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Abstract

Forest fires are a recurring disturbance in Mediterranean ecosystems, but they also im-
pact air quality and public health, particularly given recent trends towards increasingly
widespread and extreme fires. This study analyzed six large fires that occurred in Sardinia,
Italy, between 2009 and 2021, in order to evaluate their impact on ground-level PM10

concentrations and to investigate the influence of fire size, fuel type, and meteorological
conditions. The analysis included data on fire perimeters and land cover, meteorological
conditions, smoke plume trajectory simulations using HYSPLIT, satellite imagery, and
PM10 concentration measurements from the regional air quality monitoring network. The
six case studies differed markedly in terms of burned area, vegetation composition, dura-
tion, and weather context. The results showed that the extent of the fire is likely not the
most significant factor influencing the increase in PM10 observed in the days following the
fires. The most pronounced increases in PM10 concentrations were recorded during the
Isili and Montiferru fires, which differed in burned area but were similar in terms of fuel
composition, dominated by forest and shrubland vegetation. These factors, together with
favorable atmospheric conditions for plume transport and particulate matter deposition,
likely contributed to the observed increases in PM10, including exceedances of WHO and
national daily limit values. By contrast, Bonorva, Ittiri, and Borore showed limited or
no clear accumulation of PM10, despite large burned areas in some cases. These findings
suggest that the effects of wildfires on air quality in the Mediterranean region can be
influenced by several features, such as meteorological conditions, biomass burned, area
burned, severity and intensity of fires. Furthermore, the observed exceedance of WHO
thresholds highlights the need to integrate public health considerations into wildfire risk
management in the Mediterranean basin.

Keywords: wildfire emissions; air quality; particulate matter; public health; mediterranean basin

1. Introduction
Fire is an integral part of many ecosystems around the world, including the Mediter-

ranean basin, where for millennia it has played an important ecological role, contributing,
together with other anthropogenic and/or natural factors, to biodiversity and the shape of
landscapes [1,2]. In the Mediterranean Basin, fire has been used by humans as a manage-
ment tool since early times. Not all fires need to be extinguished, but when they become
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uncontrollable and destructive, they can be an important disturbance agent by causing
significant losses to ecosystems, farms, anthropic values and, sometimes, human lives [3–8].

In Southern Europe, recent seasons have highlighted the vulnerability of the territory to
large and extreme wildfire events [9]. The summer of 2022 will be remembered as one of the
worst fire seasons, with more than 0.5 million hectares affected by wildfires [10]. Between
2020 and 2022, in Greece, Italy, Spain, and southern France, the average area affected
by each fire was significantly larger than in the previous decade, due to the occurrence
of large fires or mega-fires that exceeded the firefighting capacity of the authorities [10].
Furthermore, in 2025, the total area burned across the European Union exceeded 1 million
46 hectares, with Spain and Portugal accounting for most of these surfaces. This represents
a substantial increase from the previous record, which was set in 2017, and it marks the
most extensive area burned since the early 2000s [11].

The occurrence of large wildfires and megafires causes direct damage to the environ-
ment, human structures, productive activities, and people in the affected area. In addition,
fires have a significant impact in terms of emissions, releasing directly into the atmosphere
particulate matter (PM10 and PM2.5) along with hundreds of volatile organic compounds
(VOCs) and gaseous compounds (e.g., NOX, CO, CH4). The quantity and composition of
emissions can vary from fire to fire as a function of the amount and type of fuel, meteorol-
ogy, and burning conditions [8,12–15] and can have effects on air quality and public health
over a much larger area than that directly affected by the fire [8,16–20].

Many studies reported that exposure to elevated levels of particulate matter is linked
to increased risk of respiratory and cardiovascular diseases. Wildfire smoke causes cough,
asthma, wheeze, and eye irritation, inflammation, and oxidative stress in the lungs, re-
sulting in increases in use of respiratory medication, higher risk of hospitalization, and
cancer risk among firefighters [21–25]. Several authors have investigated patterns of
wildfires and fire emissions at various temporal and spatial scales [8,19]. Over the past
two decades, many studies have focused on the western United States; for instance, Wied-
inmyer and Hurteau [26] reported that, during 2001–2008, CO2 emissions from wildfires
in 11 western U.S. states were particularly high from July through October, with a peak
in August [26]. More recently, decadal air quality trends in western U.S. urban centers
were linked with wildland fire activity during the months of August and September for the
years 2000–2019 [27]. Other authors reported that, in recent years, smoke from large fires
has caused extreme concentrations of PM2.5 and O3 in the U.S. and in Central and South
America [13,28–32].

In the Euro-Mediterranean region, the available studies on wildfires and fire emissions
are more limited. However, the increase in the frequency of large fires recorded in recent
years, especially in southern Europe and often close to large urban areas, has led several
authors to investigate this type of impact [33–39]. Most fire emissions studies attempted to
estimate the impact of wildfires on air quality using modeling approaches, remote sensing,
or a combination of both [14,40,41]. Fernandez et al. [40] estimated the atmospheric emis-
sions resulting from the Portuguese wildfires of 2017 with a high-resolution methodology
and compared them with satellite data, showing good agreement in terms of total values.
Barbosa et al. [41] assessed the influence of wildland fire emissions on the concentration
of PM2.5, its effect on population health and the related costs, between 2015 and 2018 in
Portugal using the open-source chemistry transport model EMEP/MSC-W. However, at
present there are few studies conducted in Mediterranean regions on the impact of wild-
fires on air quality based on ground-level measurements of PM10, PM2.5, and other gases
(CO, O3, NO2, SO) [42–47]. Some studies reported elevated PM10 concentrations during
periods characterized by large wildfires and megafires. For example, Oliveira et al. [43]
identified a clear relationship between PM10 concentrations and the extent of burned areas
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during the severe 2017 fire season in central Portugal, with the highest particulate matter
levels occurring in June and October, coinciding with the most intense wildfire episodes.
Similarly, Castagna et al. [38] documented the influence of wildfire emissions on air quality
in southern Italy, reporting increased PM10 concentrations during the summer months,
particularly in association with wildfire events. More recently, Barros et al. [46] investigated
the relationship between total burned area and monthly PM10 and PM2.5 concentrations
in northern Portugal over the period 2019–2022. Likewise, Sopčić et al. [47] examined
particulate matter and carbonaceous compound concentrations during a wildfire event that
occurred near the Adriatic coast of Croatia, reporting increases in both particulate mass
and carbonaceous pollutants during the fire event.

The present work analyses six cases of large fires that occurred on the island of
Sardinia (Italy) in the last 20 years. It investigates the meteorological context, possible
fire plume air trajectories, and PM10 concentration at ground level. The main aim of this
study is to provide useful information for assessing the impact of wildfires on the actual
increase of PM10 at ground level in Sardinia, in order to evaluate potential public health
risks to populations exposed to fires on the island. Specific objectives are: (i) to verify
whether there were increases in ground-level PM10 concentrations during the six fires,
which were characterized by different sizes, fuels, and weather conditions; and (ii) to
investigate if the type of fuel and vegetation involved, the extent of the area burned, and
the meteorological conditions during the fires could have influenced the ground-level
presence and concentration of PM10 in areas near the fire or affected by the smoke plume in
the days following the fire.

2. Materials and Methods
2.1. Study Site

Sardinia (Italy) is located in the western part of the Mediterranean Sea (38◦51′ N–
41◦15′ N latitude; 8◦8′ E–94 9◦50′ E longitude) and it is the second largest island in the
Mediterranean basin. The population, about 1.5 million inhabitants, is mainly concentrated
around the metropolitan areas of Cagliari and Sassari, respectively, located in the south and
north-west part of the island. The human presence increases from late spring to early fall
due to the tourist flows, which are mostly concentrated in the coastal areas; The Sardinia
Regional Department of Tourism has estimated that more than 20 million presences were
recorded in 2025. The physical geography of the island is characterized by a significant
presence of hills and low mountains (the highest elevation peak is 1850 m a.s.l.). The
climate is mainly Mediterranean, with the highest temperatures and an important drought
period during the summer months, particularly in some southern portions of the island.
The mean annual temperature ranges between ~8 ◦C in the mountain areas and ~17 ◦C
along the coasts, whereas during the summer season maximum temperatures often exceed
30 ◦C. Annual precipitation varies from ~400 mm in the coastal areas to ~1100 mm in
the mountains.

