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 A B S T R A C T

Many regional administrations are currently developing tailored adaptation strategies, based on the unique 
characteristics of their territories, which includes local climate patterns and, more importantly, environmental 
and socioeconomic factors. Yet, exploiting this wealth of information to design effective climate strategies 
remains a challenge.

This study outlines the approach used to establish the basis for the climate strategy in the Autonomous 
Province of Trento, a mountainous region in northern Italy and part of the European Alps. The approach 
adopted by the regional government emphasizes the need for a multi-level, multi-stakeholder approach to 
shape the development of a regional adaptation strategy. Here, we present three major steps of this process, 
highlighting the collaborative effort between diverse entities: (1) Compilation of an up-to-date scientific review 
of the existing knowledge about climate change impacts in the region, (2) Creation of reference climate 
scenarios, and (3) Dissemination of a summary of the report to the general public.

The literature review revealed large heterogeneity across socioeconomic sectors in the scientific literature 
focusing on the impacts of climate change. This disparity was reflected in the informative report, which 
simplified and summarized the technical information without sacrificing scientific accuracy. The creation of 
climate scenarios had to balance multiple aspects, including mountain topography, data availability, and needs 
from stakeholders, by using a layered approach combining spatially aggregated results, statistical downscaling, 
and high-resolution convection-permitting models.
Practical implications

The climate is undergoing significant changes, profoundly affecting 
both the environment and society. These impacts include shifts in 
ecosystems, biodiversity, disruptions in human activities, economies, 
and livelihoods. The far-reaching consequences underscore the urgency 
of addressing the impacts of climate change.
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1. Local adaptation strategies are essential: The case of the Au-
tonomous Province of Trento (for brevity, Trentino hereafter) 
highlights the importance of regionally tailored climate adap-
tation strategies. It prioritizes localized planning that considers 
specific environmental and socioeconomic contexts, particularly 
in vulnerable regions like mountainous areas.
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2. Collaboration enhances effectiveness: Trentino’s experience shows 
the benefits of involving interdisciplinary experts, scientific com-
munities, and public administration. Such collaborative
approaches foster communication across sectors and institutions 
with the aim to build a robust adaptation framework.

3. Invest in knowledge transfer and public engagement: Climate adap-
tation is more effective when scientific knowledge is made 
accessible to the general public. Trentino’s efforts to dissem-
inate information through a public report serves as a model 
for raising awareness and encouraging community engagement. 
Policy makers should support similar outreach initiatives to 
build public understanding and support.

4. Address data fragmentation with coordinated efforts: Italy’s frag-
mented climate and meteorological systems pose challenges for 
coherent policy-making. Regional authorities could advocate for 
stronger coordination at the national level while continuing 
to develop their own high-quality climate datasets and make 
them easily accessible. Creating regional climate services with 
standardized methods can help bridge existing gaps.

5. Use scientific assessments to inform funding and policy: Identify-
ing key climate risks and research gaps, as done in Trentino, 
provides a foundation for targeted investment and policy de-
velopment. Decision-makers can use these assessments to direct 
funding toward research, infrastructure, and adaptive measures 
where they are most needed.

6. Leverage state-of-the art data and methods: Integrating validated 
climate scenarios with locally-tailored post-processing can
strengthen the reliability of adaptation plans. This allows prac-
titioners to build their strategies on high-quality data while 
tailoring applications to local needs.

1. Introduction

Scientific evidence for global climate change is extensively docu-
mented in numerous publications and technical reports, as synthesized 
in the recent Assessment Reports of the Intergovernmental Panel on 
Climate Change (IPCC) (IPCC, 2019, 2013, 2023). To support the 
adoption and implementation of climate change adaptation measures, 
the 2021 European Adaptation Strategy calls on national and regional 
authorities to take decisive action (Rayner et al., 2023). In Italy, for in-
stance, the National Adaptation Plan (Piano Nazionale di Adattamento 
ai Cambiamenti Climatici — PNACC) was only approved in 2023 (Min-
istero dell’Ambiente e della Sicurezza Energetica, 2023). According to 
PNACC (Ministero dell’Ambiente e della Sicurezza Energetica, 2023) 
recommendations and to the political mandate they received for elabo-
rating both local policies and planning of actions, several Italian regions 
decided to develop their own adaptation strategies and plans, often 
engaging interdisciplinary experts and working groups (Pietrapertosa 
et al., 2021). As presented also by ISPRA (Istituto Superiore per la 
Protezione e la Ricerca Ambientale) (ISPRA - Istituto Superiore per la 
Protezione e la Ricerca Ambientale, 2023), this includes regions such 
as Sardegna (Regione autonoma della Sardegna, 2024)), Liguria (Re-
gione Liguria, 2023), and Emilia-Romagna (Regione Emilia Romagna, 
2018). Since a national meteorological and climate service is still under 
development in Italy, the collection and management of climate data is 
fragmented into regional and sub-regional offices, which adds a further 
layer of complexity to such efforts.

The territory of the Autonomous Province of Trento, hereinafter 
referred to as Trentino (Fig.  1), is a mountainous region in the south-
eastern Alps particularly sensitive to the impacts of climate change. 
Like many mountain regions around the world, Trentino faces climate 
risks threatening both the environment and relevant socioeconomic 
sectors (Hock et al., 2019). Mountains are among the most vulnera-
ble ecosystems to climate change, where local effects are amplified 
by complex orography. In particular, the Alpine region has already 
experienced significant shifts in temperature and precipitation patterns 
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Fig. 1. The territory of the Autonomous Province of Trento (Trentino) in 
northern Italy.

depending on sub-region, season, and elevation (Kuhn and Olefs, 2020; 
Tudoroiu et al., 2016; Napoli et al., 2019).

Addressing the aforementioned challenges requires decision-makers 
to develop and implement targeted adaptation strategies. This process 
demands a multilevel, multi-stakeholder approach to ensure the effec-
tive design and implementation of regional adaptation plans (Gretter 
et al., 2024).

In 2021, the Autonomous Province of Trento approved the work 
program ‘‘Trentino Climate 2021-2023’’, which outlines the activities 
required to support the drafting of the ‘‘Provincial Strategy for Climate 
Change Mitigation and Adaptation’’, whose first version is expected 
before the end of 2025. The above-mentioned work program, whose 
implementation is coordinated by the Provincial Agency for Envi-
ronmental Protection (APPA) of the Autonomous Province of Trento, 
includes scientific collaborations, communication activities targeted 
at the general public but also specifically at the youth, as well as 
participatory approaches for climate risk assessment and identification 
of possible adaptation measures based on the methodology of climate 
impact chains (Gretter et al., 2024; Zebisch et al., 2021).

In this study, the approach followed by the Autonomous Province of 
Trento is presented in Section 2 along with the methods implemented, 
Section 3 discusses the results obtained for the region, and Section 4 
presents the main conclusions.

