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Increasing climate resilience to global warming is one of the main challenges 
of the last few decades. Effective local measures have to be adopted to provide 
concrete solutions to the current and expected impacts of climate change. This 
is the goal of the AdriaClim Italia-Croatia Interreg Project (https://www.italy-
croatia.eu/web/adriaclim), aimed at supporting the development of regional 
and local climate change adaptation plans for the Adriatic coastal regions. For 
this purpose, an exhaustive number of atmospheric climate indicators have 
been identified and evaluated across nine pilot areas to assess the current and 
expected main climate hazards affecting these regions, considering the worst-
case emissions scenario (Representative Concentration Pathway RCP 8.5). The 
proposed analyses are provided by the results of the regional climate atmospheric 
model developed within the AdriaClim Project. The selected climate indicators 
are used to assess the possible evolution of the climate hazard across the pilot 
areas, covering different hazards, such as thermal discomfort, drought, and 
hydrological instability. A site-dependent investigation of the atmospheric 
climate indicators is proposed to emphasize which regions are more affected 
than others by the investigated climate hazards, thus warranting more attention 
in defining and proposing new adaptation strategies. The results highlight 
increasing temperatures (up to +3°C) across the Adriatic coastal regions, with 
more emphasis on the Northern Adriatic, where the combined effect with the 
relevant decrease in precipitation (down to −2  mm/day) may lead to severe 
drought conditions in the coming decades. In contrast, precipitation-related 
diseases may hit more Central and South Italy than the Northern Adriatic, except 
for the Emilia-Romagna region, which is found to be highly sensitive to both 
hazard categories. Finally, it is relevant to emphasize that these analyses have 
to be carefully considered in supporting adaptation strategies due to the lack of 
uncertainty estimates representing a fundamental element for decision-makers.
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1 Introduction

The current climate emergency requires effective measures to 
improve resilience and adaptation to climate change (CC), overcome 
major challenges, and transform problems into effective solutions. 
The increase in global temperatures due to anthropic emissions is 
noticeable and has multiple impacts on the socioeconomic systems, 
such as agriculture, infrastructures, cultural heritage, tourism, 
energy, and health diseases (e.g., Doughty et al., 2015; Hermans and 
McLeman, 2021; Ahmed et al., 2022). Events associated with extreme 
weather can have a serious impact on the socioeconomic systems 
requiring the identification of interventions where resilience-
building is the most effective. The Sixth Intergovernmental Panel on 
Climate Change (IPCC) Report AR6 (Allan et al., 2021) indicates a 
general consensus that anthropogenic CC is modifying the frequency 
and intensity of extreme events such as heatwaves, cold spells, 
storms, and floods. Extreme weather events are expected to become 
more frequent and disruptive. The IPCC highlights that, in the 
intermediate seasons, we  will observe a large variability of rain 
associated with both tropical and extratropical storms and convective 
events, leading to an alteration of the hydrological cycle (Gordon 
et al., 2005; Bala et al., 2010; Pendergrass et al., 2017). These trends 
are expected to accelerate in the next few years if the carbon 
emissions are not reduced quickly (Trisos et  al., 2020). Global 
warming exacerbates the severity of extreme rainfalls, droughts, and 
heat waves, with huge associated impacts, from local to wider scales. 
Among the regions more affected by CC, the Mediterranean basin is 
considered a hotspot (Cos et  al., 2022), and the North-Eastern 
Adriatic basin is found to be more sensitive than other regions to CC 
(Straffelini and Tarolli, 2023). Summer heat waves are increasing in 
frequency and duration, and their impacts on mortality are 
remarkable. For instance, in the summer of 2022, heatwaves are 
considered the cause of death for thousands of people, and Italy is 
the country in the Mediterranean with the highest percentage of 
heat-related mortality (Ballester et al., 2023). The last CNR Periodic 
Report on the Risk posed to the Italian Population by Landslides and 
Floods1 reveals that there were 95 deaths due to hydrological 
instability over Italy during the period from 2018 to 2022 and 20 
deaths between January and June 2023. For instance, events such as 
the floods in Marche and Ischia in September and November 2022, 
and those in Emilia-Romagna and Croatia in May 2023, were 
responsible for the destruction of entire villages, infrastructure, and 
heavy loss of lives. Those events are expected to increase due to 
global warming, and therefore, it is increasingly important to 
improve climate resilience, adopting adaptation plans, and mitigation 
measures, especially in regions under higher risk.

These are the objectives of the AdriaClim Italia-Croatia Interreg 
Project,2 devoted to supporting the development of science-based 
regional and local CC adaptation plans with a focus on the Adriatic 
coastal areas, which are recognized as one of the main CC hotspots in 
the Mediterranean region (e.g., Bucchignani et al., 2016; Straffelini and 
Tarolli, 2023). The objectives of this project were divided into three 
main steps: (i) to provide new accurate climate data at high spatial and 

1 https://polaris.irpi.cnr.it/report/last-report/; accessed September 19, 2023.

2 https://www.italy-croatia.eu/web/adriaclim

temporal resolution, both installing new monitoring stations and also 
performing updated and integrated climate simulations; (ii) to provide 
more accurate CC indicators to be aware of the hazards related to the 
Adriatic regions; and then (iii) to settle new advanced regional 
adaptation plans and mitigation strategies based on the datasets 
developed within the project.

Taking advantage of the modeling data produced within phase (i), 
an exhaustive number of indicators have been designed at the Adriatic 
and local levels in phase (ii), covering the main climate hazards 
affecting the Adriatic coastal areas. From the integrated climate 
simulations, indicators have been computed over the Adriatic regions 
for atmosphere, sea state, hydrology, and biogeochemistry. They are 
freely accessible from the ERDDAP AdriaClim Project data server3 
and geoportal.4 The full list of indicators developed within the project 
is also shown in its deliverable 4.2.1 (DOI: 10.13140/
RG.2.2.32890.67524). In this study, the results coming from phase (ii) 
are described, with a focus only on the atmospheric-related hazards, 
by selecting a subset of relevant CC indicators (Table 1). It is worth 
mentioning that the latter has been designed with the aim of satisfying 
the local stakeholders’ needs and assessing climate change across the 
Adriatic region. They cover many climate hazards, such as extreme 
temperatures, thermal discomfort, drought, and hydrological 
instability. Discussions between project partners and local 
stakeholders were conducted within the project through technical 
meetings, devoted to defining the main hazards related to the pilot 
areas. Tailored climate indicators for each region were designed. 
Nevertheless, for simplicity, only the ones shared among the pilot area 
are analyzed in this study.

