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easurements of equivalent black
carbon at the Capo Granitola WMO-GAW station:
influence of local vegetation fires

Salvatore Sodano, †*a Stefania Gilardoni, b Angela Marinoni, a

Tony C. Landi, a Davide Putero, c Giorgio Tranchida, d Luca Di Liberto e

and Paolo Bonasoni f

This study investigates the influence of local vegetation fires on equivalent black carbon (eBC)

concentrations using seven years of satellite and ground-based observations combined with HYSPLIT

back-trajectory analysis. Measurements were collected at the ‘Rita Atria’ Climate Observatory at Capo

Granitola (CGR), a WMO-GAW background-coastal regional station located on the south-west coast of

Sicily in the central Mediterranean Basin. Between 2015 and 2021, the Sicilian region experienced

approximately 6330 vegetation fires, with 74% occurring during the summer season. The total burned

area amounted to 135 thousand hectares (ha), with roughly 30% being forested land, averaging about 6.1

kha per year, and 67% affecting other types of vegetation. The average eBC concentration was 0.49 ±

0.69 mg m−3, with significant interannual variability. 10% of the days were characterized by eBC

concentrations exceeding the climatological average, referred to as acute days. Using back-trajectory

analysis, vegetation fire influence on acute eBC days was evaluated using satellite-based MODIS/VIIRS

active-fire pixels and ground-based burned areas from the Sicilian Forest Information System (SIF). We

found matches for 46% and 18% of acute days, respectively, consistent with the different nature and

coverage of the two products. A statistically significant increasing trend of eBC concentration during the

acute days was observed (0.04 mg m−3 per year), consistent with an increase in the frequency of

vegetation fires, highlighting the intensifying impact of these events on air quality in the central

Mediterranean.
Environmental signicance

Vegetation res are increasingly recognized as a signicant source of atmospheric pollutants. The present investigation reports an increase in equivalent black
carbon (eBC) concentrations associated with a local vegetation re event. Furthermore, it provides the scientic community with the rst measurements of eBC
levels in this area, thereby addressing an important knowledge gap. These data also contribute to a more consistent understanding of eBC dynamics across the
Mediterranean region, offering a broader perspective on the role of biomass burning in shaping atmospheric composition. Overall, our ndings demonstrate
that local air quality is particularly vulnerable to climate-driven re activity and provide actionable evidence for regional environmental managers and poli-
cymakers to strengthen re prevention strategies and mitigate impacts on ecosystems and public health.
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1 Introduction

Black carbon (BC) is a highly light-absorbing component of
carbonaceous aerosols that inuences the atmospheric energy
balance and acts as a climate forcer,1 also posing a signicant
threat to human health.2 BC is produced by the incomplete
combustion of fossil fuels and biofuels, such as diesel, coal and
wood,3 and is oen called “soot”.4,5 BC is a short-lived climate
forcer (SLCF), with an atmospheric lifetime of 4–12 days;3,6,7

both its residence time and its direct and indirect climate
impacts depend on mixing with other aerosol components and
meteorological conditions.8 Open burning dominates BC
emissions on a global scale9 and, in some regions, accounts for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Top panel: map of Europe highlighting the region of interest for
this project (red rectangle); bottom panel: location of the CNR-ISAC
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more than 50% of total emissions. Several studies show that
climate change promotes drought in multiple areas of the
globe, potentially increasing the frequency and severity of res
and consequently increasing BC atmospheric burden, especially
in extratropical regions.10–12 In addition, such climatic condi-
tions can contribute to lengthening the re season and
increasing the number of days with a high re hazard. In the
Euro-Mediterranean basin, where “Mediterranean amplica-
tion” (i.e. a north–south warming gradient) is active, climate
models project both a strong warming and precipitation decit
that will exacerbate re weather conditions.13 In the southern
regions of the Italian peninsula, located in the heart of the
Mediterranean basin, Michetti and Pinar, 2019 (ref. 14), re-
ported a rise in both the frequency of vegetation res and the
extent of burned areas compared to the rest of the country. The
need to monitor the impacts of open burning on the atmo-
spheric concentration of climate forcers and atmospheric
pollutants, particularly BC, is increasingly critical for quanti-
fying the climate feedback mechanisms triggered by vegetation
res. This study investigates the seasonal and interannual
variability of eBC concentrations from 2015 to 2021, providing
valuable insights for policymakers and contributing to the
scientic understanding of atmospheric dynamics in the area.
For the rst time, a long-term analysis of eBC concentrations
was carried out at the CGR Climate Observatory, located in
a previously unexplored region of the Mediterranean basin.
observatory ‘Rita Atria’ at Capo Granitola (blue dot).
2 Measurement site and
methodologies
2.1 Sampling site