According to datasets from the Sardinia Forest Service, Sardinia recorded an average
of 2900 fire ignitions per year from 2003 to 2022. About 90% of fires occurred from June
to September, peaking in July in terms of both ignitions and area burned. Overall, the
data showed large interannual variability in fire ignitions and burned area. During years
with extreme fire weather conditions, the annual area burned can exceed 30,000 hectares
(e.g., 44,800 ha in 2009 and 34,400 ha in 2007) [48]. The largest impacts are driven by a
few large fires. About 0.6% of fires exhibited an area burned larger than 100 hectares and
accounted for approximately 57% of the total area burned. It is important to consider that
tourist flows and fire occurrence and spread are higher during the warmest months of the
year—both coinciding with the June–September period—thereby increasing both anthro-
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pogenic and natural emission sources. In addition, there is also a potential background
level of emissions associated with industrial activities, which operate year-round and are
unevenly distributed across the island; the Sardinia air quality monitoring network was
established to monitor the impact of these industrial activities on emissions.

2.2. Data Sources

The fire events that have been investigated in this study were selected based on several
criteria: availability of air quality data for the period in which the events occurred; area
burned larger than 2000 ha; variety of the vegetation types covered by the fire, and therefore
different types and loads of biomass burned; and, finally, proximity (less than 100 m) of at
least a section of the fire perimeter to urban or wildland-urban interface (WUI) areas.

Other information about the ignition point, fire perimeters and area burned, date
and time of fire ignition and extinction, was provided by different sources: the Sardinian
Regional Forest Service (CFVA), personal communication from witnesses who observed
and followed the event, or taken from the “Rural and Forest Fire Reports” edited by the
Sardinia Autonomous Region [49–51].

We used either the 2008 Sardinian Land Cover map [52], the 2012 Corine Land Cover
map [53], or the 2017 Land Cover Map of Europe [54] to determine the vegetation affected
by fire, depending on when the single event happened.

Overall, we analyzed six large fires that occurred in Sardinia from 2009 to 2021 (Figure 1a):
Bonorva, Ittiri, Isili, Paulilatino, Borore, and Montiferru.

Figure 1. (a) Location of the six large fires and their burning areas; (b) location of air quality stations
(red stars) of the air quality control network of the Regional Environment Protection Agency of
Sardinia identified by their station names, and divided by sectors (gray dashed lines). Codes in white
represent the northern (N1, N2, N3, N4), central (C1, C2, C3, C4), and southern sectors (S1, S2, S3, S4)
of the island. Codes in black are the names of the stations located in each sector.

PM10 concentration data were provided by the monitoring stations of the Air quality
monitoring network of the Regional Environment Protection Agency of Sardinia [55]. The air
quality monitoring network of Sardinia is a system of monitoring stations distributed through-
out the island, designed to continuously measure and analyze the levels of air pollutants
(PM10, PM2.5, NO2, O3, and SO2) in order to protect public health and the environment.

The positioning of the air quality stations was primarily dictated by the detection
of the impacts of the main industrial hubs, which are located near the main cities and
industrial centers (Figure 1b).
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Samples were collected using a Skypost Tecora apparatus (TCR Tecora, Cogliate, Italy)
with up to 50 L min−1 flow rate capacity and a sampling head of 2.3 m3 h−1 in agreement
with the UNI EN 12341:2014 [56] and DM60 [57] norms. PM10 concentration is the daily
sum (from 00:00 am to 12:00 pm), expressed in µg/m3 d−1.

Unfortunately, the series of data relative to PM2.5, NO2, O3, and SO2 collected from the
air quality monitoring network was not very representative because it was often incomplete
and discontinuous. Therefore, the concentrations of these chemical compounds were not
analyzed in this study, which focuses on the impact of fires on air quality exclusively in
terms of PM10 concentrations.

To easily monitor the movement of smoke produced by each fire and evaluate the
concentrations of pollutants measured by the air quality stations involved, we divided the
Sardinian territory into 12 quadrants between North, Central, and South (Figure 1b).

It is well known that PM10 concentrations, both atmospheric and ground-level, result
from the interaction of multiple emission sources, such as industrial activities, human
presence, Saharan dust, and wildfires. Therefore, it is difficult to identify a single baseline
for each station or to attribute a peak in particulate matter concentration to a single source,
such as a wildfire, with certainty. To overcome this difficulty, we only considered PM10

increases attributable to a fire if they met the following criteria:

(a) The difference from the concentrations the day before the fire exceeded the standard
deviation value calculated for the months surrounding the fire.

(b) The value exceeded at least the 85th percentile of the same data series.
(c) The value was classified as an outlier according to the accepted statistical method

Interquartile Range (IQR) [58,59].

The synoptic conditions associated with each fire event were also investigated. The
atmospheric field data were taken from the NCEP Climate Forecast System Reanalysis
(CFSR) with a spatial resolution of 0.5◦ × 0.5◦. Maps of temperature at 850 hPa and air
masses were downloaded at the synoptic scale from WetterZentrale [60].

2.3. Fire Description

The Bonorva fire started near the village of Bonorva (Northwestern Sardinia) in the early
morning (05:00 am) of 23 July 2009, and spread fast across nearly 10,551 hectares, reaching
buildings and villages. The fire was extinguished by 10:00 am of 24 July, after about 30 h. It
affected agropastoral ecosystems represented by grasslands, pastures and croplands for about
75%, and by broadleaf forests and shrubs for about 25% (Table 1 and Figure 2b).

Table 1. Total burned area and vegetation composition (percentages) classified into land-cover
categories for each fire event.

(ha) (%)

Fire Name Total Area
Burned Broadleaves Conifers Cultivated

Areas
Grasslands

and Pastures Mixed Forest Shrublands

Bonorva 10,550.2 19.3 0.1 64.5 10.3 5.8
Ittiri 5130.7 4.6 47.0 34.8 13.6
Isili 2124.8 14.6 30.4 7.7 14.7 0.8 31.8
Paulilatino 3010.1 1.2 52.9 29.0 16.8
Borore 4287.9 0.0 66.2 24.4 9.4
Montiferru 12,543.8 26.9 4.8 12.8 27.8 27.8
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Figure 2. Final fire perimeter and land use classes before the event: Montiferru (a); Bonorva (b); Isili
(c); Borore (d); Ittiri (e); Paulilatino (f). The main villages and towns in the proximity of the event are
in black (anthropic).

The Ittiri fire started on 23 July 2009, about 8 h later than the Bonorva fire and spread for
more than 5000 hectares. Most of the final fire area, which was mainly covered by grassland,
pastures and cropland (82%), burned during the first 24 h (Table 1 and Figure 2e).

The fires of Isili and Paulilatino (Central Sardinia) occurred on the same day (7 August
2013), 3 h apart from each other: 12:00 am and 03:00 pm, respectively. The main vegetation
types characterizing the two burned areas were cropland and grassland (30% and 53%,
respectively) for the Paulilatino fire (Table 1 and Figure 2f), and broadleaf with conifer
forests and shrubland (45% and 32%, respectively) for the Isili fire (Figure 2c).

The Borore fire (located in Central Sardinia) started on 1 July 2016 at 02:00 pm and was
extinguished on the night of 2 July. It burned about 4300 hectares, mainly of grasslands,
pastures, and cropland (about 90% in total) (Table 1 and Figure 2d).

The Montiferru fire spread from a road that connects two villages (Bonarcado and Santu
Lussurgiu), in Western Sardinia. The ignition occurred in the late afternoon of 23 July 2021.
With about 13,200 ha of land burned, this event was the largest fire recorded in Sardinia in the
last 35 years, and one of the largest at the National level of all time. About 70% of the final fire
area, that is approximately 9000 ha over 13,000 ha, burned between 06:00 pm and 12:00 pm
on 24 July. It threatened several inhabited centers and burned both silvopastoral farms and
houses located in the WUI areas [61]. The Montiferru fire affected a variety of forest and rural
ecosystems, mainly represented by forest and shrubs (about 59%), herbaceous vegetation
(about 28%) and cultivated areas (about 13%) (Table 1 and Figure 2a).

2.4. Fire Plume Trajectories

To investigate the impacts of fire plumes on air particulate concentration, the likely
trajectories of smoke particles released by each fire were calculated through the HYSPLIT
model (Hybrid Single-Particle Lagrangian Integrated Trajectory) developed by NOAA’s
Air Resources Laboratory [62].
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The HYSPLIT model is a system designed to estimate the trajectories, dispersion, and
deposition patterns of gaseous and particulate pollutants. It utilizes meteorological grid
data obtained from re-analyses of weather forecasting models [63,64].