For their calculation, two variables are needed: temperature (T) 
and precipitation (PREC). Before computing the indicators, an initial 
phase was devoted to the investigation of the model performance in 
reproducing the historical climate. In this respect, the ERA5-Land 
re-analysis provided by the Copernicus Climate Change Service has 
been used as a reference (Muñoz Sabater, 2019) to evaluate the 
absolute values of the climate indicators over the period (1992–2011). 
Then, a detailed study was conducted on the role of the atmospheric 
hazards across the nine pilot areas designed within the Project and 
localized along the Adriatic coasts, providing statistical evidence of 
the role of CC in the inspected areas. The pilot areas designed are the 
following: Grado and Marano Lagoon and Gulf of Trieste, Venice 
Lagoon and Veneto coastal area, Emilia-Romagna coastal area, Puglia 
coastal area, Dubrovnik-Neretva estuary area, Split-Dalmatia coastal 
area, North-Eastern Adriatic Sea, Molise coastal area, and Marche 
coastal area. Nevertheless, as available data cover a much wider 
territory, hereafter we will refer to Puglia, Marche, Emilia-Romagna, 
Veneto, Molise, Friuli-Venezia Giulia, Dubrovnik-Neretva, Split-
Dalmatia, Istria, and Primorje-Gorski Kotar. The site-dependent 
investigation of the atmospheric indicators is proposed to emphasize 
which regions are more affected than others by the investigated 
climate hazards, and therefore deserve more attention in defining and 
proposing new adaptation strategies.

The main goal of this study was to present the results achieved 
within phase (ii) of the AdriaClim Project, focusing on the designed 

3 https://erddap-adriaclim.cmcc-opa.eu/erddap/

4 https://geoportale-adriaclim.datamb.it/
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atmospheric climate indicators. Therefore, the results shown in this 
study are not supported by uncertainty estimates, which are 
fundamental for developing robust adaptation strategies. Future 

investigations should consider a wider set of atmospheric climate 
simulations at high resolution available over Italy (e.g., Raffa et al., 
2023), in order to estimate the model uncertainty.

2 Data and methods

The limited area model (LAM) developed within the AdriaClim 
Project consists of an integrated and high-resolution Earth system 
model at mesoscale resolution and high temporal frequency. It is made 
of five components: atmosphere (WRF), hydrology (WRF-Hydro), 
marine hydrodynamics (NEMO), waves (WW3), and biochemistry 
(BFM). A detailed description is available in Deliverable 3.2.1 of the 
AdriaClim Project.5 Moreover, the WRF model configuration used 
(Skamarock et  al., 2008) is also comprehensive of a land-surface 
sub-model component provided by NOAH (Ek et  al., 2003). The 
atmospheric and the land-surface components share the same 
computational domain centered over the Mediterranean Sea at 
approximately 6 km spatial resolution and 6 h time frequency. The 
hydrological–hydraulics modules of WRFHydro component 
prognostically solve the selected 145 catchments ending into the 
Adriatic Sea with 600 m resolution. The marine component (NEMO) 
has a 2-km resolution computational grid centered on the Adriatic 
basin, with simulated 2D/3D modeling outcomes at 3-h/1 day 
time frequency.

The AdriaClim LAM is dynamically downscaled within a fully 
coupled regional climate model RCM (LMDz-NEMOMED; L’Heveder 
et al., 2013) available in the framework of the Med-CORDEX initiative 
(Ruti et al., 2016) and representing the state-of-the-art for the climate 
studies across our area of interest with approximately 30 km horizontal 
resolution for the atmosphere and 10 km for the ocean. Two 
downscaled climate simulations, each spanning 30 years, have been 
conducted with the LAM components WRF and WRFHydro, coupled 
in a one-way mode with the marine component, which, in turn, is 
forced at the air–sea and land–sea interfaces by WRF and WRF-Hydro, 
respectively. The coupling among the Earth system components is a 
one-way mode to exploit the upgrades introduced with the bias 
correction approach.

The climate window covered by the downscaling experiment 
spans from 1990 to 2050 with reinitialization in 2020. The RCP 8.5 
scenario is considered. The two time-slice simulations allow the 
hindcast experiment to learn from the use of bias correction. The 
starting years of the two time slices 1990–2020 and 2020–2050 are 
considered spin-up periods.

The grid spacings of the AdriaClim LAM ensure a proper 
resolution ratio of 1:5 for both atmosphere–land and marine 
downscaling. This combined with the time frequency considered here 
allows us to solve the mesoscale processes and the Earth system 
component interactions occurring at these scales. The atmospheric 
model component resolution of the AdriaClim LAM does not allow 
explicit solving of convection, but developing a higher resolution 
would mean a huge downscaling computational effort. Therefore, a 

5 https://programming14-20.italy-croatia.eu/web/adriaclim/

docs-and-tools

TABLE 1 Description of investigated indicators.

CC indicators Description

TG [degC/yr] Mean of mean daily temperature over 

the period.

TXX [degC/yr] Maximum value of daily maximum 

temperature over the period.

TXN [degC/yr] Minimum value of daily maximum 

temperature over the period.

CDD [days/yr] Consecutive dry days index per time 

period: Consecutive dry days is the 

greatest number of consecutive days per 

time period with daily precipitation 

amount below 1 mm.

CSU [days/yr] Consecutive summer days index per 

time period: Consecutive summer days 

index is the greatest number of 

consecutive summer days in a given 

time period. Summer days are the 

number of days where the maximum 

temperature is above 25 degrees Celsius.

SU [days/yr] Summer days index per time period: 

Summer days index is the number of 

days where the maximum temperature is 

above 25 degrees Celsius.

R95P [%/yr] This is the percent of time per time 

period of wet days (daily sum at least 

1 mm/day) where daily precipitation 

amount of a wet day is above a reference 

value. The reference value is calculated 

as the 95th percentile of all wet days of a 

given baseline period.

R95PTOT [%/yr] Precipitation percent due to R95p days: 

Percentage of total precipitation amount 

per time period due to R95P.

SDII [mm/yr] Simple daily intensity index per time 

period: Simple daily intensity index is 

the mean of precipitation amount on wet 

days. A wet day is a day with 

precipitation sum of at least 1 mm.

TR [days/yr] Tropical nights index per time period: 

tropical nights index is the number of 

days where the minimum of temperature 

is above 20 degrees Celsius.

CWD [days/yr] Consecutive wet days index per time 

period: Consecutive wet days is the 

greatest number of consecutive days per 

time period with daily precipitation 

above 1 mm.

The historical (years: 1992–2011) and projection (years: 2031–2050) periods are investigated. 
The baseline considered for computing thresholds is the period: 1992–2011. The 
computation of an indicator is based on annual aggregation.
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https://www.frontiersin.org
https://programming14-20.italy-croatia.eu/web/adriaclim/docs-and-tools
https://programming14-20.italy-croatia.eu/web/adriaclim/docs-and-tools


Fedele et al. 10.3389/fclim.2024.1330299

Frontiers in Climate 04 frontiersin.org

compromise of 1:5 downscaling ratio was applied, and the Tiedtke 
parameterization scheme for convection was activated within WRF.

