-OBS grid for temperature (0.1� × 0.1�), ERA5 grid
for precipitation (0.25� × 0.25�). A first-order conserva-
tive remapping method (Jones, 1999) has been used for
precipitation and temperature variables, a method chosen
for its ability in preserving spatial integrals of the data
between the source and target grids.

To investigate the seasonality in the results, four time
periods have been separately analysed: December–January–

February (DJF), March–April–May (MAM), June–July–
August (JJA) and September–October–November (SON).

Table 1 shows the climatological temperature of the
regridded datasets averaged over land points in the entire
domain, together with its spatial standard deviation: the
WRF dataset is characterized by a larger spatial variabil-
ity compared to ERA5_LAND and E-OBS with a slightly
higher mean summer temperature and a slightly lower
mean winter temperature.

Figure 2 shows the spatial distribution of the differ-
ence between the seasonal mean temperature between
the WRF dataset and E-OBS: in lowlands, WRF tempera-
tures are typically lower than E-OBS temperatures during
winter and higher during summer, while the highest ele-
vations have a consistent bias through the year, with
colder temperatures in WRF than in observations in
every season and a particularly large temperature differ-
ence in the Alps in winter, a pattern that is in line with
past modelling work on km-scale temperature over the
Alps (Leutwyler et al., 2017). Figure 3 shows the proba-
bility density functions (pdfs) of climatological mean
temperature for the three different regridded datasets: in
most cases temperature pdfs from WRF model have
heavier tails than in the other datasets, especially for
extremely low values. This finding is consistent with the
fact that the high-resolution WRF model produces fields
on a finer grid and at times at higher elevation, whereas
in coarser resolution datasets the values are smoothed

TABLE 1 Mean temperature (1979–2008) over the entire
domain and the corresponding spatial standard deviation for three

different datasets

WRF (�C) ERA5_LAND (�C) EOBS (�C)

DJF −0.51 ± 3.86 0.01 ± 3.54 0.86 ± 2.89

MAM 8.41 ± 4.18 8.20 ± 3.51 8.77 ± 3.42

JJA 19.13 ± 4.00 17.78 ± 3.49 17.90 ± 3.60

SON 9.47 ± 3.46 9.51 ± 3.19 9.71 ± 3.05

FIGURE 2 Difference in the daily mean temperature between WRF-historical and E-OBS dataset (climatologies over the period 1979–
2008), for the different seasons. WRF has been interpolated over the E-OBS grid using the bilinear method [Colour figure can be viewed at

wileyonlinelibrary.com]
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over a relatively large grid box and extreme values are
less frequently encountered. Despite those differences,
the seasonality of the temperature field is well repro-
duced in WRF dataset.

Monthly climatologies of precipitation over the GAR
are shown in Figure 4. The seasonal cycle of precipitation
has a larger amplitude in WRF than in the other datasets,
mainly due to a wetter spring season than in both

reanalysis and observational products. With respect to
ERA5, WRF is drier during most of the year (except for
May), with largest rainfall differences (up to −17%) dur-
ing fall and winter season, when however ERA5 is wetter
than E-OBS and APGD. When analysing the seasonal
precipitation difference maps (Figure 5), it becomes evi-
dent that rainfall differences with respect to the reanaly-
sis are not homogeneous over the entire domain and that

FIGURE 3 Pdf of seasonal mean temperature of three different datasets (1979–2008) all interpolated over the E-OBS grid space: WRF-

historical (green line), ERA5_LAND (orange line) and E-OBS (blue line) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Monthly mean

precipitation averaged over the GAR

(1979–2008). Datasets are all
interpolated over the ERA5 grid space.

Error bars represent the interannual

variability of the mean monthly

precipitation over the entire domain

(standard deviation) [Colour figure can

be viewed at wileyonlinelibrary.com]
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the high-elevation areas are consistently wetter in WRF
than in ERA5 in every season. This result is in agreement
with previous studies that compared high-resolution

models with observational and reanalysis datasets in
region with complex terrain (Ban et al., 2021; Kotlarski
et al., 2014; Pieri et al., 2015; Smiatek et al., 2016).

