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Abstract

Wildfires are an increasing environmental and civil protection challenge across Southern
Europe under intensifying climate variability and extreme heat conditions. This study
presents a reproducible, climate-informed framework for analysing seasonal fire weather
variability across Italy using the Canadian Fire Weather Index (FWI) system. The work
was conducted during a Short-Term Scientific Mission funded by the NERO COST Action
CA22164 at the University of Milan in September 2025. A harmonised Seasonal FWI dataset
for Italy covering 2007–2024 was developed using Copernicus Climate Data Store products,
Climate Data Operators (CDO), and R-based statistical workflows. Seasonal FWI metrics
were spatially aggregated across 35 Italian ecoregions to evaluate temporal variability
and regional fire danger patterns. Results reveal pronounced interannual variability, with
mean FWI values ranging from approximately 16 in 2020 to 24 in 2016. Although no
statistically significant monotonic trend was detected during 2007–2024, seasonal FWI
values consistently exceeded the historical 1970–2000 baseline (~10–15), indicating a shift
towards a higher fire danger regime. Figures illustrate the analysed ecoregions, regional
burned area trends, and relationships between mean seasonal FWI and burned area. The
openly available dataset and reproducible workflow provide a foundation for future
climate-informed fire danger assessment and civil protection decision-support systems.
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1. Introduction
Wildfires are becoming an increasingly critical environmental and civil protection

challenge across Southern Europe, with growing impacts on ecosystems, infrastructure,
economic activities, and human safety. Mediterranean regions are particularly vulnerable
due to the combined effects of climate variability, prolonged droughts, extreme heat events,
land-use change, and expanding wildland–urban interfaces. Recent extreme wildfire
seasons across Europe have highlighted the need for improved climate-informed fire danger
assessment and preparedness strategies [1]. Among the most widely adopted operational
fire danger metrics, the Canadian Fire Weather Index (FWI) system provides a standardised
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framework for assessing the influence of meteorological conditions on fire ignition potential
and propagation dynamics [2]. Although the FWI system has been extensively applied in
wildfire risk studies and operational services worldwide, its harmonised integration with
climate datasets and reproducible workflows at regional scales remains limited in Southern
Europe, particularly for Italy.

Italy represents a highly heterogeneous fire-prone environment, characterised by
strong climatic gradients and contrasting fire regimes between northern, central, and
southern regions. While historically higher fire activity has been concentrated in southern
and insular areas, recent years have shown increasing fire occurrence and severity in
regions previously considered less vulnerable. Understanding the spatial and temporal
variability of fire weather conditions across Italian ecoregions is therefore essential for
supporting adaptation planning and operational wildfire management. Figure 1 presents
the spatial distribution of the 35 Italian ecoregions analysed in this study.

Figure 1. Partitioning of the Italian territory into 35 terrestrial ecoregional sections (ecoregions),
following [3], representing the spatial framework used to contextualise forest fire vulnerability. The
color gradient is applied to visually distinguish between the 35 individual ecoregional sections, which
are nested within the broader biogeographical provinces of Italy. The predictive modeling in this
study targets the finer subsection level within the Alpine chain, focusing on four specific zones in
northern Italy: 1A1b (Western Alps), 1A2a (Central-Eastern Alps), 1A2b (Eastern Alps), and 1A2c
(Southern Limestone Alps).

This study was conducted as part of a Short-Term Scientific Mission (STSM) funded
by the European Network on Extreme Fire Behaviour (NERO—COST Action CA22164 [4])
and hosted at the Forest Lab of the University of Milan under the supervision of Prof.
Giorgio Vacchiano during September 2025. The principal objective was to develop a
reproducible climate-informed framework for analysing seasonal fire weather variability
across Italy using Copernicus climate datasets, geospatial preprocessing tools, and statistical
analyses. Particular emphasis was placed on harmonising Fire Weather Index data across
35 Italian ecoregions and evaluating relationships between seasonal fire danger indicators
and observed burned area patterns.
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2. Methods
2.1. Climate and Geospatial Datasets

Climatic and geospatial datasets were obtained from European and national reposi-
tories, with primary emphasis on the Copernicus Climate Data Store. Seasonal NetCDF
datasets covering the main fire season (June–September) were processed for the 2007–2024
period. Climate Data Operators (CDO) were used to standardise projection systems, spatial
resolution, and grid structure, ensuring consistent spatial analysis across Italy’s ecological
regions. The analysis focused on 35 Italian ecoregions (Figure 1) to capture regional vari-
ability in fire weather conditions and burned-area dynamics. Geospatial processing and
statistical analyses were implemented using reproducible R-based workflows.

2.2. Fire Weather Index Framework and Statistical Analysis

The Canadian Fire Weather Index (FWI) system [2] was adopted as the principal
indicator of seasonal fire danger. The FWI is a dimensionless numeric scale where higher
values represent more severe fire weather conditions; generally, values below 10 indicate
low fire danger, while values exceeding 20 to 30 signal high to extreme fire risk depending
on local fuel types. The analysis considered the main FWI components, including the
Drought Code (DC), Build-Up Index (BUI), Initial Spread Index (ISI), and Fire Weather
Index (FWI), which collectively characterise fuel dryness and potential fire behaviour based
on daily observations of temperature, relative humidity, wind speed, and 24 h precipitation.

The statistical framework included:

• Temporal and spatial aggregation: Seasonal and annual aggregation of FWI metrics
across national and ecoregional scales.

• Descriptive statistics: Calculation of mean, median, and variability indicators to
characterise interannual fire weather behaviour.