The measurements were conducted at the “Rita Atria” climate
observatory at Capo Granitola (CGR, 37°3403100N; 12°3903400E).
The observatory is a remote coastal site directly exposed to the
Strait of Sicily, making it a strategic location for studying re
emissions in the Mediterranean area, which is one of the
regions suffering the most from drought and warming due to
climate change.15,16 The observatory is situated in the south-
western part of Sicily (blue dot in Fig. 1), 11.5 km away from
Mazara del Vallo, a town of approximately 50 000 inhabitants
that experiences a seasonal tourist uctuation of about 36%.
Established in 2014 and managed by the Institute of Atmo-
spheric Sciences and Climate (CNR-ISAC), the observatory
serves as a regional station for the World Meteorological
Organization's Global Atmosphere Watch (WMO-GAW) pro-
gramme. It is a candidate National Facility within the ACTRIS
(Aerosols, Clouds and Trace Gases Research Infrastructure)
network. The CGR observatory has conducted continuous
measurements of aerosol properties (PM, total particle number
concentration, BC), reactive gases (O3, NO, NO2, and SO2),
greenhouse gases (CH4, CO, and CO2), and meteorological
parameters throughout its operational history. For the purpose
of this study, we focused on the area delimited by the
geographic bounding box spanning longitudes 12.2 °E−15.8 °E
and latitudes 36.2 °N–38.8 °N (WGS84/EPSG:4326), identied as
the local domain covering the Sicily region (Fig. 1).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2 In situ eBC and meteorological measurements

The eBC concentration is measured continuously with a Multi-
Angle Absorption Photometer (MAAP 5012, Thermo Fisher
Scientic) with one-minute time resolution, operating at
a wavelength of 637 nm with a sample ow rate of 16.7 L min−1

downstream of a PM10 inlet. The inlet was running under RH
controlled conditions as suggested by WMO/ACTRIS guidelines
(see the ACTRIS website for further information). The data are
processed with automatic routines that perform quality
assurance/quality control (QA/QC) actions following the WMO-
GAW common data protocol.17 Absorption by mineral dust
can potentially affect the CGR site, particularly during Saharan
dust transport events. However, a quantitative assessment of
dust absorption was not performed in this study and is beyond
the scope of the present paper. Local meteorological parameters
(temperature, relative humidity, wind speed and direction,
pressure and rain intensity) are measured using a Vaisala
Weather Transmitter WXT520. All the measurements, satellite
data and other information are reported in local time (LT).
2.3 Satellite and surface observations of vegetation res

The satellite data used in this study are from the web-based Fire
Information for Resource Management System (FIRMS, NASA,
https://rms.modaps.eosdis.nasa.gov). In this study we used
the Collection 6, version 6.1 MODIS, a sensor capable of
identifying active res, installed on board the Terra (2000 to
present) and Aqua (2002 to present) satellites, which y in the
Environ. Sci.: Atmos., 2026, 6, 724–735 | 725
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polar orbit of the Earth.18 The product used is the level 3
MOD14/MYD14, with a spatial resolution of 1 km.19 In addi-
tion, the Visible Infrared Imaging Radiometer Suite (VIIRS)
sensors installed on board the Suomi National Polar-orbiting
Partnership (NPP, 2011) and on NOAA's Joint Polar Satellite
System (JPSS, 2017) were considered; these two satellites travel
the same orbit separated by 50minutes and cross the equator 14
times a day, with a spatial resolution of 375 m.20 The active res
identied by MODIS and VIIRS satellites, which will be referred
to as “re pixels,” correspond to the area affected by the active
re. For each re pixel, the key stored parameters were: (i)
latitude and longitude of the center of the pixel; (ii) date and
time of acquisition; (iii) condence value, which for MODIS
ranges from 0% to 100% and it was used to assign one of the
three condence classes (low, nominal or high condence),
which instead are already provided for the VIIRS observations;
(iv) Fire Radiative Power (FRP), which represents the rate of
emitted radiative energy by the re at the time of the observa-
tion; (v) re type, which provides information on the presumed
hot spot type. Four types are identied: 0 = presumed vegeta-
tion re, 1 = active volcano, 2 = other static land source, and 3
= offshore. A lter was applied exclusively to select re pixels
classied as type zero. A detailed description of the listed
parameters is reported in Giglio et al., 2016.19 In addition to
satellite observation, we also considered the information from
the local registry of surface res – the Forest Information
System (SIF) – build by the Forestry Corps of the Sicilian Region
(https://sifweb.regione.sicilia.it/portalsif). The SIF allowed: (i)
testing of the accuracy of the satellite observation record; (ii)
identication of the type of burnt surface area (i.e., forest and/
or non-forest); (iii) denition of a high-resolution map of the
area affected by the res. Therefore, the satellite-derived dataset
represents a broader domain of interest, including thermal
anomalies with potentially extra-regional origins, whereas the
ground-based SIF dataset is restricted to the study region and is
available only at regional-scale resolution.
2.4 Back-trajectory analysis

The Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT21) model (see the NOAA website for further informa-
tion) has been used to trace ve-day backward trajectories
arriving at CGR during the investigated events. These back-
trajectories are used to link the areas where local vegetation
res occurred with the increased concentration of eBC
measured at CGR. The model is provided by the National
Oceanographic and Atmospheric Administration (NOAA) Air
Resources Laboratory (ARL) and the back-trajectories are based
on meteorological data from the Global Data Assimilation
System (GDAS), with a 1° × 1° horizontal resolution and 23
vertical layers from 1000 to 100 hPa.22 The method consists in
generating a total of 11 back-trajectories, which were calculated
around the peak hour of the eBC concentration measured on
the acute days (see Section 2.5). Specically, 5 back-trajectories
were created for the ve hours prior to the peak, one back-
trajectory for the peak hour itself, and another 5 back-
trajectories for the ve hours following the peak. This
726 | Environ. Sci.: Atmos., 2026, 6, 724–735
approach allows for an in-depth analysis of the atmospheric
conditions leading up to, during, and aer the peak eBC
concentrations and provides more reliability in the prediction
of the movement of the air masses. Each trajectory lasts 120
hours and was generated at 100 m a.s.l., above the CGR obser-
vatory. For each relevant re event, the synoptic conditions and
wind regimes were additionally evaluated using the non-
hydrostatic, fully compressible MOLOCH model23 to improve
representativeness and reduce potential spatial mismatch.
2.5 Denition and analysis of eBC pollution events

The acute eBC days were identied following the methodology
reported by Marinoni et al., 2013.24 Specically, an acute eBC
day was identied when the daily average concentration excee-
ded the 75th percentile of the climatological baseline distribu-
tion. This baseline was obtained through three-time repeated
iteration of a centered 21 day running mean applied to daily
eBC averages. To ensure measurement representativeness, only
days with at least 75% data coverage were considered valid.25

For each acute eBC day, the hour of maximum daily eBC
concentration was identied and used as the central temporal
point for back-trajectory calculations (see Section 2.4 for
detailed methodology). In order to verify whether these acute
eBC days could be attributed to local vegetation res, we
developed a specic source identication algorithm, able to
integrate all the available information and characterized by the
following inputs:

� The georeferenced information regarding active re
detected by MODIS and VIIRS, during the 5 days before the
pollution event.

� The local forest re archive (SIF), which provides geore-
ferenced information on forest res in the Sicily region. Each
report contains information on the type of re, geographical
location, type of land burned (forest or non-forest), and the start
and end dates of the re.

� The HYSPLIT back-trajectories, lasting 120 hours.
To nd correspondence between vegetation res and acute

eBC days, restrictive conditions were dened. In particular, for
each point of the back-trajectories, the spatial and temporal
correspondence with satellite re pixels and SIF surface burned
areas was veried. To perform this, the following conditions
were required:

� Spatial correspondence (x, y, z): a circular area (with
a radius of 0.3° z 33.3 km) is traced around the centroid of the
satellite re pixels. The spatial correspondence is veried if at
least one point of the back-trajectory transits within such
a circular area, and if the altitude of this point is lower than
3000 m a.g.l.;26

� Temporal correspondence (t): the back-trajectory point
must cross the emission area when the active re occurs.
Because of the satellite overpass time, the correspondence is
veried if a re occurred during the 24 hours prior to the
passage of the back-trajectory.