To our knowledge, this is the first attempt to provide nested 
climate simulation over the Adriatic Sea at a few kilometer resolution 
and with all the Earth system components interacting with each other. 
This is expected to offer a more comprehensive knowledge of the 
Adriatic past, present, and future climate.

This objective justified the use of a single downscaling experiment, 
which is still common in the climate downscaling framework 
(Drenkard et al., 2021), combined with other practical reasons: (i) the 
computational constraints of the high-resolution multi-model here 
proposed and (ii) the gaps of the stored datasets within regional 
climate modeling initiatives as Med-CORDEX which do not allow to 
perform further downscaling at local scales.

As the aim of this study was to evaluate the evolution of climate 
indicators over the Adriatic coasts, it is necessary first to assess the 
ability of the atmospheric climate simulation to reproduce the past 
climate. To achieve this aim, the ERA5-Land high spatial (0.1°x 0.1°, 
9 km) and temporal resolution (hourly) global atmospheric re-analysis 
is used, which provides a view of the evolution of variables over land 
from January 1950 to the present (Muñoz Sabater, 2019). It has been 
produced by combining global observations with the ECMWF ERA5 
climate re-analysis (~ 30 km resolution; Hersbach et al., 2023) through 
physical equations. It provides a huge set of atmospheric variables over 
land on a regular latitude–longitude grid freely available on the 
Copernicus Climate Change Service portal (C3S; 10.24381/cds.
e2161bac; last access 13/09/2023). For these characteristics and its 
wide use in the literature, it has been chosen as a reference dataset to 
evaluate the model skills of the AdriaClim-WRF surface temperature 
(daily mean, maximum, and minimum values) and precipitation field 
at daily frequency, which are used for the computation of the climate 
indicators (Table 1) and describe the main hazards across the regions 
of interest.

In order to partially remove the simulation model bias (Maraun, 
2016), both the T and PREC variables were bias-corrected. Many 
bias-correction methods exist with different levels of complexity. 
Preferring a specific bias adjustment method over another may lead 
to uncertainty within the results. In fact, in literature, it is a 
common practice to apply different bias-correction methodologies 
(Casanueva et al., 2020). In this study, Empirical Quantile Mapping 
(EQM) has been chosen for its wide use in literature and flexibility 
(e.g., Piani et  al., 2010; Gudmundsson et  al., 2012; Lafon et  al., 
2013). It consists of point-by-point extrapolation of the statistical 
relationships between the model and the reference dataset over a 
common time series (control period). Once these statistics are 
retrieved, the entire period of interest is corrected, mapping all the 
quantiles from the model output’s empirical CDF onto the 
corresponding reference distribution. By using constant 
extrapolation, values that lie outside the calibration range are 
adjusted (with first and last percentile corrections for values below 
and above the calibration range respectively, according to Themeßl 
et al., 2012). Moreover, uncertainties may be also related to the 
reference data used. In fact, the choice of a specific dataset, instead 
of another, may impact the results (Casanueva et al., 2020). In 
future studies, this approach could be  extended to other bias-
adjustment techniques, using different reference data for model 
calibration, and investigating the uncertainty associated with the 
chosen methodology and observations. Due to the model frequency 

and data availability, two re-analyses were used to bias-correct the 
atmospheric simulation: UERRA-MESCAN-SURFEX (Copernicus 
Climate Change Service, Climate Data Store, 2019) for the 
temperature field and ERA5 for the precipitation (Hersbach et al., 
2023). UERRA has been chosen as it provides temperature data at 
a high spatial and temporal frequency (5.5 km and 1 h, respectively) 
over the domain of interest; meanwhile, it was not suitable for the 
precipitation field as the precipitation is available only at a daily 
frequency. Therefore, ERA5 was selected as it provides data over the 
entire territory, over both land and sea, at hourly frequency. 
Moreover, ERA5-Land was not taken into consideration as it 
provides land-only atmospheric data and the bias correction had to 
be applied over both land and sea.

For both the variables and datasets, a preliminary processing 
has been applied to make them comparable to each other, in terms 
of spatial/temporal coverage and temporal resolution. In this 
respect, T has been daily averaged from its native temporal 
resolution (6/1 hourly in WRF/ERA5-Land) for both datasets, 
while PREC has been cumulated at daily frequency. In addition, 
as this study is focused on the 9-AdriaClim Pilot Areas, the areas 
outside this domain are masked. Several diagnostics are used to 
evaluate the ability of the AdriaClim-WRF model to capture T and 
PREC: mean daily fields, probability density function (PDF), mean 
value (mean), and standard deviation (stdev) over the historical 
period from 1992 to 2011. The model spin-up for the historical 
run is neglected.

After the assessment of the model skills in reproducing T and 
PREC, the freely available CC atmospheric indicators obtained from 
these variables are investigated. The atmospheric indicators have been 
computed within the project activities taking advantage of the freely 
available CDO_ECA Tool,6 adapting the codes to the project purposes. 
The CDO_ECA Tool is based on the definitions provided by the 
Expert Team on Climate Change Detection and Indices (ETCCDI7) 
and by the European Climate Assessment (ECA8) projects. Eleven 
CC-relevant atmospheric indicators are chosen among those provided 
within the AdriaClim Project. Their description is available in Table 1. 
They are computed at annual aggregation on two time frames of the 
historical and projection periods, which are, respectively, 1992–2011 
and 2031–2050. These periods are selected as they are found in good 
agreement with re-analyses for the five-model components 
(Deliverable 3.2.1; Verri et al., 2023, under revision; Mentaschi et al., 
2024, under revision) and therefore are suitable for the purposes of 
this study. In particular, it has been found that the last 10 years of the 
historical experiment overestimated the wind intensity as the driving 
RCM and underestimated the river runoff for a few catchments, due 
to the shifted spatial distribution of the precipitation patterns. 
However, the first years of the projection simulation have been 
excluded to avoid any “step-like” numerical effect due to the new 
initialization of the climate model in 2020 with the RCP8.5 
scenario forcing.

In order to provide a compact view of the properties of the 11 
indicators over the nine pilot areas (Figure 1), boxplots are used to 
present the results. Moreover, Student’s t distribution has been applied 

6 https://code.mpimet.mpg.de/projects/cdo/embedded/cdo_eca.pdf

7 https://www.wcrp-climate.org/etccdi

8 https://www.ecad.eu/
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to each indicator and pilot area (Pearson, 1895) to test the significance 
and detect the existing outliers. The bottom and top whiskers present 
the minimum and maximum significance values (with a 
p � �value 0 05. ). Only values at a 95% level of significance 
are considered.