2. Methods

In the present work, we present the main results and challenges 
of three activities involving the collaboration between APPA, the De-
partment of Civil, Environmental, and Mechanical Engineering at the 
University of Trento (DICAM), and the Science Museum of Trento 
(MUSE), namely:

1. A synthesis of existing studies on past and future climate change 
and its impacts in Trentino (scientific state-of-the-art knowledge 
base, Sections 2.1 and 3.1)

2. The development of reference climate scenarios for Trentino 
(future climate data for information and for impact studies, 
Sections 2.2 and 3.2)

3. The communication of key results in an informative report (out-
reach to the general public, Sections 2.3 and 3.3)

These activities were performed under the umbrella of a general 
agreement existing between the Provincial Government and the local 
research institutions for cooperation in environmental research and 
studies. A specific implementation agreement was signed by APPA 
and DICAM, identifying as a common area of interest and research 
the ‘‘Synthesis of studies on climate change and its impacts and elab-
oration of reference climate scenarios for Trentino’’, with the aim 
of supporting the development of the ‘‘Report on the State of the 
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Table 1
Overview of the sectors that were considered most important for the Trentino region.
 Macro-area Name Impacts on:  
 Environment Agroecosystems Integrity of agroecosystems and health  
 Environment Air Large-scale circulations patterns and air quality  
 Environment Aquatic ecosystems Flora, fauna  
 Environment Forests Growth, dynamic, abiotic and biotic factors, ecosystem services 
 Environment Snow, glaciers, and permafrost Snow, glaciers and permafrost  
 Environment Soil Hydrological cycle, biogeochemical cycles, land use, peat bogs  
 Environment Terrestrial ecosystems Flora, fauna  
 Environment Water Runoff, quality, temperature of rivers, lakes, and groundwater  
  
 Socioeconomic Agriculture Agricultural productivity and techniques  
 Socioeconomic Aquaculture, Livestock and food production Techniques, productivity and food security  
 Socioeconomic Cultural heritage Cultural heritage, landscapes and traditions  
 Socioeconomic Energy Consumption, production, energy performance, infrastructure  
 Socioeconomic Forest productivity and supply chain Forest productivity  
 Socioeconomic Health Human health (direct impacts), allergies and diseases  
 Socioeconomic Industries and infrastructure Productivity and workers, small and medium-sized enterprises  
 Socioeconomic Risk from natural hazards Occurrence of extreme events (e.g. avalanches, fires, floods)  
 Socioeconomic Security and social cohesion Governance, security, activism, migration, social inequality  
 Socioeconomic Settlements and urban areas Urban planning/design, waste dumps, urban ecosystems  
 Socioeconomic Tourism Tourist influx, mountain huts  
 Socioeconomic Transport and infrastructure Reliability, efficiency and safety  
 Socioeconomic Water resource management Uses in agriculture, snowmaking and civil sector, hydropower  
Climate in Trentino’’ in the context of the activities foreseen by the 
aforementioned ‘‘Trentino Climate 2021-2023’’ work program.

The process outlined in this study established the scientific basis for 
identifying potential climate risks (arising from climate change impacts 
described in the report) and for developing appropriate adaptation 
strategies in response. It does not tackle or identify the adaptation 
strategies themselves, which shall be performed in a subsequent phase. 
We do not yet present the feedback from the produced reports, since 
the report just has been published and it is too early to have gathered 
and analyzed feedback. Moreover, dedicated dissemination and com-
munication initiatives have not yet been deployed by the Province of 
Trento.

2.1. Review of climate change impacts

A detailed and comprehensive literature review up to September 
2023, was coordinated by DICAM with the objective of assessing the 
current state-of-the-art on the impacts of climate change in Trentino 
and more generally in the Alpine region, and the corresponding gaps 
of knowledge.

As a first step, the methodology examined climate change impacts 
in two different macro-areas, namely environmental vs. socioeconomic 
impacts, in analogy to the approach of the IPCC and its Assessment 
Reports (e.g., Hock et al., 2019; IPCC, 2023). For both areas, strategic 
sectors for Trentino were defined using information and categories from 
existing literature, and in particular the National Adaptation Strategy to 
Climate Change (Castellari et al., 2014), the National Climate Change 
Adaptation Plan (Ministero dell’Ambiente e della Sicurezza Energetica, 
2023), and the South Tyrol Climate Report (Zebisch et al., 2018). Con-
sequently, eight sectors related to environmental impacts and thirteen 
sectors related to socioeconomic impacts were selected (Table  1).

In collaboration with APPA, experts in each sector were identified 
based on their scientific publications, completed or ongoing research 
projects within the Autonomous Province of Trento, and technical 
responsibilities held within the Province Administration. Including all 
sectors, the total number of experts involved is 118, and all of them 
were initially invited to provide useful information for preparing the 
first draft of the document. Using online resources such as Google 
Scholar and websites specific to the Trentino region, the subsequent 
literature analysis was mainly carried out by DICAM on the basis of the 
input from the experts as an initial base of knowledge, and then further 
integrated the various chapters based on the level of detail obtained. 
The literature review considered scientific articles, research projects 
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conducted in the territory, and technical documents produced by the 
Province Administration. When no scientific contributions specifically 
concerning Trentino were identified, useful information related to a 
wider area within the Alpine region was included.

The document with the initial literature review was subsequently 
reviewed by APPA and by the previously identified experts in order to 
elaborate the final draft of the report through an extensive collaborative 
process. Each sector (corresponding to a single chapter of the final 
report) was subdivided into common sub-sections:

• Literature Review: This paragraph reports all relevant studies 
(primarily referring to the Provincial territory) with a publication 
date before September 2023;

• Dataset: This paragraph lists the reference datasets used or poten-
tially useful in sector studies;

• Impact Indicators: Here, if known, the indicators that may be 
useful for impact studies in the sector are defined;

• Gaps: This paragraph describes the knowledge gaps present in 
the territory; it is particularly useful for outlining possible future 
studies or activities to be conducted in Trentino;

• References: This section lists all the cited bibliographic references;
A summary of the key results from the review for the Water–

Energy–Food-Ecosystems Nexus has been published separately (Napoli 
et al., 2025). The full report containing all sectors is written in Italian 
and will be available on the APPA website after the approval of the 
Provincial Strategy for Climate Change Mitigation and Adaptation.

2.2. Reference climatic scenarios

The reference climate scenarios were created in a sequential ap-
proach by first identifying available data and then selecting and
analyzing it based on criteria identified by providers and users. We 
tried to accommodate as far as possible the needs of the different 
actor groups including climate data providers, impact modelers and 
societal users (Rössler et al., 2019). Constraints were the availability 
of data and the requirements of the provincial offices and other users, 
which included multiple emission scenarios, high spatial resolutions, 
and extensive coverage of the elevational gradients, given that Trentino 
has complex orography.

The available climate data included:

• GCMs (General Circulation Models) from CMIP5 (Coupled Model 
Intercomparison Project Phase 5) and CMIP6
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• RCMs (Regional Climate Models) from the EURO-CORDEX ini-
tiative (European branch of the Coordinated Regional Climate 
Downscaling Experiment)

• Convection-permitting RCMs from the CORDEX-FPS (Flagship Pi-
lot Studies) community and a continuous simulation for Italy
(Raffa et al., 2023)

• A high-resolution (1 km) observational product of temperature 
and precipitation based on the interpolation of in-situ meteoro-
logical stations (Crespi et al., 2021)

The data selection and analysis was guided by expert knowledge, 
literature analysis, and continuous discussions with APPA. The added 
value from dynamical downscaling using RCMs (Jacob et al., 2020) was 
deemed essential for the study area. Furthermore, the usage of RCMs 
is corroborated by its widespread application across the European 
continent, such as in Switzerland (Fischer et al., 2022), the UK (Met 
Office Hadley Centre, 2018), or the Netherlands (van der Wiel et al., 
2024).