We additionally used the Theil–Sen27,28 estimator to support
the correspondence analysis between acute eBC days and
vegetation res. Statistically, this method estimates the trend
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Statistical summary of seasonal eBC concentrations. (Average) indicates the central tendency of the data – arithmetic mean; (SD) is the
standard deviation; (Median) is the middle value; (Q1) and (Q3) represent the 25th and 75th percentiles, respectively; (IQR) is the interquartile
range calculated asQ3 –Q1; f

T
L and fTU denote the lower and upper fences, defined asQ1 – 3× IQR andQ3 + 3 × IQR; (N) is the number of values

considered outliers30

Average [mg m−3] SD [mg m−3] Median [mg m−3] Q3 [mg m−3] Q1 [mg m−3] IQR [mg m−3] fTL [mg m−3] fTU [mg m−3] N [n]

FALL 0.49 0.47 0.37 0.58 0.21 0.37 0.10 0.69 503
SPRING 0.41 0.37 0.34 0.52 0.20 0.32 0.04 0.69 583
SUMMER 0.70 1.21 0.47 0.78 0.28 0.50 −0.22 1.28 689
WINTER 0.42 0.46 0.31 0.52 0.17 0.35 −0.16 0.85 658
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slope as the median of slopes computed from all pairwise
combinations of observations, which makes it non-parametric
and markedly less sensitive to outliers.
3 Results
3.1 eBC long-term observation and short-term variability

In order to guarantee dataset representativeness, only years
with at least 60% of daily data coverage were considered.29 For
this reason, the year 2019, which consisted of 36% of the data,
was excluded from the annual statistical analysis. Overall, we
collected 45 652 hourly measurements of eBC concentration,
corresponding to 1987 measurement days.

Based on continuous measurements collected at the CGR
Observatory, the average annual concentration of eBC over the
study period was 0.49± 0.69 mg m−3, with a maximum recorded
in 2020 (0.63 ± 0.92 mg m−3) and the minimum in 2017 (0.42 ±

0.44 mg m−3). Analyzing Table 1, the seasonality of eBC appears
moderate, as median values vary within a relatively narrow
range across seasons. In summer, the mean and median are
approximately 1.67 and 1.52 times higher than in winter,
respectively. Summer also shows much more extreme peaks
(larger variability and a higher upper fence), while winter
features lower typical values but still includes several high
episodes.

Fig. 2 illustrates the annual cycle of eBC at monthly resolu-
tion. Consistent throughout the years, the summer months
(June, July and August, JJA) are characterized by the highest
monthly averages and show a larger interannual variability with
respect to the other months. The highest monthly eBC
Fig. 2 Monthly eBC concentration for the different years considered in

© 2026 The Author(s). Published by the Royal Society of Chemistry
concentrations were recorded in August 2020 and 2021 (0.96 ±

1.54 mg m−3 and 1.40 ± 3.16 mg m−3, respectively). The lowest
concentrations were registered in October 2020 and January
2021 (0.41 ± 0.40 mg m−3 and 0.35 ± 0.28 mg m−3, respectively).

The average annual eBC concentration obtained at CGR is
comparable to that of Mediterranean coastal background sites
such as Finokalia, Greece (0.22 mg m−3 EC) and Toulon, France
(0.64 ± 0.40 mg m−3 eBC), but substantially lower than that at
urban Mediterranean sites such as Granada (1.90± 2.00 mg m−3

eBC) and Athens (1.70 ± 2.20 mg m−3 eBC), where traffic and
residential wood burning signicantly contribute to eBC levels.
Vegetation res have been identied as episodic sources of eBC
at Mediterranean sites, particularly during summer, with resi-
dential wood combustion contributing 15–30% to eBC in
Mediterranean urban areas during winter.31–35
3.2 Statistical analysis of acute eBC days

In the period 2015–2021, a total of 198 acute eBC days were
identied (see Section 2.5 for the identication methodology),
corresponding to 10% of all days in the period (Fig. 3). The
highest number of acute eBC days was recorded in 2020 (71
days, corresponding to 35.8% of the total), while the lowest
occurred in 2016 (1 day) likely due to limited data availability
during winter, when the concentrations are typically highest.
On a seasonal scale, we observed that the acute days of eBC
occur more frequently in winter (DJF; 59 days, 29.8%), followed
by summer (JJA; 50 days, 25.3%), autumn (SON; 49 days, 24.7%),
and spring (MAM; 40 days, 20.2%). This pattern is likely
attributable to increased fossil fuel combustion for heating
this study. The size of the dots varies according to the year.