Taking advantage of the CC computed indicators (Table  1), 
differences among the mean state of the indicators in the projection 
and historical period are computed. The differences are obtained by 
subtracting the averaged value over the projection period from the 
respective averaged value over the historical one for each grid point of 
the domain. Those differences are computed both over the entire 
period and seasonal basis. For the latter, the seasons are extracted 
from the historical and projection periods, and then the difference is 
applied as described above.

Since, by construction, the AdriaClim-WRF historical and 
projection simulations differ only for the used climate forcing 
conditions, we assume that the differences between the scenario and 
historical baseline are mainly due to the RCP8.5 forcing.

3 Results

In this section, we discuss the results of this study. In the first part, 
the model’s performance in reproducing the temperature and 
precipitation fields over the historical period was assessed by 
comparing it with the ERA5-Land re-analysis. Then, in the second 
part, the CC atmospheric indicators are shown and discussed for each 
pilot area.

3.1 Model validation

The AdriaClim-WRF model is evaluated against ERA5-Land, 
investigating T and PREC. In Figure  1, the 2-m daily mean 
temperature (TMEAN) and mean daily cumulated precipitation 
(PREC) averaged over the period 1992–2011 are shown for 
AdriaClim-WRF (Figures 2A,C) and ERA5-Land (Figures 2B,D). By 
visual inspection, the main temperature patterns and associated 
values are accurately reproduced by the models over the pilot areas: 
Both show minimum temperature below ~7°C over the Alpine 
regions of Friuli-Venezia Giulia and Veneto, which gradually 
increases moving toward the sea reaching values of approximately 
14°C (Figures 2A,B). The temperature gradient from the Alps to the 
marine areas appears slightly stronger in AdriaClim-WRF than in 
ERA5-Land. Higher mean temperature values are found along the 
coasts in all the regions, while lower values characterize the 
Apennines and internal Croatian counties. The maximum TMEAN 
values are localized over the Puglia region, with local minimum 
patterns over the Gargano regions and internal areas in both datasets. 
As noted for the temperature field, precipitation looks consistent 
among the datasets with the distribution of patterns and values 
comparable to each other (Figures 2C,D). Stronger precipitations are 
related to more internal regions of the Croatian counties, over the 
Alps and Apennines, while minimum precipitations are associated 
with the Puglia region.

A more quantitative assessment of the model performance for 
T and PREC can be provided by investigating their PDFs (Figure 3). 
In addition to the cumulated daily precipitation (Figure 3A) and 

FIGURE 1

Investigated pilot areas over Italy and Croatia.
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mean daily temperature (Figure 3B), the maximum and minimum 
daily temperature are shown (TMAX, TMIN; Figures  3C,D, 
respectively).

The normalized PREC PDFs (Figure 3A) highlight similarities 
and differences between the two datasets: Both share the same 
range of values, with similar skewness and kurtosis; nevertheless, 
AdriaClim-WRF compared to ERA5-Land underestimates the 
precipitation against ERA5-Land. In particular, it overestimates 
the number of events without precipitation and underestimates 
events between 10 60÷  mm/day. This is better shown in the legend 
of Figure 2A, where the mean and stdev PREC values have been 
included. The AdriaClim-WRF model mean (3 mm/day) and 
stdev (7.4 mm/day) are lower than those found in ERA5-Land 
(4.3 mm/day, 10.1 mm/day, respectively). Figure  3B shows the 

PDFs for TMEAN in both the analyzed datasets. The curves 
accurately match each other, spanning over the same range of 
values (� �15 35 °C), with similar mean and stdev values (12 9. ±  
8.2, 12 6 8 1. .± °C in AdriaClim-WRF and ERA5-Land, 
respectively). Therefore, a slight shift toward higher temperature 
is found in the climate simulations, but it accurately represents the 
TMEAN mean state and variability of the re-analysis. The PDFs 
and related statistics (mean, stdev) for TMAX are shown in 
Figure  3C. Both the datasets cover the same range of values 
(� �10 40°C), but AdriaClim-WRF is slightly shifted toward 
higher temperatures, overestimating (compared to ERA5-Land) 
the events with temperatures higher than 25°C. Moreover, 
AdriaClim-WRF has a peak more pronounced approximately 
15°C and a smaller number of events in the temperature ranges: 

FIGURE 2

Averaged 2-m mean daily temperature over the historical baseline (1992–2011) in (A) AdriaClim-WRF and (B) ERA5-Land; averaged cumulative daily 
precipitation across the same period in (C) AdriaClim-WRF and (D) ERA5-Land.
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0 12÷  and 22 25÷ °C. The mean and stdev found for 
AdriaClim-WRF and ERA5-Land are 17 2. ±8.8 and 15 7. ±8.5°C, 
respectively. The similar stdev values highlight that even if 
AdriaClim-WRF slightly overestimates TMAX, it captures a 
variability comparable with the reference one. The last PDFs to 
be shown are those referred to as TMIN (Figure 3D). The two 
datasets share the range of values, capturing minimum 
temperatures spanning from ~−20 to ~40°C with the main mode 
centered at approximately 10°C in ERA5-Land and 5°C in 
AdriaClim-WRF. In the latter, a second less pronounced peak 
emerges at approximately 20°C. Nevertheless, the mean TMIN 
value is shifted toward higher temperatures with respect to the 
re-analysis (~9.6°C in AdriaClim-WRF and ~ 7.3°C in ERA5-
Land). While in terms of stdev, they have similar values: 7.6 in 
AdriaClim-WRF against 7.7°C in ERA5-Land. Therefore, on the 
basis of the results shown in this paragraph, we can assess that 
good performance in simulating the temperature and precipitation 
mean fields and variability over the historical period characterizes 
AdriaClim-WRF with respect to the reference, and as a 

consequence, it can be  used to investigate climate change 
indicators over the nine pilot areas.

3.2 Climate change atmospheric indicators 
in the AdriaClim sub-regional climate 
model

The CC atmospheric indicators chosen for the nine pilot areas 
around the Adriatic Sea are based on the TMEAN, TMAX, TMIN, and 
PREC variables, whose performance has been assessed in the previous 
section. In this paragraph, we first investigate the difference among the 
mean state over the future and past climate for each of these variables 
at a daily frequency. Then, we  describe the CC indicators yearly 
aggregated through a site-dependent investigation to emphasize which 
ones are more affected than others by the investigated climate hazards 
(temperature disease and hydrological instability) and therefore 
deserve more attention in defining and proposing new 
adaptation strategies.