In normal mode, for each simulated trajectory, the model calculates, at fixed time
intervals, the coordinates and height above ground level (a.g.l.) of the air mass moving
through the atmosphere from the source. To consider changes in weather conditions during
the event, we ran a simulation every two hours for a total of 12 simulations over 24 h. As
the source of fire plumes, we considered the centroid of the burned areas. Photographs or
quantitative data allowing the estimation of smoke plume height were not available for the
analyzed fires. The only available estimate concerned the Montiferru fire, the largest and
most intense of the six events considered, for which the plume height was reported to be
approximately 4500 m a.g.l. [65,66]. To account for the absence of plume-height information,
each simulation was repeated using emission sources at different heights above ground
level (from 500 m to 4500 m a.g.l. at 500 m intervals). The estimated plume height of the
Montiferru fire was adopted as the upper limit of this range. This approach allowed us to
account for all possible trajectories and the dispersal of air masses over the territory and to
include all stations where particles could have been deposited on the ground, avoiding the
exclusion of potential fallout.

Finally, for each simulated trajectory, coordinates and height a.g.l. of the air mass
moving in the atmosphere from the source were calculated every hour. We assumed a
probable impact of particulate matter at ground level when simulations envisaged descents
of air masses at altitudes lower than 300 m above sea level (Figure A1).

To verify the direction of the fire plume and to check the possible contemporary pres-
ence in the atmosphere of sand and dust from the Sahara, we also used MODIS satellite
images on board the Aqua satellite as well as the Visible Infrared Imaging Radiometer Suite
(VIIRS) corrected reflectance imagery on board the joint NASA/NOAA Suomi National
Polar-orbiting Partnership (Suomi NPP) satellite. Satellite images were retrieved through
the Worldview tool (https://worldview.earthdata.nasa.gov/ (accessed on 17 April 2026)
from NASA’s Earth Observing System Data and Information System (EOSDIS). Further-
more, the spatial direction of the Montiferru fire smoke plume has been investigated using
CO measurements from the TROPOspheric Monitoring Instrument (TROPOMI) on board
the Copernicus Sentinel-5 Precursor satellite.

3. Results
3.1. Bonorva and Ittiri Fires (23 July 2009)
3.1.1. Meteorological Conditions at Synoptic Scale

The days preceding the fire events were characterized by two low and two high-
pressure structures. The two low-pressure systems were roughly located on the same
meridians. The northernmost one was the Icelandic Low, a semipermanent low-pressure
system located in the North Atlantic between Iceland and southern Greenland; the ther-
mal low of the second one was centered over the Algerian desert (Figure 3a). The two
high-pressure, placed along the same parallels, were the permanent high-pressure sys-
tem over the Azores (the Azores High) and a high-pressure cell positioned on the central
Mediterranean. On 22 July, the day before the fire occurrence, the weak channel between
the two low-pressure cells rotated in a SW-NE direction, intensifying the heat flow on the
central-western Mediterranean and causing an increase in temperatures. The isotherm at
850 hPa reached 28 ◦C. During the day of the fire and the day after (23 and 24 July, respec-
tively), maximum temperatures exceeding 40 ◦C and minimum temperatures exceeding
25 ◦C (28.7 ◦C in the southern part of the island) were recorded on about half of the entire
island territory. These thermal anomalies seem to be only partly related to the numerous
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and large fires that broke out on the same days in Sardinia. The two peaks of 46.9 ◦C and
46.8 ◦C registered in Sardinia were, in fact, reached at two municipalities located too far
from the sites of fires to be considered a direct consequence of the events. On the other side,
some of the fires associated with the advection of warm air may also have had a partial role
in lowering the local value of relative humidity on 23 July, which reached levels below 20%
on the whole island. It is important to underline how the thermal wind generated by the
warm advection implied an increase with altitude of the western component of the flow;
therefore, the prevailing surface wind direction was Southeast while already at an altitude
of 850 hPa the direction was Southwest (also see Figure A2).

Figure 3. Air temperatures (in ◦C) at 850 hPa (about 1500 km above the sea level) during the six investi-
gated fires, for the day before the event—on the left, the day of the fires—on the center, and the day
before the fire event—on the right: (a) Bonorva and Ittiri—22–24 July 2009; (b) Isili and Paulilatino—
6–7 August 2013; (c) Borore—30 June–2 July 2016; (d) Montiferru—23–25 July 2021. In the light blue
circle, the location of the island of Sardinia. Images were obtained from Wetterzentrale [58].
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3.1.2. Fire Plume Trajectories and PM10 Concentration

The Bonorva and Ittiri fires both occurred on the same day.
The simulations conducted on 23 and 24 July 2009 indicated the northeastern sector

of Sardinia (quadrants N2 and N3) as the area most affected by the passage of smoke
(Figures 4 and 5). For the Ittiri fire, a possible subsidence of air masses, with consequent
deposition of particulate matter at ground level, was predicted by the HYSPLIT model
on 24 July only in simulations where the plume origin was assumed to be below 500 m
a.g.l. (Figure 4). In particular, the model predicted a probable particulate deposition between
7:00 am and 01:00 pm UTC on 24 July in the area near the northeastern coast of the island
(quadrant N3) and between 10:00 am and 02:00 pm UTC directly on the sea. Neither the
simulations performed on the first day nor those on the second day—assuming the plume
source was located above 500 m a.s.l.—indicated any potential impact of particulate matter on
the island.

Figure 4. Fire plume trajectories and probable particulate depositions for the first (a) and the second
day (b) of the Ittiri fire. Circled symbols indicate the possible location of particulate deposition.

Figure 5. Fire plume trajectories and probable particulate depositions for the first (a) and the second
day (b) of the Bonorva fire. Circled symbols indicate the possible location of particulate deposition.
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Based on the HYSPLIT simulations, air-quality monitoring stations located in the N1,
N2 and N3 sectors were identified as potentially affected by increases in PM10 concentra-
tions. Unfortunately, one of the stations, in the N3 sector, expected to be most impacted
by particulate deposition (CENSN1), was out of service; consequently, no PM10 data are
available from this site. Overall, the functioning stations potentially affected by the fire
plume trajectory are located within a distance range of 9.8 (CENS12) to 75.4 km (CEOLB1)
from the Ittiri fire perimeter (Table A1).

In any case, no clear increase in PM10 compared to the values recorded on the days
before and after the event was observed for any of the other stations. A slight increase in
particulate matter was observed on 26 July; however, the absence of fires in the surrounding
areas on both 25 and 26 suggests that this increase cannot be attributed to active fire events
(Table 2).

Table 2. PM10 concentration (µg/m3 d−1) detected by the air quality stations, identified by their station
names, for the Bonorva and Ittiri fires and standard deviation values for the period: 21 July–26 July 2009.
Fire icons indicate days when the fires were active. In bold and italic, the data of the day before the
events. The values underlined identify an increase in PM10 compared to the day before the fire greater
than the standard deviation value; * indicates PM10 concentration values higher than 85◦ percentile;
** identify PM10 concentration values classified as an anomaly according IQR method.

Sardinian Quadrants and Station Names

N1

DAY CENPT1 CENSS03 CENSS04 CENSS12 CENSS13
21 July 2009 37.20 19.50
22 July 2009 10.90 8.60 11.90 10.90 8.10
23 July 2009 11.30 8.50 7.80 8.80 8.70
24 July 2009 14.20 12.10 9.70 11.50 8.90
25 July 2009 18.00 15.80 * 14.30 11.60 13.40
26 July 2009 28.00 30.40 12.00 10.60

StdDev
July–August 5.3 6.7 3.7 1.4 4.8

N1 N2

DAY CENSS16 CENSS17 CENSS2 CENS10 CEOLB1
21 July 2009 16.80 26.00 33.50
22 July 2009 12.00 9.18 11.90 10.70 10.50
23 July 2009 11.40 6.12 6.20 13.70 13.70
24 July 2009 15.90 12.00 9.80 10.70 22.00
25 July 2009 15.30 11.24 14.90 14.30 13.10
26 July 2009 26.80 7.40 46.60 41.30

StdDev
July–August 7.0 2.8 4.4 7.3 7.4

The second fire occurred within the municipality of Bonorva, igniting at 03:00 am UTC
on 23 July—four hours prior to the Ittiri fire—and persisted until 10:00 pm UTC on 24 July.