FIGURE 5 Difference (in percentage) of mean seasonal precipitation between WRF-historical and ERA5 (1979–2008). WRF data has

been interpolated onto the ERA5 grid [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Probability density functions of the daily precipitation in each season (climatology over 1979–2008): WRF-historical (green

line), ERA5 (orange line), E-OBS (blue line), APGD (light blue line). All datasets have been interpolated onto the ERA5 grid [Colour figure

can be viewed at wileyonlinelibrary.com]
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The distributions of the probability density functions
for the daily rainfall rate on the GAR domain are shown
in Figure 6: WRF and APGD have similarly higher proba-
bilities of extreme values compared to E-OBS and ERA5
in all seasons, in line what the expectations, given that
the data in E-OBS and ERA5 have a coarser effective res-
olution. Despite the comparison has been performed on
the same grid, the lack of high-resolution data to gener-
ate E-OBS and ERA5 datasets limits their capability of
reproducing precipitation extremes (Ban et al., 2021;
Pichelli et al., 2021; Pieri et al., 2015).

3 | PROJECTED CHANGE IN
CLIMATE EXTREME INDICES

In this section, the differences between future projections
and historical time period are presented for each index.

Temperature indices show that the GAR is character-
ized by a projected rise in temperature with an inhomo-
geneous warming rate over the domain (Figure 7). The
altitudinal dependence of the temperature increase is
shown in Figure 8, indicating that over the mountains
there is an enhanced warming rate. A particularly large
warming is also present during winters in the low-
elevation northeastern part of the domain. These signals
can be related to snow melting and the ice-albedo feed-
back (Gobiet et al., 2014): regions with historical seasonal

temperatures close to the freezing point experience a sig-
nificant increase in solar radiation absorption due to
snow melt in a warmer world. Both the northeastern part
of the domain (in winter, when mean temperatures vary
between −1�C and +1�C; see Figure S16b) and the area
around the snow equilibrium line over the mountains
(which depends on the season) have a higher sensitivity
to increased greenhouse gasses than the rest of the region
(Frei et al., 2018; Žebre et al., 2021). Indeed, the peak in
temperature increase is found at elevations between 1000
and 1500 m in winter (Figure 8a), slightly above 1500 m
in spring (Figure 8b), and in the highest elevation band
in summer and fall (Figure 8c,d), in line with the given
interpretation.

In order to assess the projected change of extreme
temperatures, particularly relevant for impact studies, we
also computed the changes in minimum and maximum
daily temperatures. The projected change in the mean
number of frost days (minimum temperature below 0�C)
shows a large decrease in the plain and a minimal varia-
tion at high elevations (Figure S14); the low sensitivity in
the number of frost days at high altitudes is associated
with the fact that the minimum temperature is often sub-
stantially lower than 0�C, thus not particularly sensitive
to the projected warming. The projected change in the
mean number of summer days (maximum temperature
above 25�C) increases by about 15% at low elevations and
more at higher elevations, with more than a doubling at

FIGURE 7 Map of the difference between future (2039–2068) and historical WRF simulation (1979–2008) in seasonal mean 2 m

temperature: DJF (a), MAM (b), JJA (c) and SON (d). Isolines represent the elevation every 500 m [Colour figure can be viewed at

wileyonlinelibrary.com]
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about 1000 m (Figure S15). In order to evaluate the
change in local extreme temperatures we also computed
FD5P and SU95P indices, which are based on locally
defined thresholds. Defined as the number of days with
minimum temperature below the local historical 5th per-
centile (FD5P) and maximum temperature above the
local historical 95th percentile (SU95P), the projected
reduction of FD5P (Figure 9a) and increase of SU95P
(Figure 10a) are both indicative of warming (they respec-
tively correspond to an increase of minimum and of max-
imum daily temperatures), in agreement with previous
studies (Kjellström et al., 2018; Russo et al., 2015). It is
interesting to note that there is an altitudinal dependence
in such changes, as shown in Figures 9 and 10: the num-
ber of days with minimum daily temperatures below the
locally defined threshold decreases at relatively low ele-
vations more than at high elevations, while the number
of days with high maximum daily temperatures increases
at high elevations more than at low elevations. In other
words, summer peak temperatures increase more over
mountains (where there is nearly everywhere a doubling
in the number of hot days), in line with the projected
changes of mean temperature, while very cold winter

nights tend to disappear in areas particularly sensitive to
snow melt, characterized by a large change in albedo
(Figure S16).