• Trend analysis: Linear regression and Mann–Kendall tests were applied to evaluate
temporal trends in FWI metrics and burned area.

• Regression analysis: Relationships between seasonal FWI indicators and observed
burned area were examined to assess the explanatory capacity of climate-driven fire
weather conditions.

2.3. Reproducibility and Open Data

All workflows were designed to ensure transparency and reproducibility. The pro-
cessed Seasonal Fire Weather Index dataset for Italy (2007–2024), together with supporting
scripts and documentation, was openly published on Figshare [5].

3. Results and Discussion
Analysis of the aggregated FWI dataset revealed substantial interannual variability

in seasonal fire danger across Italy during 2007–2024. Mean seasonal FWI values ranged
from approximately 16 in 2020 to 24 in 2016, indicating strong year-to-year fluctuations
associated with climate variability. At the national scale, neither linear regression nor
Mann–Kendall analyses identified statistically significant monotonic trends during the
study period. Similar behaviour was observed across several ecoregions, suggesting that
short-term oscillations and extreme seasons currently dominate observed fire weather
dynamics. However, comparison with the historical 1970–2000 baseline (mean FWI ap-
proximately 10–15) indicates that contemporary fire danger conditions consistently exceed
historical averages, suggesting a broader shift toward elevated fire weather conditions
across Italy. On a national scale, the long-term historical trajectory of fire weather shows
significant interannual variability, featuring prominent danger peaks in extreme years
like 2017 and sharp declines in wetter summers like 2020, resulting in a flat overall linear
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baseline (Figure 2). Concurrently, the annual burned area within each ecoregion was as-
sessed, highlighting strong downward trend components despite immense, climate-driven
interannual spikes observed during high-activity fire seasons (Figure 3).

Figure 2. Linear trend of the mean summer Fire Weather Index (FWI) in Italy from 2007 to 2024. The
solid red line represents the ordinary least squares linear regression, shaded by a 95% confidence
interval (light pink ribbon), demonstrating a stable long-term baseline despite pronounced interan-
nual variability. Prominent fire danger peaks are visible in extreme seasons (e.g., 2016), contrasted by
sharp declines during characteristically wetter summers (e.g., 2020).

Figure 3. Linear trend of the annual burned area within the 2B2b ecoregion from 2007 to 2024. The
solid blue line represents the ordinary least squares linear regression, shaded by a 95% confidence
interval (light blue ribbon), highlighting a strong downward trend component over the long term at
the ecoregional scale. This systematic decline persists despite immense, climate-driven interannual
spikes observed during high-activity fire seasons, most notably at the beginning of the time series
(2007) and during the extreme 2017 season.

Regional analyses revealed contrasting burned-area tendencies among Italian ecore-
gions, including declining trends in some regions despite persistent fire weather variability.
An example of a declining burned-area trend is presented in Figure 3. These differences
likely reflect the combined influence of local climate variability, vegetation characteristics,
land management practices, and suppression capacity. Regression analyses between FWI
mean absolute values and observed burned area showed positive relationships across multi-
ple ecoregions (or negative relationships as shown in Figure 4), supporting the relevance of
FWI metrics for understanding spatial fire danger dynamics. Although fire occurrence and
burned area are influenced by multiple human and environmental factors, the observed
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associations reinforce the operational value of climate-informed fire danger indicators for
preparedness and early warning applications.

Figure 4. Scatter plot and linear regression analysis between the median absolute Fire Weather Index
(FWI) and annual burned area within the 2B2b ecoregion from 2007 to 2024. The solid blue line
represents the ordinary least squares regression line. Individual data points are labelled by year,
illustrating a weak, non-significant negative correlation heavily influenced by extreme anomaly
years—such as the massive wildfire seasons of 2007 and 2017—which decouple from typical climate-
driven fire weather expectations at this specific ecoregional scale.

The extreme seasons of 2016 and 2022 correspond with documented periods of ex-
ceptional wildfire activity across Europe [6]. These years were characterised by elevated
seasonal FWI values and substantial fire impacts requiring extensive emergency response
mobilisation. The results demonstrate the capacity of harmonised FWI datasets to support
the identification of anomalous fire danger conditions and strengthen climate-informed
preparedness strategies. The workflow developed in this study integrates Copernicus
climate products, CDO-based preprocessing, and reproducible statistical analysis into a
transferable framework suitable for future climate applications and operational adaptation.
The openly available dataset constitutes the first harmonised multi-ecoregion Seasonal FWI
assessment for Italy derived from consistent climate data sources.

4. Conclusions
This study established a reproducible climate-informed framework for analysing sea-

sonal fire weather variability across Italy using harmonised Copernicus climate datasets and
the Canadian Fire Weather Index system. Although no statistically significant national-scale
trend was detected during 2007–2024, the results reveal substantial interannual variabil-
ity and consistently elevated fire danger conditions relative to the historical 1970–2000
baseline. The observed relationships between seasonal FWI indicators and burned area
(Figure 4) highlight the operational relevance of climate-informed fire danger assessment
for wildfire preparedness and civil protection planning. Extreme fire seasons such as 2016
and 2022 further demonstrate the importance of integrating climate services into wildfire
risk management frameworks. The openly published Seasonal Fire Weather Index dataset
for Italy [5] provides a foundation for future research and operational applications, includ-
ing the integration of long-term reanalysis datasets and climate projections (1970–2098),
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derivation of ecoregion-specific fire danger thresholds, and development of probabilistic
seasonal outlooks. The framework is designed to support the transition from reactive
wildfire response toward proactive and climate-informed preparedness strategies across
Southern Europe.
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