The area potentially affected by smoke transport was larger than that of the Ittiri fire.
Likely due to slightly different meteorological conditions in the early morning of 23 July, some
simulated trajectories also indicated smoke dispersion into the N1 quadrant (Figure 5).

As observed for the Ittiri fire, during the second day the smoke trajectories were
directed towards the east (quadrant N3) while the northbound component, evident the pre-
vious day, disappeared (Figure 5). The HYSPLIT model predicted no particulate deposition
on the first day of the event. Probable fallout was predicted by the model, assuming the
source of the smoke at altitude 500 (a.g.l.), between 7:00 am UTC and 10:00 am UTC on
24 July near the coast in quadrant N3, and from 11:00 am UTC to 03:00 pm UTC directly at
sea. The air quality stations potentially affected by particulate fallout coincided with those
analyzed for the Ittiri fire and, as already seen in that case, did not report any accumulation
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of PM10 on the days when the fire was in progress; their distance from the fire perimeter
falls within the range of 26.5 km (CENS16) to 60.4 km (CEOLB1) (Table A1).

Satellite imagery corroborates the HYSPLIT-predicted trajectories, showing smoke
transport toward the N2 quadrant on 23 July and toward the N3 quadrant on 24 July, with a
less pronounced northerly component than on the previous day (Figure A2). No inference
can be made from carbon monoxide concentrations, as data for those days are unavailable.

3.2. Isili and Paulilatino Fires (7–8 August 2013)
3.2.1. Meteorological Conditions at Synoptic Scale

The days preceding the events were characterized by a perturbation extended to the
entire Atlantic part of Europe and by a high pressure spreading from the central part of
the continent to the central-eastern Mediterranean (Figure 3b). This situation generated a
hot westerly airflow into the Italian regions, causing a sort of heat wave in conditions of
low-gradient high pressure and therefore with low winds.

The day of 7 August started with a surface pressure maximum positioned in the
southern Tyrrhenian Sea and the deepening of a baric minimum north of the Balearic
Islands. During the following day, the minimum evolved southward and at first did not
interrupt the flow of warm air on a synoptic scale (at the pressure altitude of 850 hPa the
isothermal line of 25 ◦C was observed with flow from SW at altitude and from SE on the
surface) until the end of the day when a NW flow was generated causing a marked drop in
temperatures. The rotation of the winds was followed by an Atlantic perturbation which, in
the lower layers, triggered a flow of humid and unstable air with widespread thunderstorm
activity over Sardinia.

On 7 and 8 August, surface air temperature widely exceeded 40 ◦C, with maximum
peaks of 43.8 ◦C, while the minimum temperature did not drop below 25.0 ◦C in most of
the island (Figure 3b). However, both days were characterized by the occurrence of many
fires, which could probably have had some influence on the air temperature. On 7 August,
the minimum relative humidity was less than 20% on about 90% of the island, with values
ranging between 7% and 9% in many localities.

3.2.2. Fire Plume Trajectories and PM10 Concentration

The Isili and Paulilatino fires both occurred on the same day. The Isili fire started
around 10:00 UTC on 7 July 2013 and continued the following day until 18:00 UTC on
8 July 2013.

The simulations conducted on 7 and 8 July 2013 indicated the northern and eastern
sectors of Sardinia (quadrants N2, N3, C2 and C3) as the area most affected by smoke
passage (Figure 6). The areas affected by smoke transit varied according to the altitudes
selected as the source of the smoke. In fact, with altitudes below 2500 m a.g.l., the direction
of the smoke was constantly northwards; above these altitudes, the trajectories were
oriented eastwards during the first hours of the event (from 10:00 am UTC to 05:00 pm
UTC), while starting from 06:00 pm UTC, a change in the direction of the wind at high
altitude caused a change in the directions of the trajectories towards the north (Figure 6).

A possible descent of air masses, with consequent deposition of particulate matter at
ground level, was predicted by the HYSPLIT model for both days, but only in simulations
where the smoke origin was assumed to be below 500 m a.g.l. In particular, the model
predicted a probable particulate deposition between 08:00 pm and 10:00 pm UTC on 7 July
and at 04:00 am UTC on 8 July, extending from the central part of the island towards the
northern coast. In contrast, simulations assuming a source altitude above 500 m a.g.l. did
not indicate any potential impact of particulate matter on the island’s territory. Satellite
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imagery confirms HYSPLIT’s predicted trajectories, showing smoke transport towards
Northern Sardinia (quadrant C2, C3, N2 and N3) (Figure A3).

Figure 6. Fire plume trajectories and probable particulate depositions for the first (a) and the second
day (b) of the Isili fire. Circled symbols indicate the possible location of particulate deposition.

Based on the trajectories simulated by HYSPLIT, seven stations (CENOT3; CENNU1;
CENNU2; CENS10; CEOLB1, CENSN1 and CENSE0) of the air monitoring network were
identified as being likely to be affected by a possible increase in the concentration of PM10,
located within a range from the fire of 9.3 (CENSE0) to 122 km (CEOLB1) (Table A1). On
7 and 8 July, for all three quadrants N3, C2 and C3, an increase in PM10 was observed
compared to the values recorded the day before the event (Table 3).

Table 3. PM10 concentration (µg/m3 d−1) detected by the air quality stations, identified by their
station names, for the Isili and Paulilatino fires and standard deviation values for the period:
5 August–10 August 2013. Fire icons indicate days when the fires were active. In bold and italic, the
day before the fire events; The values underlined identify an increase in PM10 compared to the day
before the fire greater than the standard deviation value; * indicates PM10 concentration values higher
than 85◦ percentile; ** identifies PM10 concentration values classified as an anomaly according to the
IQR method.

Sardinian Quadrants and Station Names

N2 N3 C2 C3

DAY CENS10 CEOLB1 CENSN1 CENNU1 CENNU2 CENOT3 CENSE0

5 August 2013 37.00 16.78 16.16 13.61 13.60 13.48
6 August 2013 23.20 15.90 14.11 25.76 17.95 16.50 16.02
7 August 2013 24.20 17.80 22.78 * 27.61 24.70 * 33.40 ** 19.78
8 August 2013 26.89 33.46 28.36 ** 52.52 ** 38.45 ** 45.30 ** 32.43 **
9 August 2013 24.79 15.05 15.36 18.09 10.10 14.36
10 August 2013 40.10 30.10 11.83 19.35 19.42 16.10 19.39

StdDev
July–August 11.9 13.6 4.0 5.5 4.7 5.2 4.2

The greatest increases of PM10 cumulated values were observed on 8 July in the C2
quadrant with increments of 28.8, 27.0 and 20.5 µg/m3 d−1 at CENOT3, CENNU1 and
CENNU2, respectively (Table 3). Anomalous increases in more than 14 µg/m3 d−1 were
also observed at CENSN1 in the quadrant N3 and at CENSE0 in the quadrant C3. No
increase was observed at the CENS10 station.
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The second fire occurred in the territory of the municipality of Paulilatino on the
same day, started at 03:00 am (01:00 am UTC) on 7 July, i.e., nine hours before the Isili fire,
and lasted until 04:00 am (02:00 am UTC) on 8 July, i.e., 16 h before the end of the Isili
fire. The area potentially affected by the passage of smoke was mainly concentrated in
the northwestern part of the island (N2 and N3 quadrants) (Figure 7), and the distance
of the operative air quality stations potentially affected by the fire plume falls within a
range between 19 km (CENOT3) and 104 km (CEOLB1) (Table A1). Unlike the Isili fire,
probably due to differences in the timing of the two events, the HYSPLIT model predicted
no particulate deposition for the Paulilatino fire on the first day of the event. On 8 July,
assuming a smoke source at 500 m a.g.l, the model indicated probable fallout occurring
offshore. Consequently, the increases in particulate matter observed at the monitoring
stations overflown by smoke from the Paulilatino fire are most likely attributable to the
Isili fire (Table 3).

Figure 7. Fire plume trajectories and probable particulate depositions for the first (a) and the second
day (b) of the Paulilatino fire. Circled symbols indicate the possible location of particulate deposition.

3.3. Borore Fire (1 July 2016)
3.3.1. Meteorological Conditions at Synoptic Scale

The days preceding the event, a high-pressure cell connected to the Azores High was
positioned in the central Mediterranean, guaranteeing weak atmospheric stability. On 1 July,
on the central Adriatic Sea, cyclogenesis was underway on the downwind side of the Alps
(Figure 3c). This condition generated a weak perturbation. Over Sardinia, a decrease in
pressure created weak conditions of more marked instability in the lower troposphere with
respect to the middle-high troposphere. In addition, the Haines index [67], which is related
to the probability that a fire develops in conditions of weak wind but of vertical instability,
reached the maximum value of 6. This air instability could have been one of the reasons why
a large fire developed despite low wind speeds and normal relative humidity levels.