FIGURE 3

Probability density function (PDF) for the (A) cumulative daily precipitation, (B) 2-m mean daily temperature, (C) 2-m maximum daily temperature, and 
(D) 2-m  min daily temperature for AdriaClim-WRF (in blue) and ERA5-Land (in red). For the precipitation fields, a histogram plot is used, while for the 
mean, minimum, and maximum temperatures, both histogram and interpolated curves are shown to better highlight the features of PDFs.
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3.2.1 Mean state differences between expected 
future climate conditions and ones reported on 
the reference period

Figure 4A shows the TMEAN difference map over the nine pilot 
areas (see Section 2). The temperature difference over the map is 
positive over the entire domain, with values spanning from 0 to 
2.3°C. This indicates that the increase in the mean temperature over 
the domain of interest, driven by the RCP8.5 scenario conditions, 
is captured by AdriaClim-WRF. The highest values are reached in 
Northern Italy, with local maximum peaks over the Veneto and 
Friuli-Venezia Giulia regions (mean differences exceeding 1.7°C). 
As the latter, the TMEAN differences are also enhanced in the 
Emilia-Romagna region, where they exceed 1.5°C, reaching 
stronger values on the west side. Furthermore, the Croatian 
Counties, especially the northeastern Adriatic sector and the 

southernmost pilot area (Split-Dalmatia), have temperature peaks 
reaching temperatures approximately 1.5°C higher than the 
historical period. Lower positive differences characterize central 
Italy and the northern Puglia region. In the latter, the TMEAN 
differences exacerbate in the southernmost part, reaching 
temperatures even higher than 1.5°C.

Investigating the TMIN difference map (Figure  4B), different 
patterns emerge. A general positive increase in the minimum daily 
temperature is captured by most of the areas. However, more localized 
negative values (� �0 1 0. °C) appear on the North-Eastern Adriatic 
Sea, Marche, Molise, and north-central Puglia region. The higher 
minimum temperatures are localized over the Puglia region, with 
peaks centered on Otranto (2 2 2÷ . °C). However, for the remaining 
regions, the TMIN values oscillate between 0 1 3and . °C.

In Figure 4C, the TMAX difference map is shown. As discussed 
for the TMEAN, the regions more affected by the highest 
temperatures are those in Northern Italy. The highest TMAX peaks 
are localized over the Alps regions (Veneto and FVG; values up to 
2.5°C), followed by the Northern Croatian regions (~1.5°C). In 
contrast, a decrease of TMAX (� �0 2 0.  °, C) compared to the past is 
found in the central and east-central sectors of the Molise region and 
in Puglia over the Gargano and Central sectors. Lower positive 
anomalies surround the negative differences with values of 
approximately 0.5°C.

On the basis of this visual investigation of mean, minimum, and 
maximum temperature difference between future and past climate, the 
stronger increase in temperature affects the northern regions of Italy 
in agreement with several studies (e.g., Appiotti et  al., 2014; 
Bucchignani et al., 2016; Straffelini and Tarolli, 2023).

The impact of the RCP8.5 scenario with respect to the historical 
period on the precipitation patterns is presented in Figure 5, where 
the PREC difference is shown. By visual inspection, as highlighted in 
Figure  5, the Croatian-designed pilot areas are all affected by a 
decrease in cumulated daily precipitation, especially in the southern 
regions. In contrast, a non-homogeneous pattern of PREC differences 
over the Italian pilot areas is captured: in the northern sector (FVG, 
Veneto, and ER), a huge decrease in precipitation (negative 
differences) is observed (values spanning between −2 0and  mm/
day), while the southernmost regions (Marche, Molise, and Puglia) 
are affected by a precipitation increase over most of the territory 
(positive PREC differences; values spanning between 0 1and +  mm/
day). The Marche region is characterized by lower/higher 
precipitation in the northern/southern sector. The maximum PREC 
difference reaches ~1 mm/day. In the Molise region, the precipitations 
over almost the entire territory increase (0 1÷  mm/day), but still 
present negative patterns over the Apennines. The Puglia region, in 
central Italy, is characterized by a slight precipitation decrease in 
some areas (~ −0 5.  mm/day) and a precipitation increase in others 
(up to 1 mm/day).

As a consequence, as an increase in the temperatures is expected, 
accompanied by a marked decrease in the precipitation over the 
Northern Italy and Croatia pilot areas, these regions may be highly 
impacted by droughts in the next decades.

An inspection on a seasonal basis of the TMEAN, TMIN, TMAX, 
and PREC differences between the future and past climate over the two 
periods considered is shown in Figures 6A–D, respectively.

During the winter season (from December to February—DJF), 
higher TMEAN values (Figure 6A) characterize most of the pilot 

FIGURE 4

Difference between the mean states over the scenario (2031–2050) 
with respect to the mean state over the historical period (1992–2011) 
for the following variables: 2  m (A) mean, (B) minimum, and 
(C) maximum temperatures.
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areas, reaching values up to 2°C, with higher values over the Alps 
and southernmost Apulia region. High difference (~ +1.5°C) 
values are also found in the eastern side of the Emilia-Romagna 
region, inverting signs over the coasts, where weak negative values 
(−0.1°C) are found. In contrast with the general pattern found 
over these regions, negative differences (~ −0.5°C) characterize 
the northeastern Croatian territory. Weak negative peaks (~ 
−0.1°C) are also found in the Molise and Apulia regions in the 
more internal areas. During spring (from March to May—MAM), 
a quasi-homogeneous positive pattern of TMEAN differences (~ 
1.4°C) is found over the pilot areas, with values exceeding 2°C in 
the Veneto and FVG regions. Those TMEAN differences are 
emphasized in the summer season (from June to August—JJA), 
exceeding +2.5°C in Veneto, FVG, and Northwestern Croatia. 
Moving toward lower latitudes, lower positive values are captured. 
Nevertheless, as seen for the northernmost territories, the Puglia 
region still reaches values up to +2°C in the southernmost area. A 
pattern similar to those found in summer is also captured in fall 
(from September to November—SON), with smoothed differences 
reaching up to +2°C. Analyzing the TMIN differences (Figure 6B) 
during winter the negative values found in the same period for the 
TMEAN are here exacerbated with negative peaks exceeding 
−0.5°C in Emilia-Romagna, Veneto, FVG, Croatia, and spotted 
peaks over Puglia and Molise. While TMIN differences higher than 
+2°C characterize the southern easternmost Puglia region. From 
spring to fall, positive TMIN differences are found over the pilot 

areas with higher values over Puglia, followed by Emilia-Romagna, 
Veneto, and FVG. Negative weak TMIN differences are captured 
only in narrow zones of Marche and Croatia in summer and fall, 
respectively. By investigating TMAX differences (Figure 6C) over 
the pilot areas, the Northeastern regions still present strong peaks 
in all the seasons, exceeding +3°C during summer. Negative 
values are instead captured in the internal northern Croatian areas 
during winter (> −0.5°C) and in Molise and Puglia from March 
to November with peaks exceeding −0.5°C during summer in the 
more internal regions. The analysis of the PREC differences 
(Figure 6D) over the same periods analyzed above highlights the 
seasonal change in precipitation in the future compared to the 
past. Differences span between high absolute negative (up to 
−2 mm/day) and positive values (~1 mm/day) over the pilot areas, 
showing a decrease in the precipitation amount especially in 
North Italy and Croatia. The latter would be  affected by low 
values, especially during winter, summer, and fall. Moreover, an 
increase in precipitation may affect the Marche, Molise, and 
Puglia regions, with differences emphasized in winter. In spring, 
a slight PREC increase may interest most of the regions (highest 
values in Central Italy), while in summer a decrease in 
precipitation is expected in each pilot area. The northern regions 
(especially FVG and Veneto) are therefore expected to be affected 
by more temperature extremes and dry conditions, while the 
southern regions would be less warm than the northernmost but 
may be affected by more extreme precipitation.