Statistical downscaling was employed to further increase the spa-
tial resolution of the raw EURO-CORDEX ensemble RCM output from 
approximately 12 km to 1 km. This was done using empirical quantile 
mapping, which has shown superior performance in a large comparison 
of downscaling methods (Gutiérrez et al., 2019). Technical details on 
how the quantile mapping was applied can be found in Appendices 
A.1 and A.4. Higher resolution and unbiased data are especially use-
ful for other stakeholders, local users, and applications of climate 
scenarios (Yang et al., 2010). While bias adjustment and statistical 
downscaling are sometimes viewed controversial (Maraun, 2016), they 
were also found to improve climate change projections in certain 
cases (Iturbide et al., 2022; Gobiet et al., 2015).

Before statistical downscaling, the model ensemble was reduced 
for computational purposes but also because users often struggle with 
the concept of climate model ensembles (Rössler et al., 2019). Provid-
ing fewer but carefully chosen scenarios might make the data more 
approachable for local practitioners. We chose a pragmatic approach 
for sub-ensemble selection inspired by Dalelane et al. (2018), but not 
accounting for model inter-dependence, instead solely relying on max-
imizing the spread of future changes (Cannon, 2015). We acknowledge 
that this may introduce redundancy and an incomplete representation 
of structural variability.

Convection-permitting RCMs have shown wide significant improve-
ments in the representation of precipitation by better resolving the 
physics (Ban et al., 2021) but also in many other climate variables 
through their higher spatial resolution (Lucas-Picher et al., 2021). 
We opted for a continuous simulation for Italy (Raffa et al., 2023) 
instead of the ensemble from the CORDEX-FPS (Flagship Pilot Studies) 
community, because the latter had (a) only 10-year time slices, which 
could be strongly affected by decadal variability, and (b) only the 
RCP8.5 (Representative Concentration Pathway) scenario, while APPA 
also required the consideration of other future scenarios like RCP2.6 or 
RCP4.5.

Finally, a layered approach was used to make the most of data 
availability and user needs:

• For aggregated climate information, we used the full EURO-
CORDEX ensemble, thereby exploiting all available RCP scenarios 
and the large model ensemble available from the EURO-CORDEX 
community (Coppola et al., 2021). This type of information was 
provided as changes in climate anomalies of 30-year time periods. 
It provides the best estimate of scenario and ensemble spread. 
Moreover it is most useful for communication, general climate 
information, and government planning.

• For impact models and higher spatially resolved climate infor-
mation, we employed statistical downscaling and bias adjust-
ment. This gives high-resolution and unbiased data, mainly in-
tended for applications like hydrological modeling. In the rest 
of the manuscript, this is labeled as BA-DS (bias adjusted and 
downscaled).
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Table 2
Overview of climate indices that were calculated. See Appendix  A.5 and Table 
5 for more info.
 Group Indices)  
 Heat and 
cold

FD (Frost Days), ID (Icing Days), SU 
(Summer Days), SU30 (Summer Days, 
30 ◦C), TR (Tropical Nights)

 

 Building 
energy 
demand

heatDD (Heating Degree Days), coolDD 
(Cooling Degree Days)

 

 Precipitation SDII (Simple Precipitation Intensity 
Index), Rx1day (Maximum 1-day 
precipitation), Rx5day (Maximum 5-day 
precipitation), RR1 (Wet Days), R10mm 
and R20mm (Very wet days, absolute 
thresholds), CDD (Consecutive Dry 
Days), R95p and R99p (Very Wet Days, 
percentile-based), R95pTOT and 
R99pTOT (Precipitation fraction due to 
very wet days)

 

 Drought SPI, SPEI (3, 6, 12, 24-month 
Standardized Precipitation 
(Evapotranspiration) Index)

 

 Snow HNd (Snowfall days), HN (Snowfall)  
 Other Humidex3/4, EWS (Extreme Wind 

Speed)
 

• Finally, data from one high-resolution convection-permitting sim-
ulation was processed, which has a transient run (i.e., complete 
time series, not only 10-year slices) until 2070 over Italy (Raffa 
et al., 2023). Note that the authors provide the period 1981–2070, 
contrary to what is mentioned in the original publication (1989–
2050). This dataset provides (a) more meteorological variables 
than the above EURO-CORDEX dataset and (b) at the hourly 
scale, thus opening the possibility for other applications, such as 
energy-building simulations. This dataset is labeled VHR-PRO_IT.

Besides seasonal and annual averages of variables, a range of cli-
matic indices was also calculated, to reflect different types of extremes 
(Table  2). The selection was based on the scientific literature, on 
their use in the PNACC (Ministero dell’Ambiente e della Sicurezza 
Energetica, 2023; PNACC, 2018), and on specific requests from APPA.

For more details on data and methods, see Appendix  A in the ap-
pendix. Furthermore, a data usage guide is available as supplementary 
material.

2.3. Preparation of the informative report

The literature review report required a multidisciplinary approach, 
combining insights and data from various specialized departments of 
the Province administration. To ensure the report’s accessibility to a 
wide audience, a methodical process was employed to simplify and 
synthesize technical information for dissemination purposes without 
sacrificing scientific accuracy.

We adopted a method based on three key principles combining 
simplification strategies, validation, and visualization. This method 
follows principles of effective science communication, relying on a 
practical approach rather than formal linguistic analysis:

1. Progressive simplification with iterative validation: starting from 
the technical text, the content was rewritten in a more accessible 
language, removing or explaining technical terms; each version 
was reviewed to assess clarity, with successive refinements until 
reaching accessibility for a wider audience than experts of the 
sector.

2. Comprehension testing with non-expert readers: a comprehen-
sion test has been done with 14 adult participants (all aged 18 
or older) recruited at the MUSE among family members and pro-
fessionals from other museum sectors. Following a short guided 



A. Napoli et al. Climate Services 41 (2026) 100629 
visit, participants that had no specific background in climate 
science were given excerpts from the draft report to read and 
comment on. They were asked to highlight unclear language, 
technical jargon, and assess the clarity and tone of both text 
and visuals. Feedback from this ‘‘read–comment–revise’’ loop 
led us to simplify ambiguous sentences, better explain technical 
terms, and adapt visual elements for greater clarity. This itera-
tive method is consistent with established best practices in sci-
ence communication, which emphasize iterative feedback from 
real users to improve comprehension and engagement (Schuster 
et al., 2024).

3. Strategic use of visual elements and formatting: the studies by 
the IPCC (Gomis and Pidcock, 2022), and by Corner et al. (2015) 
provide validated and internationally recognized guidelines for 
the design of visual tools in climate reports. Based on these 
instructions, in our work we used charts, infographics, thematic 
maps, and photographs, which were selected to ensure acces-
sibility even for non-experts. The structure was organized into 
concise paragraphs with clear headings and a well-defined visual 
hierarchy to enhance readability.