Maps of the seasonal precipitation projected changes
are represented in Figure 11: summer precipitation is
projected to decrease over the whole domain, with some
exceptions at high altitudes where some areas have a pos-
itive variation compared to the historical period. In win-
ter a strong dipole is present, with the mountain range
acting as a dividing line: to the North of the Alps winter
precipitation is projected to increase while to the South
the opposite signal emerges. Spring and autumn are char-
acterized by less intense changes in precipitation, with a
slight decrease in the Po Valley contrasted by seasonally
variable behaviour in the Alps. Figure 12 shows the ele-
vation dependence of the seasonal precipitation: spring
season shows a statistically significant elevation depen-
dence characterized by values close to zero at lowlands
and values close to +10% at high altitudes. During winter
and summer there is a significant drying at low eleva-
tions (about −18% in both seasons) and a small change to
total precipitation at higher elevations (about −10% in
summer and +8% in winter). Overall, the projected

FIGURE 8 Scatter plot of the difference in the seasonal mean 2 m temperature between future projections (2039–2068) and historical

simulations (1979–2008) in function of altitude. Colours represent the density of the points in the GAR from yellow (high density) to blue

(low density). The mean is calculated and plotted for each band of altitude (black points). Spring, summer and autumn are characterized by

a significant elevation dependence of about +0.24�C�km−1 in spring (b), +0.15�C�km−1 in summer (c) and +0.25�C�km−1 in fall (d) [Colour

figure can be viewed at wileyonlinelibrary.com]
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change in annual mean precipitation shows a main
reduction over the GAR, where a small increase is pre-
sent only over mountains located on the Northern side of

the Alps (Figure S17). The possible explanations for pre-
cipitation change patterns will be further explored in the
section 4.

FIGURE 10 Relative change to hot days (SU95P)

between projected (2039–2068) and historical WRF runs

(1979–2008): (a) map and (b) scatter plot as a function of

altitude. In panel (a) isolines represent elevation every

500 m. In panel (b) colours represent the density of the

points in the GAR from yellow (high density) to blue (low

density). The mean is calculated and plotted for each band of

altitude (black points and error bars). The elevation

dependence is statistically significant and it is about +22%�
km−1 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Relative change to the

number of cold days (FD5P) between

projected (2039–2068) and historical

WRF runs (1979–2008): (a) map, and

(b) scatter plot as a function of altitude.

In (a) isolines represent the elevation

every 500 m. In (b) colours represent the

density of the points in the GAR from

yellow (high density) to blue (low

density). The mean is calculated and

plotted for each band of altitude (black

points). The elevation dependence is

significant at 95% confidence level

(+6.00%�km−1) [Colour figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 11 Map of the relative change to mean seasonal precipitation between projected (2039–2068) and historical WRF runs (1979–
2008): winter (a), spring (b), summer (c) and fall (d). Isolines represent the elevation every 500 m [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 Maps of the relative change to seasonal precipitation, shown as function of altitude: DJF (a), MAM (b), JJA (c) and SON

(d). Colours represent the density of the points in the GAR from yellow (high density) to blue (low density). The mean is calculated and

plotted for each band of altitude (black points). The elevation dependence is not significant in autumn, while in summer (+3.0%�km−1),

spring (+2.0%�km−1) and winter (+3.25%�km−1) the trend with the altitude is statistically significant at 95% confidence level [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 13 Maps of the relative change to the mean number of days with daily precipitation greater than 20 mm (R20 index): DJF (a),

MAM (b), JJA (c) and SON (d). Isolines represent the elevation every 500 m [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 14 Relative change to the

annual average of the cumulative

precipitation that is above the 95th daily

historical percentile on wet days

(RR ≥ 1 mm) (R95pTOT index): (a) map

and (b) scatter plot as a function of

altitude. In panel (a) isolines represent

elevation every 500 m. In panel

(b) colours represent the density of the

points in the GAR from yellow (high

density) to blue (low density). The mean

is calculated and plotted for each band

of altitude (black points). The elevation

dependence is statistically significant

and it is about +3.6%�km−1 [Colour

figure can be viewed at

wileyonlinelibrary.com]
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The occurrence of moderate and heavy daily rainfall
events (R20 index) is projected to change in line with the
change in mean precipitation (Figures 11 and 13).
The elevation dependence is not statistically significant at
seasonal and annual time scale (see Data S3 and
Figures S18b and S19).

The intensity of extreme daily precipitation (R95pTOT
index) is projected to slightly increase (Figure 14), but
large differences are found across the region and also sea-
sons (see Data S3 and Figure S20). Statistically significant
elevation dependent changes are found at annual time
scale (Figure 14b), while in the seasonal study only fall is
characterized by a weak positive dependence on elevation
(see Figure S21d).

Previous works indicated that Southern Europe is
most probably facing an increased drought stress
(Coppola et al., 2021; Gobiet et al., 2014), while North-
ern Europe is facing increased risk of intensified wet
events (Coppola et al., 2021; Heinrich & Gobiet, 2012).
In Figure 15 the relative change map to the climatologi-
cal maximum number of consecutive dry days in a year
(daily precipitation less than 1 mm, CDD index) is
shown: the entire area is characterized by an increase in
consecutive dry days with increasing dryness in the
South of the domain. No significant elevation dependent
change emerges (Figure S22).