FIGURE 5

Difference between the mean states over the scenario (2031–2050) with respect to the mean state over the historical period (1992–2011) for the 
cumulative daily precipitation.
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3.2.2 CC atmospheric indicators
In order to better evaluate the hydrological instability and thermal 

discomfort hazards over the nine pilot areas, 11 indicators at annual 
aggregation have been computed in each pilot in both the historical 
and projection periods. In Table 1, the CC atmospheric indicators 
are presented.

In this paragraph, we first describe the indicators depending on 
TMEAN, TMAX, and TMIN (Figure  7) and then discuss those 
depending on PREC (Figure 8).

The first presented indicator is tg (Figure 7A), which is the mean 
of daily temperature over the period (based on annual aggregation). 
Here, tg (as the other indicators defined in Table 1) is computed for 
each year of the historical and projection time series. For each pilot 
area, the boxplots show a clear increase of tg in the future with 
respect to the past according to the RCP8.5 scenario forcing. For 
most of the pilot areas, there is a clear shift in the future toward 
higher values, both for the mean, minimum, and maximum tg values 
at a 95% level of significance. However, in the Molise Region, tg 
reaches higher mean and maximum values in the future, while the 
minimum temperature slightly decreases. The distributions in the 
Puglia, ER, Veneto, FVG, and Dubrovnik-Neretva are more skewed 
toward the higher values in the projection, suggesting that more 
extreme events are expected. In Table 2, the mean difference for each 

indicator over the pilot areas is presented. In particular, it is shown 
that tg has lower values over Central Italy (Molise and Marche 
regions: 0.5–0.6°C, respectively), which increase up to 1.2°C in 
Puglia, Primorje-Gorski Kotar, Emilia-Romagna, Split-Dalmatia, 
Istria, and Dubrovnik-Neretva (sorted by increasing value), up to 
exceeding 1.5°C in Veneto and FVG.

The second indicator to be presented is txx (Figure 7B), which is 
the maximum value of daily maximum temperature. In the projection 
period, the maximum txx significant (p value� � 0 05. ) value 
increases in most of the pilot areas, except for Marche, Veneto, Molise, 
and FVG where similar values with respect to the past are found. The 
range of txx within the future period is shifted toward higher 
temperatures in most of the regions. Both minimum and maximum 
txx reach higher values in the future in each pilot area, except Molise 
and Puglia. In the former, the distribution in the projection period is 
similar to that found in the past, in terms of both range and mean 
value. The only feature that looks more affected by the RCP8.5 
scenario forcing is the variability, which may decrease (lower stdev 
found). In contrast, in the Puglia region, txx is predicted to span over 
a wider range of values and stdev, to reach more extreme minimum 
and maximum values. Significant positive differences from 0.8 to 3.5°C 
are found in the pilot areas, except for Puglia and Molise where it is 
slightly negative (−0 1. °C). The stronger differences, exceeding 2°C, are 

FIGURE 6

Seasonal difference (DJF, MAM, JJA, and SON) between the mean state over the scenario (2031–2050) with respect to the mean state over the 
historical period (1992–2011) for the (A) TMEAN, (B) TMIN, (C) TMAX, and (D) PREC.
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related to FVG, Istria, Veneto, and Dubrovnik-Neretva (3.5, 2.7, 2.6, 
and 2.5°C).

The third indicator to be  analyzed is txn. By definition, it is 
obtained by taking the minimum value of the daily maximum 
temperature for each year. By inspecting Figure 7C, the range between 
the minimum and maximum significant txn values is wider in the 
projection period in most of the regions. In fact, the maximum txn 
shifts toward higher values in many pilot areas: Puglia, Marche, ER, 
Veneto, FVG, Dubrovnik-Neretva, Split-Dalmatia, and Istria. 
Moreover, lower values also characterize a few pilot areas in the 

projection period: Puglia, ER, Veneto, Molise, Dubrovnik-Neretva, 
and Primorje-Gorski Kotar. Positive txn differences (spanning between 
0 1 0 4. .and °C) are quantified in Table 2 in most of the regions. Only 
in Dubrovnik-Neretva and Split-Dalmatia negative differences are 
found (~ −0 7.  °C), while in Molise, Istria, and Primorje-Gorski Kotar, 
there are not relevant changes (as also shown by Figure 7).

The fourth indicator shown in Figure  7D is tr, which is the 
number of tropical nights per year. It consists of the number of days 
during which the minimum temperature is above 20°C (Table 1). It is 
highlighted in Figure  7D that the number of tropical nights will 
increase in the future. Some pilot areas are more sensitive than others, 
in fact, the average increase over the pilot areas spans between ~ 8 and 
22 days year/  (Table 2). The maximum differences are found in the 
Puglia region with 21.9 days/ year more than in the past, while lower 
differences are found in the Primorje-Gorski Kotar County, where 
approximately 8 6. /days year  more than in the past is found. High 
differences also impact the Dubrovnik-Neretva, Veneto, and ER 
regions (20 8 18 9 18. , . , /days year ). Moreover, the median of the 
distribution over each pilot area (Figure 7D) is shifted toward higher 
values, indicating that the frequency of occurrence of tropical nights 
will increase. Therefore, years from 2031 to 2050 will be characterized 
by more extreme temperatures nights with respect to the period: 
1992–2011.

The fifth indicator presented in Figure 7E is su, which represents 
the number of days where the maximum temperature is above 25°C. It 
is also known as the summer day index (Table 1). Positive differences 
over most of the pilot areas are captured in Figure 7E and quantified 
in Table 2. Only the Molise region in contrast with the others presents 
a low negative difference (−1 1. /days year ), while positive values can 
reach up to ~ . /31 26 days year in FVG. The negative difference found 
in Molise may be explained by the shift of the su 5th percentile value 
above a lower number of days. Nevertheless, the number of maximum 
su and its 95th percentile value is higher in the future with respect to 
the past. The increasing number of days associated with temperatures 
higher than the threshold (25°C) is consistent with results related to 
tg. Moreover, the minimum number of su increases toward higher 
values in Marche, ER, Dubrovnik-Neretva, Split-Dalmatia, and Istria. 
According to the minimum and maximum general increase of su in 
the future decades, also the median of the distributions is shifted 
toward higher values, suggesting that in the next decades, more years 
will be  characterized by more extreme su, and the probability of 
occurrence of summer days in the next years will increase.