The received data and information were translated into more com-
prehensible language, specifically tailored for a non-expert public. This 
process involved careful rephrasing of technical terms and concepts, 
accompanied by visual aids to enhance understanding. We enriched 
the report with graphs, tables, and diagrams to visually convey trends, 
relationships, and key data points. These visuals were designed not only 
to support the text but also to be self-explanatory, such as to provide 
readers with digestible information at a glance.

Visual tools were designed collaboratively by a multidisciplinary 
team including climate scientists, data analysts, and a graphic de-
signer/researcher experienced in science communication. The process 
followed a design-based research framework (Wang and Hannafin, 
2005; Corner et al., 2015; Schuster et al., 2024), which involves it-
erative cycles of analysis, design, implementation, and evaluation. 
Specifically:

1. Identification of communication needs: The scientific and com-
munication experts analyzed which complex concepts required 
visual support, such as future temperature projections and im-
pact scenarios.

2. Design phase: The graphic designer created drafts of charts, 
infographics, and diagrams using tools like Adobe Illustrator 
and Tableau, with attention to visual hierarchy (e.g., size, color 
contrast, white space) to guide reader focus.

3. Implementation and feedback: Draft visuals were shared inter-
nally and with non-expert participants at MUSE during com-
prehension testing. Feedback addressed unclear labels, excessive 
detail (‘‘chart junk’’), and insufficient stand-alone explanatory 
captions.

4. Final refinement: Visuals were adjusted to improve clarity and 
autonomy by adding concise captions and decluttering non-
essential elements.

5. Validation: Final versions were validated both by scientific ex-
perts for accuracy and by non-experts for comprehensibility, 
ensuring they meet both scientific rigor and public accessibility.

Moreover, the report alternates various communication formats, 
such as text, tables, images, and schematic representations, with the 
intention of maintaining the audience’s engagement. This alternation 
helps prevent cognitive overload while ensuring a dynamic flow of 
information. Particular attention was given to the aesthetic layout, 
making sure that the document was visually appealing, thus enhancing 
both its readability and its overall attractiveness to the audience.
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The combination of these methods aimed at creating a balanced, 
user-friendly report that would effectively communicate complex
climate-related data and information in an engaging, informative, and 
aesthetically pleasing manner.

A final round of validation by a smaller group of experts, chosen 
among those involved in the literature review stage, further ensured 
the scientific accuracy of the simplified content.

3. Results and discussion

3.1. Overview of the reviewed studies by sector and level of analysis

Based on our insights derived from the analysis of the conducted 
literature review, we present here a summary of the availability of 
climate change impact studies by sector. This summary is deliberately 
left broad and does not aim to give a whole account of the climate 
change impacts in the region, which would be beyond the scope of the 
current study. More detailed information on the impacts themselves, 
together with the respective references can be obtained, upon request 
from APPA directly, in the full report. Furthermore, the reader may 
refer to Napoli et al. (2025) for a synthesis of the climate change 
impacts on the Water–Energy–Food-Ecosystems nexus in the study 
region.

The literature review revealed a strong heterogeneity in the number 
of scientific contributions across different sectors regarding climate 
change impacts in Trentino (Fig.  2). Also the number of datasets 
and impact indicators varies considerably by sector. Moreover, these 
metrics are not correlated, which means that an abundance of literature 
does not imply an abundance of datasets or impact indicators.

The sectors most notable for the number of studies are in the 
macro-area of environmental impacts, namely ‘‘Water’’ (number of 
studies: 41), ‘‘Snow, glaciers, and permafrost’’ (30), ‘‘Forests’’ (29), 
‘‘Agroecosystems’’ (24), ‘‘Terrestrial ecosystems’’ (28), and ‘‘Aquatic 
ecosystems’’ (18). This is not surprising, since they are the main focus 
of most mountain climate research worldwide, as also shown by the 
number of impact indicators defined globally (see Fig.  2). Moreover, 
these areas are among the most developed in the research bodies, 
universities, public agencies, and technical bureaus of the Province 
administration, besides corresponding to the most visible impacts of 
climate change in mountain regions. Although the sectors within the 
environmental area are in general better studied than the socioeco-
nomic areas, partly thanks to the availability of public datasets, a 
few sectors, such as Ecosystems, are mainly characterized by non-
public datasets. This limits the ability to gain deeper insights into these 
sectors.

Sectors characterized by significant knowledge gaps and limited 
literature are chiefly in the socioeconomic area. The most limited local 
impact number of studies were identified in sectors like ‘‘Cultural 
heritage’’ (5), ‘‘Security and social cohesion’’ (2), ‘‘Industries and infras-
tructure’’ (2), and ‘‘Transport and infrastructure’’ (1). On the contrary, 
‘‘Risk from natural hazards’’ (23) and ‘‘Health’’ (18) are fairly well 
explored followed by ‘‘Water resource management’’ (17), ‘‘Tourism’’ 
(13), ‘‘Energy’’ (13), ‘‘Forest productivity and supply chain’’ (11), ‘‘Agri-
culture’’ (10), ‘‘Settlements and urban areas’’ (10), and ‘‘Aquaculture, 
livestock and food production’’ (10). These are again the primary re-
search topics of scientific entities and technical bureaus of the Province 
administration. Compared with environmental sectors, socioeconomic 
sectors are characterized by fewer defined indicators and fewer publicly 
available datasets related to or usable for Trentino, once again high-
lighting the limited attention these sectors receive in mountain regions 
when assessing the impacts of climate change. Fostering coordinated 
actions to collect observations and generating easily accessible data 
products, that adhere to FAIR or similar standards (Wilkinson et al., 
2016), would be a key step towards strengthening climate change 
adaptation capabilities at the regional scale.
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Fig. 2. Summary assessment of the availability of literature (# of studies) in the Trentino region on climate change (CC) impacts, public datasets (# of datasets) 
related to Trentino or usable by the Trentino region, and impact indicators (# of impact indicators) relative to the correspondent sector. The sectors are 
distinguished by socioeconomic and environmental macro-areas.
Analyzing these metrics (number of studies, datasets, and impact 
indicators) gives only a rough indication of the richness and exhaustive-
ness of the available research in each sector. For a thorough assessment, 
this would need to be complemented by an evaluation of the scientific 
clarity and maturity of studies on the topic, which however, would have 
to rely on the authors’ judgement and on their subjective evaluation.

The report’s scientific evidence is being used to shape the Trentino 
adaptation strategy in the way that the document established the 
necessary knowledge base for the identification of the sectoral and 
trans-sectoral climate change induced risks. Such risks have been an-
alyzed and evaluated in order to define the adaptation measures which 
are to be included in the final Strategy document (this process is ori-
ented on the methodology outlined by the Regional Adaptation Support 
Tool; link2). In fact, information and data from the report were used 
by APPA and other supporting actors to inform the sectoral risk and 
vulnerability analysis workshops that took place in 2023 and 2024 until 
early 2025, involving experts from different Provincial departments, 
scientific institutions, and stakeholders.

The review process stimulated the local scientific community by in-
volving them in a collaborative effort to achieve a systematic overview 
of all the research carried out on the multifaceted topic of climate 
change impacts in Trentino allowing transferring scientific knowledge 
to the general public and citizens. Furthermore, the knowledge gaps 
highlighted by the report could also constitute preferential research 
directions for the future, with the possible activation of ad hoc study 
initiatives or research projects by different subjects.