3.3.2. Fire Plume Trajectories and PM10 Concentration

Regarding the Borore fire (starting at 02:00 pm, 12:00 UTC, on 1 July and ending at
12:00 pm, 10:00 pm UTC, on 2 July 2016), all the simulations performed with HYSPLIT
indicated Central–Eastern Sardinia (quadrant C1 and C2) as potentially affected by the
passage of smoke and particulates produced by the fire on the first day of the event
(Figure 8). The following day, the direction of smoke seemed to have rotated in a south-
eastern direction, also affecting quadrant C3 and partially quadrant S2. The model predicted
a probable descent of the air masses and a consequent fallout of particulate matter at ground
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level between 11:00 pm UTC on 1 July and 02:00 pm UTC on 2 July in the central-eastern
quadrant of the island (quadrant C1 and C2), exclusively in the simulations in which
the smoke origin was assumed to be below 2500 m a.g.l. (Figure 8). None of the other
simulations conducted on both days of the event indicated possible particulate fallout on
the island.

Figure 8. Fire plume trajectories and probable particulate depositions for the first (a) and the second
day (b) of the Borore fire. Circled symbols indicate the possible location of particulate deposition.

The analysis of the satellite images for the two days allowed us to confirm the directions
of the trajectories simulated by HYSPLIT, mainly for the first day of the event, for which it is
indeed possible to clearly identify the direction of the smoke towards the east (Figure A4). In
contrast, on the second day (2 July) no fire plume seems identifiable in the area.

Based on the simulations from HYSPLIT, we identified five stations (CENMA1,
CENOT3, CENNU1, CENNU2, CENSE0 in the C1, C2 and C3 sectors) of the air mon-
itoring network that could have been affected by a possible increase in the concentration of
PM10. All the stations fall within a fairly short distance between 7.3 (CENOT3 station) and
43.5 km (CENSE0 station) from the fire perimeter (Table A1).

However, an increase in PM10 was observed on 2 July for CENSE0 (32.3 µg/m3 d−1)
and CENOT3 (23.7 µg/m3 d−1) stations compared to the values recorded on the days
before and after the event (Table 4).

Table 4. PM10 concentration (µg/m3 d−1) detected by the air quality stations, identified by their
station names, for the Borore fire and standard deviation values for the period: 29 June–4 July 2016.
Fire icons indicate days when the fire was active. In bold and italic, the day before the fire event.
The values underlined identify an increase in PM10 compared to the day before the fire greater
than the standard deviation value; * indicates PM10 concentration values higher than 85◦ percentile;
** identifies PM10 concentration values classified as an anomaly according to the IQR method.

Sardinian Quadrants and Station Names

CI C2 C3

DAY CENMA1 CENNU1 CENNU2 CENOT3 CENSE0

29 June 2016 8.60 19.25 9.64 12.20 13.30
30 June 2016 11.30 19.92 8.59 14.30 14.80
1 July 2016 16.10 * 20.05 13.00 18.10 18.20
2 July 2016 18.60 * 13.84 11.53 23.70 ** 32.30 **
3 July 2016 11.00 14.16 11.06 17.60 21.20
4 July 2016 12.10 12.98 9.90 13.00 9.40

StdDev June–July 3.3 4.8 5.6 3.7 5.3
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3.4. Montiferru Fire (24–25 July 2021)
3.4.1. Meteorological Conditions at Synoptic Scale

On 22 July at midday, the European synoptic weather situation was characterized by
three main baric structures: a perturbation positioned northwest of Spain, a ridge extended
from North Africa to the Central Western Mediterranean and to England (geopotential
over Sardinia between 588 gpdam and 590 gpdam at 500 hPa) and a weakening trough
stretched over Eastern Europe (Figure 3d). The synoptic evolution during the following
days showed a slow eastward movement of the above-mentioned structures.

Sardinia was positioned on the border between a sub-tropical flow extending in a
WE direction from North Africa to the Eastern Mediterranean and a cold air mass of polar
origin with higher water vapor content over Central and Western Europe.

This frame caused a growing SW flow toward Sardinia of relatively warm and very
dry air (for elevation higher than 900 hPa). This condition remained substantially un-
changed until the afternoon of July 25, when the approaching ascending branch of an
Atlantic perturbation brought lower temperatures with widespread cloudiness. Therefore,
temperatures at the baric altitude of 850 hPa ranged between 20 and 24 ◦C over the entire
island on 23 and 24 July, with further increases on 25 July (24–28 ◦C) (Figure 3d).

Considering low levels and the surface troposphere, on 24 July a synoptic flow from
the southeast prevailed over the thermal circulation. The warming of the 850 hPa layer
over the entire regional territory resulted in very high ground temperatures (T > 37 ◦C) and
relative humidity between 20% and 30% for most of the island. The direction of the SE-E
surface flow had an important influence on the development of the fire that occurred in the
north–central part of the island. In fact, the air flow reached the northern part of the island
after having warmed up and dried due to having crossed the internal part of the territory.

Moderate-to-high intensity winds were widely observed (about 10 m s−1) all over
the island. During the night of 24 July to 25 July, as the ascending branch of the Atlantic
perturbation approached, and the 28 ◦C line appeared at 850 hPa, a southwesterly wind
rotation occurred, while on 25 July, diurnal breeze and nighttime variable winds appeared.

This weak depression wave caused the advection of moist air in the mid-high tropo-
sphere from the Sardinian Sea over the burning landscape. In particular, between about
6000 m and 7000 m a.s.l. closeness of the actual and dew point temperatures implied
conditions near saturation and, consequently, cloud formation while the lower atmospheric
layers were particularly dry. On 25 July at 12:00 am UTC, closeness to saturation increased
to 6000 m (from about 5000 m to 11,000 m a.s.l), enhancing the possibility of precipitation.
Some light rains were indeed recorded in the first hours of 25 July in Northern Sardinia;
an additional increase in water vapor at low levels was also due to the fire activity in
the Montiferru area. It can be supposed that in the observed remarkably dry-adiabatic
boundary layer conditions, precipitation could not have reached the ground. Also, it is
possible that the thermodynamic configuration of the troposphere drove the formation
of a dry microburst with consequently anomalous erratic fire behavior, with the further
possibility of synergistic interaction with the dynamics of the ongoing fire.

3.4.2. Fire Plume Trajectories and PM10 Concentration

Regarding the Montiferru fire, simulations performed with the HYSPLIT model using
different elevations of smoke sources at different time intervals indicated Central–Northern
Sardinia as the area most affected by the passage of smoke and particulate matter produced
by the fire (Figure 9).
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Figure 9. Fire plume trajectories and probable particulate depositions for the first (a) and the second
day (b) of the Montiferru fire. Circled symbols indicate the possible location of particulate deposition.

The areas probably affected by smoke transit can vary depending on the altitudes that
were selected as smoke sources. In fact, when starting source altitudes between 500 and
2000 m a.g.l. were considered, the sectors of the island most affected by the passage of
fumes were N1, N2, N3, N4 and C1 while, above these altitudes, there was a variation in
the directions of the trajectories towards east with a probable involvement of eastern parts
of the central area of the island (C2 and C3 sectors).

Possible particulate fallout at ground level was only observed in simulations in which
the smoke origin was assumed to be below 1000 m. In particular, the model predicted
a probable fallout of fire emissions on the northwestern coast of the island (quadrant N1)
between 02:00 pm UTC and 07:00 pm UTC on 24 July (Figure 9). A further probable fallout of
particulate matter was predicted by the model between 07:00 am and 11:00 am UTC on 25 July
between quadrants N1, N2 and N3 (Figure 9). Simulations using altitudes above 1000 m a.g.l.
as the point of origin of smoke did not indicate air masses falling at ground level.

Based on the trajectories simulated by HYSPLIT, 15 stations (CENPT1, CENSS03,
CENSS04, CENSS12, CENSS16, CENSS2, CENS10, CEOLB1, CENSN1, CEALG1, CENMA1,
CENNU1, CENNU2, CENOT3, CENSE0) of the air monitoring network were identified
as being likely to be affected by a possible increase in the concentration of PM10 and
combustion-related compounds that occurred during the fire. These stations fall within a
wide range of distances from the fire perimeter, from 9.4 km (CENMA1 station) to 102 km
(CEOLB1 station) (Table A1). On 24, 25 and 26 July for all three quadrants N1, N2 and
N3, an increase in PM10 was observed compared to the values recorded the day before the
event (Table 5).