The sixth indicator to be analyzed is csu, which by construction 
depends on the previous one. In fact, it is the consecutive summer 
days index per time period. It is computed by taking the greatest 
number of consecutive summer days for each year (Table  1). As 
observed for su, also csu reaches a number of days higher in the future 
period for each pilot area. Moreover, both the 5th, 50th, and 95th 
percentile values are shifted toward higher values in most of the 
regions, indicating that the probability of having consecutive days with 
a maximum temperature exceeding 25°C is much higher in the future. 
The differences are quantified in Table 2. Positive differences are found 
in each pilot area, with minimum values in the Molise region 
(~ /1days year ), which increase up to ~25 8. /days year  in Istria. 
High differences also characterize Northern Italy with 24 1 23 5. , . ,and 
21 6. /days year  in FVG, Veneto, and ER. However, in central and 
southern Italy, the differences are much lower, reaching values up to 

FIGURE 7

Boxplots for (A) tg, (B) txx, (C) txn, (D) tr, (E) su, and (F) csu for each 
pilot area (Figure 1) over the historical (1992–2011; in gray) and 
projection (2031–2050; in black) period. The whiskers include the 
minimum and maximum significant values with a value of p of 0.05. 
In red, the median is shown.
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9 3 8 8. , . ,and 1days year/  in Puglia, Marche, and Molise, respectively. 
These results suggest that heat wave events may impact Northern Italy 
more than the southernmost pilot areas.

Additional indicators, based on the precipitation variable 
simulated by AdriaClim-WRF, are provided in Figure  8. These 
indicators have been computed starting from the daily cumulated 
precipitation aggregated on a yearly basis.

The first of these indicators is the cwd (Table 1), which is the 
number of consecutive wet days index per year, which consists of the 
greatest number of consecutive days per year with daily precipitation 
above 1 mm. In Figure 7A, a consistent decrease of cwd in the future 
period with respect to the past emerges in all the pilot study areas. 
The differences are quantified in Table  2. They span from 
−6 days year/  in FVG, up to −0 6. /days year in the Marche region. 
The distributions are all shifted toward lower values with differences 
among the two periods emphasized in FVG and Veneto 
(− −6 5 1, . /days year). However, the regions less affected by changes 

in the cwd between the historical and projection periods are Marche, 
Molise, and Puglia regions with differences between 
− −1 1 0 6. . /and days year  (Table  2). Both the maximum and 
minimum number of cwd per year will decrease in the future. 
Moreover, the main mode shifts toward lower values, indicating that 
not only the cwd extremes are affected. The general decrease in 
consecutive wet days emphasizes the increasing emergency of 
drought conditions over the pilot areas.

The second indicator shown in Figure 8B is cdd, which indicates 
the greatest number of consecutive days per year with daily 
precipitation amount below 1 mm. If from one side the cwd is expected 
to decrease in the projection, cdd is expected to increase in all the pilot 
areas (Figure 8B; Table 2). The distributions are all shifted toward 
higher values. The differences are quantified and shown in Table 2. The 
highest number of cdd is reached in Molise, followed by Puglia, 
Dubrovnik-Neretva, Marche, and Split-Dalmatia. The remaining pilot 
areas still have positive differences but are less pronounced (<14 
days yr/ ). Both the extremes (maximum and minimum significant 
cdd values per year) and median are shifted toward higher values. In 
the Dubrovnik-Neretva region, the cdd maximum is characterized by 
~60 days/year more than the historical period, followed by Molise with 
~50 days/year and Puglia with ~40 days/year. Huge differences in the 
maximum significant cdd values per year also emerge in Marche, ER, 
and Split-Dalmatia, while in the remaining areas, they are much 
less pronounced.

The third indicator to be investigated in Figure 8C is sdii, which is 
defined in Table 1 as the simple daily intensity index per year, which 
is the precipitation amount on wet days. The boxplots in Figure 8C 
highlight the increase of sdii in the future period with respect to the 
past in all the regions, except FVG (shown also in Table 2). Stronger 
differences between future and past periods are found in central and 
southern Italy with maxima in the Molise region, which has been 
classified as second for the increase of cdd among the nine pilot areas. 
Therefore, if the soil becomes drier due to the increased/decreased 
cdd/cwd, and increased temperatures in the nine pilot areas, 
we speculate that the rising of the precipitation daily amount may lead 
to severe flood conditions. Then, analyzing indicators related to 
precipitation extremes, such as r95p and r95ptot, is relevant in this 
study (Figures 8C,D).

In this respect, the fourth indicator to be investigated in Figure 8D 
is r95p. It consists of the percent of time per year of wet days (daily 
sum at least 1 mm/day) where the daily precipitation amount of a wet 
day is above a reference value (Table  1). The reference value is 
calculated as the 95th percentile of all wet days of a given baseline 
period (years: 1992–2011). As shown by the boxplots, in every region 
the differences are positive and may exceed up to 11.4% per year, 
except FVG where a low decrease in % per year is found (−0.8% yr.−1). 
These values therefore suggest a mean increase in extreme 
precipitation events over the Adriatic regions here considered.

Finally, the last indicator to be investigated is r95ptot (Figure 8E), 
which is the percentage of total precipitation amount per year due to 
r95p. As shown in Figure 8E and measured in Table 2, the differences 
in r95ptot between the projection and historical period are always 
positive. These differences are maximized in the Molise region, where 
higher r95p are captured (23.2% yr.−1), followed by Puglia, Marche, 
and Emilia-Romagna (17.7, 19.4, 13.7% yr.−1). The high percentages 
found indicate that not only the extreme event occurrence (r95p) will 
increase but also their intensity.

FIGURE 8

Boxplots for (A) cwd, (B) cdd, (C) sdii, (D) r95p, and (E) r95ptot for 
each pilot area (Figure 1) over the historical (1992–2011; in gray) and 
projection (2031–2050; in black) period. The whiskers include the 
minimum and maximum significant values with a value of p of 0.05. 
In red, the median is shown.
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4 Discussion and summary

The availability of accurate information on the evolution of the 
climate in the next decades at the local level is fundamental to 
assessing the expected climate conditions, supporting adaptation 
strategies, and promoting local climate resilience actions. The 
AdriaClim Project goal is in line with this purpose, focusing on the 
Adriatic coastal areas, which are highly sensitive to global warming 
(e.g., Appiotti et al., 2014; Bucchignani et al., 2016; Straffelini and 
Tarolli, 2023). In this respect, the AdriaClim integrated regional 
model provides a unique framework to investigate the future climate 
in the Adriatic region. In fact, it is the first attempt to provide nested 
climate simulation over the Adriatic Sea at a resolution of a few 
kilometers, with all Earth system components interacting with each 
other (Verri et al., 2023, under revision).