4 | DISCUSSION AND
CONCLUSIONS

Climate change has been shown to have an elevation
dependence both in temperature (Palazzi et al., 2019;
Pepin et al., 2015) and in precipitation (Kotlarski
et al., 2015; Pepin et al., 2022). Data analysis indicates
that mountainous regions can have a local response to
global forcing that differs from the regional response.

In this study the imprints of projected climate change
in the GAR in the mid of the 21st century have been
investigated, by using, for the first time, a convective per-
mitting model over a period of 30 years. This setup allows
the evaluation of climate variations not only at the
regional scale, but also at local scales, accounting for
the complex orography.

The downscaling of historical and projected climate
simulations demonstrates that, in the GAR, climate change
has different signatures in lowlands and highlands: while
historical climatologies show that temperature and precipi-
tation are characterized by certain elevation dependent pat-
terns (see Data S2), in future these patterns could change.
Overall, Europe and especially the Mediterranean region
will experience warmer temperatures and more heat waves
(Kjellström et al., 2018; Russo et al., 2015), with a particu-
larly large warming over the northeastern region, in line
with past studies (Coppola et al., 2021). In this work, it is
also shown that the projected warming is larger at medium
and high elevations, possibly as an effect of the snow-albedo
feedback. The whole region is projected to experience a
reduced annual mean precipitation, but while the Po Valley
presents a drying over all seasons, the Alpine arc has much
smaller variations of seasonal precipitation with respect to
the historical period. Similarly, the number of consecutive
dry days is projected to increase over large areas, especially
in the Mediterranean climate, but not particularly over the
Alps. Whereas the overall projected drying is typically
attributed to large scale dynamical and thermodynamical
changes (de Vries et al., 2022), previous studies over the
Alps (Giorgi et al., 2016) and over the Carpathians
(Torma & Giorgi, 2020) discuss how the high-elevation pre-
cipitation change can be associated to the larger surface
warming, which tends to destabilize the air column and
favour convection.

Winter precipitation, greatly impacted by the position
of the storm track, in our simulations is projected to

FIGURE 15 Relative

change to the climatological

average maximum number of

consecutive dry days per year

(1979–2008, 2039–2068), CDD
index [Colour figure can be

viewed at

wileyonlinelibrary.com]
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increase on the Northern side of the Alps and decrease
on the Southern side. This dipolar change is currently
debated and not fully understood (Coppola et al., 2021;
Rajczak & Schär, 2017; Tramblay & Somot, 2018), but
probably it is affected by longer term variability patterns
such as the North Atlantic Oscillation, which is known to
shift the position of the storm track (Brugnara &
Maugeri, 2019; Hurrell & Deser, 2010). Preliminary ana-
lyses to investigate the impact of NAO on the projected
changes of winter precipitation have been performed and
are reported in Data S4, but they did not unveil the origin
of the dipolar change in winter rainfall. Despite the diffi-
culty in constraining the large scale winter precipitation
change, which would certainly require the use a large
ensemble modelling approach, in this study we show that
the derivative of winter precipitation change with alti-
tude is positive on both sides (see Data S4), indicating
that local processes even in wintertime increase the oro-
graphic precipitation enhancement with respect to the
low-elevation precipitation. Further analysis will be per-
formed to investigate the role of air column stability and
convection in this signal.

The results presented underline the importance of
performing high-resolution simulations, such that the
complex orography patterns as well as the convective
dynamics can be well represented. This clearly leads to
large computational costs. For this reason we performed
and analysed only one realization of the RCM (WRF)
forced with only one GCM (EC-Earth) in the historical
period and in a single RCP scenario (RCP8.5). This is a
clear limitation of the study, especially for projected pre-
cipitation changes, as storminess is known to have very
large interannual variability and dependence on the
characteristics of the atmospheric models (Feser
et al., 2015). However, the robustness of the enhanced
orographic precipitation signal in the projected climate,
regardless of the precipitation change at low elevations,
gives confidence to the relevance of the effects of local
processes on elevation dependent climate change.
Amplified warming over the mountains and enhance-
ment of orographic precipitation are the main indica-
tions coming out of this study, and future work will
shed light on the thermodynamical and dynamical pro-
cesses at their base. The same simulations offer a wealth
of information that was not investigated in the present
study. Further analysis will be performed to investigate
the projected response in other meteorological variables
particularly important for local communities and
administrators, such as snowfall and near-surface
winds, and in subdaily statistics, especially interesting
for describing properties of convective events (Ban
et al., 2021; Kahraman et al., 2021; Pichelli et al., 2021).
All data are available for other studies upon request.
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