In summary, for designing a climate change adaptation strategy 
at the regional level, a literature review of the main climate change 
impacts, like the one that was prepared for the present case, is a funda-
mental starting point (a) for the future implementation of more detailed 
studies related to climate change adaptation and (b) for deciding on 
the funding priority for specific projects and studies on climate change 
impacts in sectors lacking information.

2 https://climate-adapt.eea.europa.eu/en/mission/knowledge-and-
data/regional-adaptation-support-tool
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3.2. Future climatic changes

The layered approach (consisting of multiple climate models and 
statistical downscaling, Section 2.2) in devising climate scenarios has 
also been used in creating the summary graphics. For example, Fig.  3 
shows the temporal evolution of seasonally averaged daily temperature 
minima in winter (Dec–Feb) under the available RCP scenarios. The 
EURO-CORDEX ensemble spread is evaluated at the 5th and 95th 
percentiles, which corresponds roughly to the 90% coverage of trends 
used in the sub-ensemble of the bias adjusted and downscaled models. 
Models agree extremely well in the temporal evolution of temperature. 
Note that for the sake of comparison, in the temporal evolution, we 
also included the parent model of VHR-PRO_IT, namely COSMO_Italy, 
which has been used as a single reference for the national climate sce-
narios assessment (PNACC) (Ministero dell’Ambiente e della Sicurezza 
Energetica, 2023).

Besides temperature averages, precipitation extremes show a high 
agreement in the temporal evolution and magnitude of changes among 
models. However, compared to temperature variables, they exhibit 
a lower confidence in the projected results due to the wide ensem-
ble spread. Nevertheless, precipitation intensity indices increase with 
higher greenhouse gas concentrations, i.e., towards the RCP8.5 scenario 
(Fig.  4). By the end of the century, the average daily precipitation 
intensity (SDII), based on the EURO-CORDEX ensemble, increases by 
4% (2,12%; 5th and 95th percentile of model ensemble) for RCP2.6, 
by 6% (2,10%) for RCP4.5, and by 8% (−2,15%) for RCP8.5.

Differences between models emerge when looking at indices requir-
ing absolute thresholds, such as the number of summer days above 
30 ◦C (SU30, Fig.  5). SU30 increases, but the increase is limited to the 
lower elevations. With RCP4.5, the DS-BA ensemble predicts up to 50 
days more summer days on average over the period 2041–2070, which 
is consistent with VHR-PRO_IT. However, the raw EURO-CORDEX en-
semble, at its coarse resolution, is not able to capture these extremes 
(compare left panel to middle and right in Fig.  5), because the models at 
0.11◦ spatial resolution do not resolve the low-elevation valleys due to 
orographic smoothing in the models (Matiu et al., 2020). Consequently, 

https://climate-adapt.eea.europa.eu/en/mission/knowledge-and-data/regional-adaptation-support-tool
https://climate-adapt.eea.europa.eu/en/mission/knowledge-and-data/regional-adaptation-support-tool
https://climate-adapt.eea.europa.eu/en/mission/knowledge-and-data/regional-adaptation-support-tool
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Fig. 3. Temporal evolution of seasonally averaged daily temperature minima in winter (Dec–Feb) relative to 1981–2010 under different scenarios (RCP2.6, 
RCP4.5, and RCP8.5) from diverse data sources: raw EURO-CORDEX ensemble (median and model spread using the 5th to the 95th percentile), bias adjusted and 
downscaled BA-DS (single models, the average model and the four to five others; average model is not an ensemble average), and high-resolution raw VHR-PRO_IT 
(together with its forcing model COSMO_Italy_8 km, used in the national assessment, single models). Time series are smoothed with a 21-year moving average.
Fig. 4. Temporal evolution of SDII (daily precipitation intensity) relative to 1981–2010 under RCP2.6, RCP4.5, and RCP8.5 scenarios from diverse data sources: 
raw EURO-CORDEX ensemble (median and model spread using the 5th to the 95th percentile), bias adjusted and downscaled BA-DS (single models, the average 
model and the four to five others; average model is not an ensemble average), and high-resolution raw VHR-PRO_IT (single model). Time series are smoothed 
with a 21-year moving average.
indices such as SU30 that have a strong dependency on tempera-
ture, and thus elevation, require the use of statistical downscaling or 
high-resolution RCMs to properly identify future changes in complex 
terrain (Soares et al., 2024).

The last example concerns the number of snowfall days (HNd, 
Fig.  6), an index of particular importance for mountain regions. We 
observe an overall reduction of HNd over the entire territory, which 
is, in relative terms, stronger at the lower elevations. Over the period 
2041–2070, only at the highest elevations are the changes zero or 
minimal in the RCP4.5 scenario. By comparing the different model en-
sembles, both EURO-CORDEX and VHR-PRO_IT show lower decreases 
than BA-DS in the central valley of Trentino, which is likely not only 
related to the coarser resolution of these datasets but also to the lack 
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of bias adjustment. As RCMs can have non-negligible biases in temper-
ature and precipitation (Matiu et al., 2024; Vautard et al., 2021), this 
can have strong impacts on climate indices that rely on fixed thresholds. 
For instance, a cold bias in RCMs would not only increase the absolute 
number of frost days (FD, i.e., days with maximum temperatures below 
0 ◦C) in any given period, but it would also make the change signals 
implausible.

To conclude, the above-mentioned layered approach was found 
highly useful in creating reference climate scenarios. The coarse-
resolution and large EURO-CORDEX ensemble provides the opportunity 
to assess scenario uncertainty at the regional scale and inter-model 
agreement, which can be an indication of confidence in the projections. 
The raw ensemble is refined using bias adjustment and statistical down-
scaling to finer resolutions to provide climate information at the local 
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Fig. 5. Spatial distribution of changes in SU30 (summer days, maximum temperatures above 30 ◦C) for the period 2041–2070 relative to 1981–2010 under 
RCP4.5 from diverse data sources (raw EURO-CORDEX ensemble, bias adjusted and downscaled BA-DS, and high-resolution raw VHR-PRO_IT).
Fig. 6. Spatial distribution of changes in HNd (days with snowfall, i.e., mean temperatures below 2 ◦C and precipitation above 1 mm) for the period 2041–2070 
relative to 1981–2010 under RCP4.5 from diverse data sources (raw EURO-CORDEX ensemble, bias adjusted and downscaled BA-DS, and high-resolution raw 
VHR-PRO_IT).
scales, which is unbiased and covers extreme indices that might not 
be resolved by coarser resolution. Finally, a high-resolution simulation 
confirms and further validates results from the statistical downscaling 
and enables us to derive even more indices, such as extreme winds, or 
to reach finer temporal scales, such as hourly values of Humidex.

3.3. Informative report

The development of the Trentino informative report was a key step 
in communicating the study’s findings to the general public. As can 
be inferred from Fig.  7, which shows some example pages, the report 
presents key data in the form of explanatory images, photos, graphs, 
and infographics facilitating the understanding of climate trends, im-
portant concepts, and possible adaptation strategies. Alternating short 
texts, summary diagrams, and images helped to maintain readers’ 
attention, making the document an effective awareness-raising tool.