The greatest increases of PM10 cumulative values were observed on 25 and 26 July
in the N1 and N2 sectors. An increase of more than 11 µg/m3 d−1 was observed by all
stations on 25 July, with increments of 21.6, 22.3 and 31.3 µg/m3 d−1 at CENPT1, CENSS12
and CENSS16, respectively (Table 5).
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Table 5. PM10 concentration (µg/m3 d−1) detected by the air quality stations, identified by their
station names, for the Montiferru fire and standard deviation values for the period: 22–27 July 2021.
Fire icons indicate days when the fires were active. In bold and italic, the day before the event.
The values underlined identify an increase in PM10 compared to the day before the fire greater
than the standard deviation value; * indicates PM10 concentration values higher than 85◦ percentile,
** identifies PM10 concentration values classified as an anomaly according to the IQR method.

Sardinian Quadrants and Station Names

N1 N2

DAY CENPT1 CENSS03 CENSS04 CENSS12 CENSS16 CENSS2 CENS10 CEOLB1
22 July 2021 16.90 19.60 17.50 12.60 23.90 12.60 12.80 13.90
23 July 2021 15.00 15.90 15.00 14.90 23.30 15.40 14.30 12.80
24 July 2021 23.80 21.90 18.20 29.60 33.00 20.70 18.10 19.80
25 July 2021 36.60 ** 27.10 * 26.70 * 37.20 ** 54.60 ** 27.80 * 29.70 * 29.40 *
26 July 2021 38.90 ** 22.30 25.40 * 50.30 ** 25.10 * 30.00 * 28.70 *
27 July 2021 24.70 22.00 20.00 19.40 35.70 17.70 28.90 28.70

StdDev
July–August 6.5 5.6 5.1 9.1 13.3 6.2 8.7 8.0

N3 N4 C1 C2 C3

DAY CENSN1 CEALG1 CENMA1 CENNU1 CENNU2 CENOT3 CENSE0
22 July 2021 21.98 11.60 9.08 17.63 20.80 13.00
23 July 2021 16.37 13.40 16.50 10.32 23.71 21.70 12.90
24 July 2021 21.82 29.30 23.00 42.72 ** 23.36 21.60 10.70
25 July 2021 30.65 36.40 ** 43.64 37.20 31.30
26 July 2021 43.76 * 32.10 * 45.80 ** 48.82 ** 56.14 * 44.50 * 34.40
27 July 2021 36.89 22.30 26.40 26.05 42.06 30.50 27.30

StdDev
July–August 8.7 8.3 20.4 16.0 21.1 19.4 23.3

The analysis of the satellite images did not allow the direction of the smoke to be
clearly identified due to the cloudiness present on both days. However, the correctness of
the smoke trajectories heading north on the first day and pointing north-east on the second
day, simulated by the HYSPLIT model, is confirmed by the analysis of the images showing
the concentration of CO recorded by the satellite during the event (Figure A5).

4. Discussion and Conclusions
The primary objective of this work was to improve understanding of the impact of

wildfires on ground-level PM10 concentrations in Sardinia to provide relevant information
for assessing potential health risks for populations exposed to wildfire smoke. Specifi-
cally, we verified whether increases in ground-level PM10 concentrations occurred during
six wildfire events characterized by different sizes, fuel types, and meteorological condi-
tions, and we explored the possible influence of fire size, fuel type, and weather conditions
on the presence and concentration of PM10 in areas near the fire or affected by the smoke
plume in the days following the fire.

The amount of particulate matter emitted into the atmosphere, the height of the
convective column, transport pathways, and fallout of particles all depend, in fact, on the
interaction of various factors. These include the amount of biomass burned, the intensity of
the fire, atmospheric conditions (e.g., stability, instability, wind intensity, and direction),
and the size of the particulate matter [68].

Analysis of the results shows that the six investigated fires differ in terms of synoptic
meteorological conditions taking place before and during the events, as well as in terms of
size, duration, behavior, and fuel type. This diversity of case studies provided a solid basis
for the present investigation.
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Examination of the synoptic maps indicates that, although the overall atmospheric
patterns in 2009 and 2013 were not directly comparable, the meteorological conditions on
the days when the fires developed were broadly similar (Figure 3). In both cases, the days
were characterized by flows of warm air masses from the southeast, with very high ground
temperatures (over 40 ◦C) and temperatures of about 28 ◦C at 850 hPa, as well as very low
relative air humidity. The warm advection implied an increase in the western component
of the flow with altitude; therefore, the prevailing surface wind direction was southeast,
while winds at upper levels were from the southwest. The 2013 days differed slightly from
the 2009 days, mainly due to lower average wind speeds than on 23 and 24 July 2009.

The general synoptic situation during the Montiferru fire differed from that observed
in the four cases described above. Nevertheless, it likewise promoted the advection of hot
air of African origin, resulting in meteorological conditions quite comparable to those in
the other events: near-surface temperatures exceeding 37 ◦C, relative humidity below 30%,
and medium-to-high-intensity winds (about 10 m s−1) from the southeast with a marked
rotation towards the southwest and west as altitude increased. On the following day, the
wind intensity decreased and turned into a breeze regime.

In contrast, the general synoptic situation and weather conditions during the Borore
fire in 2016 (27–28 July) were completely different from those in the other five cases. In this
case, the fire developed in the presence of very weak winds from the west and northwest,
with relative humidity and air temperatures in line with seasonal averages.

All the fires, with the exception of the one in Borore, occurred under conditions
characterized by a common factor: Sardinia was located at the boundary between a local
low-pressure area and a local high-pressure area, where continental-scale pressure patterns
were not crucial in this dynamic. Thus, there were no high-pressure differences between
the two areas and, consequently, no particularly strong winds. On the other hand, the
western position of the low-pressure system and, at the same time, the eastern position of
the high-pressure system relative to Sardinia generated a southerly flow of dry air from
Africa, which, although it acquired some moisture after passing over the Mediterranean
Sea, exhibited very high temperatures and low humidity since its passage over Sardinian
territory for more than 100 km. This is consistent with the findings of Salis et al. [48], who
observed southerly and southwesterly winds during the events responsible for 50% of
the burned area in Sardinia. It is noteworthy that the same mechanism is described in
the article by Paschalidou et al. [69], in which a northern advection over Greek territory
is generated due to the inverse position of low and high pressure. Some analogies can
also be found in the article by Duane et al. [70], where three conditions of the six weather
patterns associated by the authors to the Catalonian fire regime (i.e., Scandinavian through,
Atlantic through, and South intrusion) are similar to mechanisms observed in Sardinia.
In particular, the “South intrusion” weather pattern is characterized by the appearance of
a ridge originating in North Africa (High Sahara) that moves northward toward Europe,
carrying very dry continental air masses and generating “heat waves” under conditions of
light winds.

The analyzed fires also showed marked differences in both burned areas and vege-
tation types. In terms of size, Montiferru was the largest event (~13,200 ha), followed
by Bonorva (~10,551 ha), Ittiri (~5000 ha), and Borore (~4300 ha), while Paulilatino
(~3000 ha) and Isili (~2120 ha) were smaller but showed contrasting vegetation patterns.
Most fires (Bonorva, Ittiri, Paulilatino, Borore) predominantly affected agropastoral land-
scapes, with grasslands, pastures, and croplands exceeding 65–85%. In contrast, Isili was
mainly characterized by forests and shrublands (up to ~75%), while Montiferru stands out
for its heterogeneity, involving a wide mix of herbaceous vegetation, shrubs, and forests
with a predominance of forest and shrubland (about 60%).
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The initial hypothesis was that PM10 concentrations, in addition to weather condi-
tions, depend on both the extent of the burned area and the number of fires occurring in
surrounding areas, as well as on fuel type. Therefore, in large-scale fires dominated by
trees and Mediterranean shrubland, a more pronounced particulate matter deposition was
expected compared to smaller fires or those dominated by pasture or grass fuels.