The climate indicators provided within the project span from the 
atmospheric to the sea state, to the hydrological, up to the biogeochemical 
ones. Due to the huge amount of data produced, this study focuses only 
on the atmospheric indicators. However, Santos da Costa et al. (2023, 
under revision) and Mentaschi et al. (2024, under revision) investigated 
the marine and biogeochemical ones, respectively.

The atmospheric model component (AdriaClim-WRF) outputs 
were analyzed, inspecting the performance of AdriaClim-WRF 
against ERA5-Land over the historical baseline. Both the mean state 
and the variability over the past climate are investigated. Results from 
Figure 2 show good model skills in reproducing the mean patterns 
over the nine designed pilot areas, both for the 2-m mean daily 
temperature and mean daily cumulated precipitation. Moreover, by 
inspecting the mean state and variability over the historical period 
(Figure  3), we  can conclude that the model accurately represents 
observations with some limitations: (i) It slightly underestimates the 
precipitation mean value and standard deviation; (ii) it accurately 

captures the mean state and standard deviation of the 2-m mean 
temperature; (iii) it tends to overestimate the temperature mean state 
and standard deviation of the 2-m max temperature; and (iv) it tends 
to overestimate the temperature mean state of the 2-m min 
temperature, while accurately capturing the standard deviation. Those 
differences are acceptable for climate model studies, and then, CC 
atmospheric indicators have been computed to assess the role of the 
main climate atmospheric hazards taking place. In particular, the 
hydrological instability and thermal discomfort are considered.

In the climate community, in order to estimate how the future 
climate will change with respect to the historical baseline, a common 
approach aims at analyzing the differences between the future and the 
past climate. Accordingly, we applied this methodology within this 
study, computing the differences for the precipitation and temperature 
variables (Figures 4, 5) between the future (2031–2050) and past (1992–
2011) climate. Positive differences characterize most of the investigated 
domains, in both terms of TMIN, TMEAN, and TMAX. Temperature 
differences are maximized in North Adriatic, reaching maximum values 
up to ~3°C/day. Peaks in the mean and minimum daily temperature 
difference are also localized in Puglia, near the Otranto Gulf. In contrast, 
the precipitation difference is characterized by more locally dependent 
patterns over the Italian Peninsula, with a strong precipitation decrease 
in the North of Italy (down to ~ −2 mm/day) and an increase over the 
Marche, Molise, and Northern Puglia regions. However, over the 
Croatian counties considered in this study, a negative precipitation 
difference pattern is found. Stronger values may interest the 
southernmost regions (Split-Dalmatia and Dubrovnik-Neretva; 
Figure 5). By investigating the differences for each season other features 
emerge, the northern regions in each season (especially FVG and 
Veneto) are expected to be much warmer than the past in terms of 
TMEAN, TMIN, and TMAX (Figure 6) and drier, reaching the highest 
differences during summer. In contrast, the southernmost regions 

TABLE 2 AdriaClim-WRF differences between the projection (2031–2050) and historical (1992–2011) periods.

Puglia Marche Emilia-
Romagna

Veneto Molise Friuli-
Venezia 
Giulia

Dubrovnik-
Neretva

Split-
Dalmatia

Istria Primorje-
Gorski Kotar

TG [degC/
yr] 0.8 0.6 0.9 1.5 0.5 1.6 1.2 0.9 1.2 0.8

TXX [degC/
yr] −0.1 0.8 1.5 2.6 −0.1 3.5 2.5 1.9 2.7 2.3

TXN [degC/
yr] 0.1 0.4 0.4 0.2 0 0.3 −0.7 −0.7 0 0

CDD [days/
yr] 27.9 26.8 19.5 6.7 28.5 3.4 27.8 23.9 10.7 13.7

CSU [days/
yr] 9.3 8.8 21.6 23.5 1 24.1 21.2 11.7 25.8 15.8

SU [days/yr] 5.1 6.4 16.9 23.8 −1.1 31.26 28.1 17.9 27.4 24.5

R95P [%/yr] 10.4 8.9 5.2 1.3 11.4 −0.8 1.5 1.3 0.4 1.3

R95PTOT 
[%/yr] 17.7 19.4 13.7 6.2 23.2 1.5 4.2 4.6 4.9 8.6

SDII [mm/
yr] 2.6 2.8 1.6 0.2 3.7 −0.9 0.9 0.6 0.4 0.7

TR [days/yr] 21.9 10.5 18 18.9 12.4 13.1 20.8 14.1 16.7 8.6

CWD [days/
yr] −1 −0.6 −3.5 −5.1 −1.1 −6 −3.3 −4.1 −4.3 −3.1

In orange/blue the positive/negative differences are shown.
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would be less affected by temperature increases but may be hit by more 
extreme precipitation, especially during winter (DJF).

A more detailed discussion is then conducted using the boxplot 
diagrams (Figures 7, 8) of the 11 CC atmospheric indicators computed 
over the nine pilot areas (Table 1), based on temperature and precipitation. 
Supported by quantified values of the differences over the historical and 
projection period (Table 2), they highlight the increase in temperatures 
over most of the region, coupled with a decrease in precipitation, leading 
to drought and flooding conditions in most of the regions. The results 
show that the northernmost regions (North Italy and Croatia pilot areas) 
are more sensitive to thermal discomfort. Moreover, the strong 
temperature combined with the huge decrease in the mean precipitation 
found over the projection period, favor severe drought conditions. In 
addition, even if the precipitation over the future decades tends to 
decrease (cwd/cdd decrease/increase), the amount of precipitation 
associated with the wet days increases (sdii), leading to more frequent and 
stronger extreme events (r95p, r95ptot). These conditions may lead to 
severe floods, with a strong impact on agriculture and food production 
(Straffelini and Tarolli, 2023).

As found for the northernmost regions, the Central and Southern 
Italian pilot areas are also characterized by the temperature increase, 
reaching higher peaks in the southernmost Puglia region. Nevertheless, 
even if the cwd/cdd decreases/increases as found over North Italy and 
Croatia, the amount of precipitation related to wet days strongly increases 
(sdii). Moreover, the extreme precipitation events occurrence and 
intensity (r95p, r95ptot) increase over these pilot areas in the next decades, 
leading to severe hydrological instability. This may explain why, even if 
fewer precipitation events occur over these areas, the mean precipitation 
difference is positive over most of the Marche, Molise, and Puglia regions 
(Figure 5), reaching values up to ~1 mm/day.

It is worth mentioning that these analyses should be carefully 
considered when supporting adaptation strategies due to the lack of 
uncertainty estimates. Future studies should consider a wider set of 
atmospheric simulations at high resolution available over Italy, such 
as Raffa et al. (2023), in order to estimate the model uncertainty.
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