This experience highlights the importance of clear and scientifically 
accurate communication tools to facilitate the understanding of climate 
change and stimulate an informed dialogue between citizens and pol-
icymakers. The Italian informative report was officially approved in 
April 2025 and is now available on the APPA website.3

The news of the report approval and publication has been published 
not only on the institutional websites of the Autonomous Province of 
Trento, APPA and MUSE, but also on the national adaptation platform 
(https://climadat.isprambiente.it/) managed by ISPRA (Italian Institute 
for Environmental Protection and Research) and in the newsletter of 
SNPA (national system of regional environmental protection agencies).

As of November 2025, preliminary statistics on the access to the 
APPA webpage that hosts the report are available: 1646 page-views, 
1294 unique page-views, 457 downloads since the date of publication 
(April 16th, 2025). Despite the shorter time span, the page is among 
the most consulted on APPA website compared to those already online 
since 1st January 2025.

3 https://www.appa.provincia.tn.it/Documenti-e-dati/Documenti-tecnici-
di-supporto/Lo-stato-del-clima-in-Trentino
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User feedback is still being gathered and analyzed (as of November 
2025). For the future, it will be worthwhile to gather more feedback 
to this report and analyze it. Thus potential areas for improvement 
could be identified, as well as, new research contributions and needs 
for data collection and monitoring for future updates of the document. 
In addition, the results from participatory climate risk analyses and 
related studies will lead to the production of a Vulnerability and Risk 
Assessment technical document which will bridge knowledge about the 
impacts of climate change (synthesized in the report) to the choice 
of the most appropriate adaptation measures (the core of the future 
provincial Strategy).

4. Conclusions

The fragmentation of bodies in charge of meteorological monitoring 
in Italy, along with the absence of a unique national meteorological 
or climatological service, has some implications for the development 
of climate services. One downside is the lack of institutional capacity 
to derive consistent climate scenarios to support the formulation of 
climate policies, unlike what was done in other European countries. 
On the other hand, regional assessments can better consider the diverse 
climatic and socioeconomic conditions across the Italian territory, from 
both environmental and socioeconomic point-of-view. Nonetheless, it 
remains a challenge to merge efforts and confront results with neigh-
boring territories, which more likely share somewhat similar climatic 
and socioeconomic challenges than more distant regions.

The approach adopted by the Autonomous Province of Trento exem-
plifies this situation by focusing on sectors of local significance, such 
as water, glaciers and snow, forests, health, agriculture, and tourism, 
which also resonate strongly with the public. At the same time, it 
integrates climate scenarios based on well-established international 
data while taking into account the region’s complex orography. To 
conclude this work, an informative report was prepared to disseminate 
knowledge and raise public awareness.

The process has been extremely valuable in connecting the different 
institutions and entities active in Trentino, such as science and public 
administration, promoting and strengthening their collaboration on 
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A. Napoli et al. Climate Services 41 (2026) 100629 
Fig. 7. Example pages of the Italian informative report. (a) Cover page; (b) Section division; (c) Highlighting temperature changes with simple graphics and 
images; (d) Explaining more complex concepts (global warming potential and CO2 equivalents) in separate text boxes and drawings; (e) Easing reader flow by 
alternating between graphics, text, boxes, and images; (f) Showing raw observed data and statistics.
climate adaptation issues. In fact, the entire process was developed 
through continuous feedback between scientists and policy-makers, 
which included technicians and experts from the departments of the 
Autonomous Province of Trento, who provide the technical support 
to the adaptation strategy development and to policy formulation in 
the different sectors. This iterative process particularly focused on 
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topics that are often difficult to interpret, such as uncertainty of future 
scenarios, the definition and interpretation of climate indicators, and 
the spatial and temporal resolution of the model data. An internal 
document (not included here) was circulated among the Autonomous 
Province of Trento that contained graphs and data specifically focused 
on their practical use. It was the responsibility of APPA and the other 
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provincial technical structures to act as mediators towards higher-
level policy- and decision-makers, to convey and ensure a thorough 
understanding of scenario-based supporting information. Furthermore, 
an open-data online platform for the climate scenarios is currently 
under development. This platform shall include guidelines focused on 
their practical application based on the existing internal documents that 
shall explain how this information can be used and interpreted.

Code and data availability

All code will be made available under https://github.com/tnclima/. 
Generated data can be made available by the authors upon request.
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Appendix A. Data and methods for the reference climate scenarios

A.1. Observational data

The observational data used in this study includes a gridded product 
at 1 km 𝑥 1 km spatial resolution for daily temperature minima and 
maxima, and precipitation over Trentino Alto-Adige, elaborated by 
using 243 and 311 daily records of precipitation and temperature 
(maximum and minimum), respectively, retrieved from gauging sta-
tions (Crespi et al., 2021). The dataset covers the period from 1981 
to 2020.

A.2. Model data

We used the ensemble of GCM-driven EURO-CORDEX RCMs down-
loaded from ESGF servers in January 2023. We focused on high resolu-
tions as the region lies in mountain terrain, so we used only the EUR-11 
simulations, which have a horizontal spacing of 0.11◦, equivalent to 
approximately 12 km horizontal resolution.

The list of RCMs used in the present study is shown in Table  3. We 
used daily data for precipitation (pr), mean temperature (tas), mini-
mum temperature (tasmin), and maximum temperature (tasmax). The 
ensemble consisted of only one member per GCM-RCM combination. 
The ensemble size for tasmin and tasmax was one less than for tas and 
pr because there was no tasmin and tasmax available for RMIB-UGent-
ALARO-0. The available GCM-RCM combinations were 52 for RPC8.5, 
29 for RCP4.5, and 23 for RCP2.6.

This represents an ensemble of opportunity, which means that it 
does not include all CMIP5 GCMs and that the GCM-RCM matrix, 
i.e., the combination of driving GCMs (in total 8) and different RCMs 
(in total 12) is far from complete (see also Table  3). Additionally, the 
different RCP scenarios had different ensemble sizes of different GCM-
RCM combinations. We checked if results would change after reducing 
the ensemble to GCM-RCM combinations that had all three RCPs in 
common, which means the same ensemble of GCM-RCMs for all RCP 
scenarios. However, we found that the mean changes and the inter-
model ranges over Trentino were very similar in both cases (results not 
shown here). Consequently, we did not select only common GCM-RCMs 
to all RCPs, but kept the full ensemble that different by RCP.

Besides the daily RCM data from EURO-CORDEX, we also ex-
tracted information from the Very High Resolution Projections for Italy 
(VHR-PRO_IT). These are dynamically downscaled simulations from the 
CMCC-CM GCM using the COSMO-CLM RCM at 2.2 km resolution and 
covering a transient period over 1981–2070 (Raffa et al., 2023). The 
dataset is available for 1981–2070, contrary to the period mentioned 
in the original publication (1989–2050). The variables of interest were 
temperature, precipitation, humidity, downward shortwave radiation, 
surface snow amount, u and v wind velocity components (eastward 
and northward). We only did a basic pre-processing (download from 
a data delivery system, cropping to the region of interest, reprojecting 
from a rotated pole to a standard long lat reference system) to make 
it easier for future users to directly work with the data. Otherwise, no 
post-processing, especially no bias adjustment, was performed.