The amount of biomass burned, which governs the total energy released during
combustion, represents a key determinant of plume rise [71–73]. In general, as the amount
of biomass consumed increases, the release of heat increases, causing the plume to rise.
However, this process is also influenced by the heat release rate or fire intensity. So
that when large quantities of biomass burn rapidly, the resulting high heat release rate
(i.e., fire intensity) tends to cause particulate matter and aerosols to rise upward. In contrast,
lower-intensity generates weaker convective forcing, resulting in lower injection heights
and increased near-surface concentrations [74,75]. This relationship is strongly influenced
by weather conditions [76]. In addition to fire intensity, atmospheric and wind conditions
also exert strong control over plume dynamics. Atmospheric stability determines the
resistance to vertical motion: stable layers or temperature inversions can limit plume
rise, while unstable conditions favor stronger vertical mixing [77,78]. Wind speed also
influences plume evolution by tilting the smoke column and modifying the effective
injection height and horizontal dispersion of aerosols [76,79]. Finally, the microphysical
properties of emitted particles, particularly their size and mass, influence how long they
persist in the atmosphere and how long it takes them to fall out. Fine particles have low
gravitational settling velocities and can remain suspended for days or weeks, particularly
if they are emitted at a high altitude. Heavier particles, on the other hand, settle more
quickly. Therefore, the fallout time of aerosols and their potential for long-range transport is
determined by the combined effects of biomass consumption, emission height, atmospheric
dynamics, and particle size.

The air parcel trajectories simulated by the HYSPLIT model were fully consistent with
the observed meteorological conditions during the six large fires examined. By performing
multiple simulations with different start times and emission heights, we were able to
capture the potential variability in smoke dispersion associated with temporal changes
in wind speed and direction, as well as vertical wind structure. In addition, analysis of
satellite imagery of smoke plumes, combined with CO observations from satellite sensors,
confirmed the likely smoke transport pathways predicted by HYSPLIT during the events.
The strong agreement between model outputs and satellite observations enabled the reliable
identification of air-quality monitoring stations suitable for investigating particulate matter
fallout during the fire episodes.

Analysis of the trajectory results indicates that, in most cases, the locations identified
by HYSPLIT as being most likely to be affected by particulate matter fallout generally
showed good agreement with the variations in PM10 levels as recorded by individual
ground-level stations.

For example, in the case of the Isili fire, for which the model predicted a probable
particulate deposition between 7 and 8 July from the central part of the island toward
the northern coast, increases in PM10 concentrations compared to the day preceding the
fire were observed in almost all stations affected by the smoke plume, within a range of
14.3 to 28.8 µg/m−3 d−1. It is worth noting that, for the Paulilatino fire, HYSPLIT predicted
air mass deposition over the sea rather than over the island. Therefore, the increase in
particulate matter concentration recorded by monitoring stations, and the consequent
impact on air quality in the surrounding area, can reasonably be attributed primarily
to the Isili fire, while the contribution from the simultaneous Paulilatino event remains
highly uncertain.
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A clear effect on particulate matter concentrations in areas surrounding the fire was
also observed for the Montiferru event (24–25 July 2021). At the stations identified by HYS-
PLIT as likely to be affected by descending air masses, an increase in PM10 concentration
was observed across all northern quadrants on 25 July, and across both northern and central
quadrants on 26 July, with peak increases of 31.3 µg/m−3 d−1 at station CENS16 on 25 July
and 38.5 µg/m−3 d−1 at station CENNU1. The higher PM10 concentrations and the longer
duration of particulate fallout observed in the Montiferru fire compared to the Isili fire can
be mainly attributed to fire size rather than fuel type. In both cases, fuels were characterized
by a significant woody and shrub component relative to herbaceous vegetation, resulting in
higher fire intensity, greater biomass burned, and heavier particulate emissions. However,
the Montiferru fire, being six times larger than the Isili fire and of longer duration, led to
substantially greater biomass consumption and particulate emissions into the atmosphere.

The situation was different for the fires in Bonorva and Paulilatino. In the case of
Bonorva, the fire was comparable in size to the Montiferru fire, but the type of fuel was
markedly different, consisting of around 75% pasture and agricultural vegetation. This
resulted in lower biomass consumption and likely lighter particulate emissions. A similar
consideration applies to the Paulilatino fire, where the limited presence of forest and
shrub fuel (less than 20%) and the smaller fire size suggest a significantly lower amount of
particulate matter emitted into the atmosphere. In addition, meteorological conditions led
the model to predict air mass deposition in coastal areas or directly over the sea, limited
to 24 July. These assumptions provide a rationale for the observed outcomes concerning
PM10 concentrations at the stations in question, where no substantial increase in PM10

was detected at any station in comparison to the values observed on the days preceding
and following the event. Although a weak increase in particulate matter was observed on
26 July, the total absence of fires in the surrounding areas on 25 and 26 July suggests that
this increase is unlikely to be attributable to active fires. Therefore, in this specific case, the
absence of particulate deposition over the island can be attributed to the combined effect
of atmospheric conditions, which influenced air mass transport at higher altitudes, and
the extent and type of fuel involved in the fire, which directly affect both the amount of
biomass burned and the physical properties of emitted particles.

The Borore fire (starting on 1 July 2016) developed under unusual meteorological
conditions characterized by weak winds, normal relative humidity, and low-level atmo-
spheric instability. In addition, the burned vegetation consisted mainly of fine fuels, such
as pasture herbs and grasses, resulting in limited biomass consumption and the emission of
lighter particles tending to remain suspended in the atmosphere. The absence of significant
PM10 accumulation during this event can therefore be explained by the combined effect of
meteorological conditions and fuel characteristics, which likely favored the injection of fine
particles at higher altitudes, where they remained suspended rather than depositing over
the island.

When analyzing the potential impact of the examined fires on human health, it emerges
that, despite the large size of some events, well above the average for summer fires in
Sardinia (e.g., Bonorva and Montiferru fires) and/or the presence of heavy fuel types such
as dense shrubland and forest (e.g., Montiferru and Isili fires), the PM10 levels recorded by
monitoring stations were not always particularly critical.

Current Italian air quality legislation [80], implementing EU Directive 2008/50/EC [81],
sets a daily PM10 limit value of 50 µg/m−3 d−1 (not to be exceeded more than 35 times
per year) and an annual mean concentration limit of 40 µg/m−3 d−1. The World Health
Organization (WHO) recommends a slightly lower daily limit of 45 µg/m−3 d−1 [82].

To the best of our knowledge, there are not many studies in the literature that report
measured ground-level PM10 concentrations during individual fire events. Most studies
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conducted in Mediterranean environments involving fires of a comparable size to those
analyzed here report either estimated PM10 values using modeling approaches or remote
sensing or a combination of both [14,40]. Others used PM10 monitoring instruments based
on different measurement principles than those employed in the present study [42]. Other
authors, on the other hand, have analyzed trends in PM10 concentrations during fire seasons
or during periods of intense fire activity [45,46,83,84]. In the present study, we estimated
the wildfire impact using real, ground-based measurements from air-quality monitoring
stations on the days of the events, rather than relying on average summer-month data or
fire emission estimates derived from emission models. Nevertheless, a review of the studies
available in the literature, reporting measured ground-level PM10 concentrations during
individual wildfire events, shows an order of magnitude of daily PM10 concentrations
consistent with values recorded at similar monitoring stations located in southern Italy,
Portugal, and Croatia during the fire season [38,43,46,47].

Barros et al. [46] observed that, during wildfire events exceeding 100 ha in northern Por-
tugal, PM10 concentrations remained consistently below 30 µg/m−3 d−1 and below the WHO
threshold, except for a single event during which PM10 reached 66.5 µg/m−3 d−1. Oliveira
et al. [43] reported increases in daily PM10 concentrations ranging from 48 to 85 µg/m−3

between 17 and 24 June, during large fires that burned more than 45,000 ha in Portugal.
Sopčić et al. [47] reported that, during a fire event on 30 July 2024, maximum daily PM10 and
PM2.5 concentrations reached 45.8 µg/m−3 d−1 and 30.8 µg/m−3 d−1, respectively the day
after the event.

Regarding the events studied in this paper, our results indicate that PM10 concentra-
tions recorded by the available air quality stations never exceeded the threshold values
defined by Italian legislation and the WHO during the Borore, Bonorva, and Ittiri fires,
despite the fact that the Bonorva fire covered an area of more than 10,000 hectares. There is
a degree of uncertainty regarding a possible exceedance of the threshold, as one of the sta-
tions most affected by particulate fallout (CENSN1) was out of order. Consequently, a more
substantial accumulation of PM10 at that location cannot be ruled out. Conversely, multiple
fires occurred on that day in the same area (70 fire events occurred on 23 July, burning
85% of the monthly area burned—about 34,000 ha over 39,880 ha). If the combination of
meteorological conditions and fuel characteristics had favored particulate deposition, an
increase in PM10 concentrations would likely have been detected at surrounding stations
as well (Figure A6).