A.3. Ensemble reduction

The large EURO-CORDEX ensemble has been reduced before sta-
tistical downscaling in order to reduce computational load and data 
size requirements, and make the scenarios easier to use. The last point 
has been the most influential in the decision, as users often struggle 
with the concept of climate model ensembles and how to apply it 
in practice (Fischer et al., 2022). Users often expect or want to use 
the one best model, something that cannot be achieved as there is 
no best model (Vautard et al., 2021). As model ensembles are often 
used to address correspondent spread, we took an approach that tries 

https://github.com/tnclima/
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Table 3
Overview of regional climate models used. RCMs in rows, and GCMs in columns. The cell value is the downscale realization for the 
different RCPs in the form RCP2.6/RCP4.5/RCP8.5, where a dash (-) means no simulation available. RCM abbreviations: crCLIM-v1-1 is 
COSMO-crCLIM-v1-1, HadREM3 is HadREM3-GA7-05. GCM abbreviations: CM5 is CNRM-CM5, EC is EC-EARTH, GFDL is GFDL-ESM2G, 
Had is HadGEM2-ES, CM5A-LR is CM5A-LR, CM5A-MR is IPSL-CM5A-MR, MPI is MPI-ESM-LR, and Nor is NorESM1-M. The GCM ensemble 
was always r1i1p1 except for EC-EARTH with r12i1p1.
 CM5 EC GFDL Had CM5A-LR CM5A-MR MPI Nor  
 ALADIN63 v2/v2/v2 -/-/v1 -/-/v1 -/-/v1  
 ALARO-0 v1/v1/v1  
 CCLM4-8-17 -/v1/v1 v1/v1/v1 -/v1/v1 -/v1/v1  
 crCLIM-v1-1 -/-/v1 -/-/v1 -/-/v1 -/-/v1 -/-/v1  
 HIRHAM5 -/-/v2 -/-/v1 v2/v2/v2 -/-/v1 -/-/v1 -/v3/v3  
 HadREM3 -/-/v2 v1/-/v1 v1/-/v1 -/-/v1 -/-/v1  
 RACMO22E v2/v2/v2 v1/v1/v1 v2/v2/v2 -/-/v1 v1/-/v1 v1/-/v1  
 RCA4 -/v1/v1 v1/v1/v1 v1/v1/v1 -/v1/v1 v1a/v1a/v1a v1/v1/v1 
 REMO2009 v1/v1/v1  
 REMO2015 v2/-/v2 v1/-/- v1/-/- -/-/v1 v1/v1/v1 
 RegCM4-6 -/-/v2 -/-/v1 v1/-/v1 v1/-/v1 v1/-/v1  
 WRF381P -/-/v2 -/-/v1 -/-/v1 -/v1/v1 -/-/v1 -/-/v1  
Table 4
Selected models in sub-ensemble.
 experiment model_number gcm institute_rcm ensemble ds 
 rcp26 1 NCC-NorESM1-M GERICS-REMO2015 r1i1p1 v1 
 2 MOHC-HadGEM2-ES SMHI-RCA4 r1i1p1 v1 
 3 NOAA-GFDL-GFDL-ESM2G GERICS-REMO2015 r1i1p1 v1 
 4 ICHEC-EC-EARTH MOHC-HadREM3-GA7-05 r12i1p1 v1 
 5 ICHEC-EC-EARTH SMHI-RCA4 r12i1p1 v1 
 rcp45 1 CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN63 r1i1p1 v2 
 2 MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 r1i1p1 v1 
 3 MOHC-HadGEM2-ES SMHI-RCA4 r1i1p1 v1 
 4 IPSL-IPSL-CM5A-MR SMHI-RCA4 r1i1p1 v1 
 5 IPSL-IPSL-CM5A-MR IPSL-WRF381P r1i1p1 v1 
 6 MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17 r1i1p1 v1 
 rcp85 1 CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN63 r1i1p1 v2 
 2 MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 r1i1p1 v1 
 3 MOHC-HadGEM2-ES SMHI-RCA4 r1i1p1 v1 
 4 NCC-NorESM1-M GERICS-REMO2015 r1i1p1 v1 
 5 IPSL-IPSL-CM5A-MR IPSL-WRF381P r1i1p1 v1 
 6 NCC-NorESM1-M CNRM-ALADIN63 r1i1p1 v1 
to minimize the number of models preserving uncertainty in future 
projections.

Specifically, we followed the same approach that has been applied 
to GCMs, exploiting the initialization step of k-means clustering (Can-
non, 2015). It is a sequential algorithm that selects the (k-1) elements of 
the ensemble that are the farthest from the global centroid in the space 
of the results (Fig.  8). In other words, this approach aims at identifying 
the uncertainty bounds as the envelope of a smaller number of points 
(models). In our case, we applied this procedure to seasonal changes 
in winter (DJF) and summer (JJA) temperature and precipitation for 
the time window 2071–2100 versus the reference 1981–2010, thereby 
resulting in a four-dimensional input matrix to the algorithm: (1) winter 
temperature, (2) summer temperature, (3) winter precipitation, and (4) 
summer precipitation. The procedure was applied separately to each 
RCP since the ensembles were different, with the constraints of covering 
at least 90% of the full spread (uncertainty) in expected changes, which 
was achieved by using k = 5 to 6 models, depending on the RCP (see 
Table  4 and Fig.  9).

The main benefit for users of this approach is that each of the 5–6 
models can be labeled on the basis of the expected future changes. 
Model 1, the centroid, is always the mean expected change. Then, for 
instance, for RCP8.5, model 2 is the one exhibiting much warmer and 
much drier summers, model 3 much warmer and wetter winters, as 
well as warmer but not drier summers, and similarly for the other 
models and RCPs (Fig.  10). Consequently, users can explore different 
possibilities of future climates, simulating both the best and the worst 
scenarios, which may differ depending on the sector of application.
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A.4. Statistical downscaling

We evaluated different methods for statistical downscaling from the 
family of MOS (model output statistics) approaches (Gutiérrez et al., 
2019). Specifically, we tested first the gain obtained by applying multi-
variate bias adjustment of temperature and precipitation with respect to 
a bias adjustment that treats each variable of interest separately (Can-
non, 2018). We did not find a substantial benefit from the multivariate 
approach, although in principle it was expected to provide better re-
sults. Improvements achieved by the multivariate snowfall index were 
negligible, probably because the correlation is inherited from the model 
and the correlation between temperature and precipitation is weak. 
Potentially different results could be obtained if other variables, such 
as humidity, were to be bias adjusted. Moreover, another drawback 
of the multivariate adjustment is that it requires a temporal shifting 
to preserve correlations and, as such, introduces speckle or noise in 
a spatial application. This is an inherent limitation of the univariate 
approach, while the multivariate approach could preserve spatial and 
inter-variable correlations, thus improving inter-variable and inter-site 
properties. However, consequences could be computational instability 
or that temporal properties might suffer (François et al., 2020; Robin 
and Vrac, 2021).

Based of the above consideration, we compared two different down-
scaling approaches for precipitation and four for temperature. The 
first included the trend-preserving variant of the widely used quantile 
mapping algorithm (Cannon et al., 2015). The second is a spatially 
explicit method based on principal components analysis (PCA) (Frei 
et al., 2015; Hiebl et al., 2024). The third, only used for temperature, 
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Fig. 8. Sub-ensemble selection for the three RCP scenarios (RCP2.6, RCP4.5, 
RCP8.5). The labels refer to the same model in the two selected seasons (DJF 
and JJA), but differ between the RCPs.

Fig. 9. Spread of trends covered by sub-ensemble as a function of sub-
ensemble size.

is a linear lapse-rate adjustment, albeit with different lapse rates per 
month and variable. The fourth, also applied only to temperature, is 
a 3-D interpolation of RCM surface temperatures using generalized 
additive models, assuming independence between the 2-D horizontal 
field and the 1-D vertical component, which is able to consider non-
linear elevation lapse-rates. The detailed results can be found in a 
separate study (Matiu et al., in preparation).

The final choice was to use univariate quantile delta mapping 
(QDM), since it provided the highest accuracy in reproducing the 
past climatology for both temperature and precipitation, even though 
the spatial PCA-based approach was found slightly superior for pre-
cipitation (but not for temperature). This  confirms previous assess-
12 
ments showing that empirical quantile mapping has the highest ac-
curacy (Gutiérrez et al., 2019) and corroborates its widespread use in 
climate change assessments (Fischer et al., 2022).

The methodological steps for creating the scenarios are as follows. 
First, RCMs were bilinearly remapped to a regular lon-lat grid of the 
same resolution (0.11◦). Then, the high-resolution observation grid 
cells were matched to coarse RCM scale grid cells by selecting the RCM 
grid cell to which the observational cell belongs. In the case of overlaps, 
the cell with minimal distance from the cell center was selected. 
For the trend-preserving aspect of QDM, we chose the time window 
1981–2010 as a reference using additive trends for temperature and 
relative trends for precipitation. QDM was finally applied point-by-
point, month-by-month, and decade-by-decade. For each month and 
decade, the mapping was performed using a training window of ±1
month and ±1 decade. For example, to derive the values of January 
2041–2050, the quantile mapping function was estimated using past 
observed values from December to February 1981–2010, past model 
simulations from December to February 1981–2010, and future model 
simulations from December to February 2031–2050. This resulted in a 
continuous time series for the future with fewer breaks between months 
and decades.

A.5. Climate indices

The detailed description of climate indices is presented in Table 
5. The period 1981–2010 was used as a reference period for the 
indices that required one. All indices were calculated based on full solar 
years (January to December). Below are some further clarifications not 
reported in the Table:

heatDD, coolDD Note that definitions of heatDD and coolDD could 
vary in different studies, making the comparison not always eas-
ily possible. For example, for coolDD (heatDD) the PNACC (Ital-
ian level) uses 21 ◦C, but only for days that exceed 24 ◦C (18◦
and 15◦ for heatDD), while the EEA (European Environment 
Agency) uses 22 ◦C for heatDD and 15.5◦ for coolDD, respec-
tively, and the EEA uses tmin, tmean, and tmax for the calcula-
tion. Here, we used the thresholds 22◦ and 18 ◦C, which were 
also used in the PEAP (Piano Energetico Ambientale Provin-
ciale) (PAT and APRIE, 2022), which is the most locally relevant 
report.

Humidex3/4 Combined heat index based on temperature and hu-
midity. Category 3 (humidex > 30 ◦C) corresponds to some 
discomfort, category 4 (humidex > 40 ◦C) to great discom-
fort and recommendation to avoid exertion. Category 5 (hu-
midex > 45 ◦C), which corresponds to dangerous conditions 
and heat strokes quite possibly, was never reached in the an-
alyzed data. Humidex3/4 index is computed as follows: 𝑇𝑎𝑖𝑟 +
5
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[

6.11 ⋅ exp
(

𝑐
(

1
273.15 − 1

273.15+𝑇𝑑𝑒𝑤

))

− 10
]

, where 𝑐 =
5417.7530, 𝑇𝑎𝑖𝑟 is air temperature in ◦ C and 𝑇𝑑𝑒𝑤 is dewpoint 
temperature in ◦ C. Humidex was calculated only for hourly data 
of VHR-PRO_IT.

SPI, SPEI Calculated based on monthly precipitation with the R-
package SPEI and default values (log–logistic distribution for 
SPEI and Gamma for SPI). Potential evapotranspiration (PET) 
for SPEI was calculated with the Thornthwaite approximation, 
which requires monthly mean temperature and latitude (here 
fixed to 46,07◦ N).

HN, HNd Snowfall amount (HN) and days (HNd) index based on the 
daily mean temperature (tmean) and daily precipitation (pr), 
assuming a fixed fresh snow density of 100 kg∕m3; HN = pr ⋅
100 kg∕m3, only if tmean < 2 ◦C. The temperature threshold of 
2 ◦C was found to fit best to observed data (Zubler et al., 2014). 
For snowfall days (HNd), the pr threshold of 1 mm was taken in 
accordance with the ETCCDI definition of wet days.
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Fig. 10. Seasonal changes of selected models (sub-ensemble) 2071–2100 versus 1981–2010. Tas is daily mean temperature, pr is precipitation, DJF is winter 
(Dec–Feb), and JJA is summer (Jun–Aug). Color bars are a visualization help, where the length and color of the bars indicate the magnitude of change: for 
temperature, yellow (low increase) to black (strong increase); for precipitation, brown (decrease) to blue (increase).
Table 5
Detailed explanation of calculated climate indices. Abbreviations: tmean/tmin/tmax is daily mean/minimum/maximum temper-
ature, pr is daily precipitation.
 Index Description  
 FD Days with tmin < 0 ◦C  
 ID Days with tmax < 0 ◦C  
 SU Days with tmax > 25 ◦C  
 SU30 Days with tmax > 30 ◦C  
 TR Days with tmin > 20 ◦C  
 heatDD Sum of the difference between 18 ◦C and tmean, only when tmean < 18 ◦C  
 coolDD Sum of the difference between tmean and 22 ◦C, only when tmean > 22 ◦C  
 Humidex3/4 Sum of hours with humidex > 30 ◦C (cat 3) or > 40 ◦C (cat 4)  
 SDII Mean daily precipitation on wet days only (pr ≥ 1mm)  
 Rx1day Maximum of daily precipitation  
 Rx5day Maximum of 5-day consecutive precipitation sums  
 RR1 Number of days with pr ≥ 1 mm  
 R10mm Number of days with pr ≥ 10 mm  
 R20mm Number of days with pr ≥ 20 mm  
 CDD Maximum number of consecutive days with pr < 1mm  
 R95p 95th percentile of pr, calculated on wet days (pr ≥ 1mm) in the reference period  
 R99p 99th percentile of pr, calculated on wet days (pr ≥ 1mm) in the reference period  
 R95pTOT Total precipitation above the 95th percentile, calculated on wet days (pr ≥ 1mm) in the reference period 
 R99pTOT Total precipitation above the 99th percentile, calculated on wet days (pr ≥ 1mm) in the reference period 
 HNd Number of days with tmean < 2 ◦C and pr ≥ 1mm  
 HN pr ⋅ 100𝑘𝑔∕𝑚3, only when tmean < 2 ◦C  
 EWS 98th percentile of daily maximum wind speed  
Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.cliser.2025.100629.

Data availability

Data will be made available on request.
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