Exceedances of the WHO (45 µg/m3 d−1) threshold values were instead recorded on
8 August 2013 in two monitoring stations (CENNU1 and CENOT3) following the fires that
occurred in Isili and Paulilatino on 7–8 August 2013. In CENNU1, the concentration value
of PM10 was also higher than the Italian threshold (50 µg/m−3). Isili fire is 54 km away
from CENNU1 and 40 km from CENOT3, while the Paulilatino fire is 44 km away from
CENNU1 and 19 km from CENOT3.

Although these events involved smaller burned areas compared to Bonorva, the Isili
fire was likely characterized by a greater amount of consumed biomass.

A more extensive particulate fallout, both in spatial and temporal terms, and affecting
a larger number of stations with exceedance of critical thresholds, was observed for the
Montiferru fire. In this case, the WHO daily limit was exceeded in six stations on 26 July,
while concentrations above 50 µg/m−3 were recorded at station CENNU2 on 26 July and
at station CENSS16 on two consecutive days (25 and 26 July). The distance of these stations
from the fire ranged from 9.4 km (CENMA1) to 93.7 km (CENSN1). Unlike the large
fires that burned several days in the United States, impacting air quality with short- and
long-term implications [13,85], the fires analyzed in this study do not produce medium-
or long-term emission impacts. Their impact is primarily limited to the period directly
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associated with the active fire and the following days, and air quality typically recovers
relatively quickly once the fire has been extinguished. Pollutant levels may exceed threshold
limits in the immediate vicinity of active fires, but the location of available stations in this
study does not allow us to verify this aspect.

However, it should be noted that this type of analysis involves a certain degree of
uncertainty regarding the actual contribution of wildfires to increased airborne particulate
matter concentrations compared to other sources of emissions. In addition to industrial
activities, there are other sources of emissions in Sardinia that may have contributed to
the presence of PM10 in the air, such as the particularly high tourist presence during the
summer and episodes of Saharan dust transport, especially in late spring and summer.
In conclusion, these results confirm that, in addition to atmospheric conditions—which
influence both the injection height of particulate matter and air mass transport, thereby
affecting whether deposition occurs over land or sea—the accumulation of PM10 at ground
level is also strongly controlled by the combined effect of fuel type and burned area extent.

With specific reference to Sardinia, the limited impact of fires on air quality can be
attributed to two factors. The first is related to atmospheric conditions. Unstable synoptic
conditions can favor intense winds at all levels. This leads to rapid fire growth and
dispersion of the smoke plume. Combined with the size of the island itself, this increases
the likelihood of particulate matter falling into the sea, beyond the island’s coastline.
More stable synoptic conditions could promote local smoke accumulation, but the smaller
resulting fires produce less particulate matter. Additionally, the presence of coastal sea-
breeze circulations can enhance smoke transport and dispersion, thereby reducing the
effects of stable synoptic conditions. Furthermore, from a climatological point of view, 65%
of days in Sardinia record, on average, a wind intensity higher than 8.0 m s−1 [86]. Thus,
the windy conditions typical of Sardinia, as well as the absence of narrow valleys and steep
slopes in its orography, make events similar to those observed in the Alps or western North
America, where nocturnal inversions trap smoke in valleys, rare.

The second factor is related to the characteristics of wildfires in Sardinia, particularly
their average size and duration, and the types of fuel involved. Fires covering more than
10,000 to 15,000 hectares and lasting more than two days are rare in Sardinia and are
considered extremely severe. The territory’s orographic characteristics, mosaic land use
patterns, and horizontal fuel load discontinuity tend, in general, to contain fire growth.
Additionally, the Sardinian regional wildfire suppression system is based on an initial
attack strategy that minimizes the probability of fire escalation and tends to reduce the
extent of burned areas [87]. It is therefore likely that the combination of these factors has
prevented the occurrence of events of comparable size, intensity, and duration to those that
occurred in Portugal in 2017, where a single wildfire burned over 241,000 hectares in less
than 24 h [88], or in Greece in 2023, where the Evros fire burned over 93,000 hectares and
lasted more than 10 days [84].

On the other hand, increased fuel accumulation and continuity at the landscape
scale due to land abandonment processes and fire exclusion policies, combined with an
increased frequency and intensity of extreme weather conditions and a prolonged fire
season (exacerbated by climate change and global warming), are expected to increase the
intensity and frequency of extreme fire events (similar to the Montiferru event) across the
entire Mediterranean basin. Consequently, this will further increase fire emissions and
the impact on air quality. In this context, it is therefore becoming increasingly urgent to
recognize the need to incorporate human health considerations into forest management
and ecological planning.
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Appendix A
Appendix A.1. Methods

As said in the Materials and Methods Section, the duration of a fire can vary greatly,
and weather conditions may also change during that time. To consider changes in weather
conditions during the event, we ran a simulation every two hours for a total of 12 simula-
tions over 24 h. In addition, because data on the height of the column of smoke was not
available, each simulation was repeated at different heights above ground level. Finally,
we assumed a probable impact of particulate matter at ground level when simulations
envisaged descents of air masses at altitudes lower than 300 m above ground level.

Figure A1 illustrates a simplified example of the simulations performed for each fire.
These simulations account for potential changes in weather conditions and the heights
the smoke column may reach during the event. Figure A1 also shows graphs of how the
altitude of the air masses changes over time in each simulation. Specifically, we present the
results of two simulations of the Montiferru fire, considering two smoke plume heights
(500 m and 2000 m) and weather conditions at four-hour intervals from the time the fire
started. In the example shown, fallout of air masses below 300 m at ground level occurs
only in the simulation with a 500 m smoke plume, approximately 6 h after the fire began.
Therefore, in this case, the model predicts that particulate matter will likely fall directly
into the sea.
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Figure A1. Example of results from HYSPLIT simulations. (a) Positions over time of the air masses
originating from the point where the fire started, considering two different heights of the smoke
column: 500 m (red dots) and 1000 m (yellow dots). (b) Start time (4 h intervals) of each simulation
(black stars) and the altitude of the air masses at 1 h intervals from the start of each simulation
(colored symbols) for the two assumed heights of the smoke plume (500 m at the top and 1000 m at
the bottom).

Appendix A.2. Results

Table A1. Distance between each air quality monitoring station and the perimeter of the six fires.
Only the distances for stations that were affected by the passage of the fire plume are displayed.

Distance (km)

Sector Station
Name Ittiri Bonorva Isili Paulilatino Borore Montiferru

N1

CENPT1 27.5 45.1 63.4
CENSS03 28.5 47.0 62.6
CENSS04 28.2 46.1 63.6
CENSS12 10.3 27.3 48.1
CENSS13 9.9 28.1
CENSS16 10.7 26.7 49.4
CENSS17 10.1 26.6
CENSS2 33.4 52.6 64.1

N2
CENS10 75.1 59.8 121.2 102.9 101.5
CEOLB1 75.4 60.4 122.7 104.1 102.4

N3 CENSN1 93.3 85.6 93.7

N4 CEALG1 36.1

C1 CENMA1 4.6 9.4

C2
CENNU1 54.0 44.4 33.6 55.8
CENNU2 54.4 45.1 34.3 56.5
CENOT3 40.8 18.9 7.3 29.8

C3 CENSE0 9.4 39.3 43.6 56.6
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Figure A2. A satellite picture of fire detection and plume spatial direction of fires occurred on 23 July
2009 [89]. The yellow arrow points to the Bonorva fire; the blue arrow points to the Ittiri fire.

Figure A3. A satellite picture of fire detection and plume spatial direction of fires that occurred on
7 August 2013 [89]. The yellow arrow points to the Isili fire; the blue arrow points to the Paulilatino fire.
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Figure A4. A satellite picture of fire detection and plume spatial direction of fires occurred on 1 July
2016 [89]. The yellow arrow points to the Borore fire.

Figure A5. Spatial detection of CO concentrations and dispersion derived from the TROPOMI
onboard Sentinel-5P during the first (a) and the second (b) day of the Montiferru wildfire event
(24 and 25 July 2021). The image was obtained from JSTAR Mapper [90].
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Appendix A.3. Discussion

Figure A6. Fire events occurred on 27 July 2009 and perimeters of fires larger than 0.10 ha (source:
Sardinian Regional Forest Service fire database).
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