Environ. Sci.: Atmos., 2026, 6, 724–735 | 727
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Fig. 3 Time series of daily eBC concentrations. Teal dots represent non-acute eBC days, black triangles indicate acute eBC days without
vegetation fires (VF), and red squares denote acute eBC days with detected VF.
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purposes in winter combined with occasional high-pressure
episodes, which limit pollutant dispersion.36–38 Nevertheless,
this hypothesis was beyond the scope of the present study and
was not further examined.

Considering only the acute days of eBC, we observe that the
average annual eBC concentration was 1.17 ± 1.6 mg m−3, which
corresponds to over 200% of the background annual eBC
concentration of 0.41 ± 0.45 mg m−3, calculated by excluding the
acute eBC days from the total population. Fig. 4, shows the
annual variability of the eBC concentration over the entire period.
The teal boxes are calculated from eBC daily averages excluding
the acute eBC days, while the black triangles correspond to the
eBC averages during acute eBC pollution days. To facilitate the
interpretation of Fig. 4, a trend analysis was performed on acute
eBC concentrations using the Theil–Sen estimator, which
revealed a statistically signicant increase of 0.04 mg m−3 year−1
Fig. 4 Box plot of eBC concentration: teal green boxes represent non-
black triangles indicate the mean eBC during acute days. For each year
percentiles (interquartile range). Whiskers extend to the most extreme
outliers.

728 | Environ. Sci.: Atmos., 2026, 6, 724–735
(p-value < 0.05) across all acute eBC days. In terms of average
seasonal concentration, the highest concentrations of acute eBC
occur during summer (JJA, 1.75 ± 2.64 mg m−3), which is nearly
double compared to the other seasons (e.g., DJF 0.99 ± 0.84 mg
m−3, MAM 0.92± 0.81 mgm−3, and SON 0.87± 1.03 mgm−3. This
nding highlights the importance of further investigating
biomass combustion-related events. While the frequency of acute
eBC events is higher during the winter season, the same cannot
be said for the intensity levels observed. The acute eBC days are
characterized by daily average concentrations ranging from 0.70
to 5.86 m g m−3 (February 1, 2015, and August 12, 2021, respec-
tively), while all data without acute eBC days show averages
varying between 0.02 and 1.3 m g m−3.

This is illustrated in Fig. 5, which presents the monthly and
diurnal variations of non-acute eBC data aer excluding acute
days (teal line) compared to data from acute eBC days alone
acute eBC data; vermilion dots indicate the non-acute annual mean;
, the central line shows the median and the box spans the 25th–75th
non-outlying values, and points beyond the whiskers are plotted as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Monthly (a) and diurnal (b) variations in eBC concentrations. Panels (c) and (d) provide zoomed-in views of (a) and (b), respectively,
focusing on the contribution and variability of the non-acute eBC data. Shaded areas denote the 95% bootstrap confidence interval of the mean.
Across all panels, non-acute eBC is shown in teal green and acute eBC in black.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
0:

25
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(black line). Examining the latter, it is evident that no discern-
ible pattern of daily variation exists, as acute events are random
and lack cyclicality. Conversely, when acute eBC days are
excluded, a distinct increase in eBC levels is observed in the
morning (around 07 : 00 LT) and evening (around 21 : 00
LT),18,39,40 consistent with the ndings of Cristofanelli et al.,
2017.37 Indeed, a preliminary assessment of local meteorology
reveals that CGR is strongly inuenced by a breeze regime.
Fig. 6 (a) MODIS and VIIRS satellites: number of fire pixels (type = 0 – p
System (SIF): total burned area (grey), forest burned area (teal green), an

© 2026 The Author(s). Published by the Royal Society of Chemistry
Nocturnal circulation is characterized by gentle land breezes
(NW–NE, occurring 49% of the time), while sea breezes (W–SE)
prevail during the day (80%). Regarding synoptic circulation,
the site is predominantly affected by north-westerly air masses
originating from the central Mediterranean basin.37,41 This
highlights that interactions between large-scale forcing patterns
and local winds (e.g., sea–land breezes) are important drivers of
air quality dynamics and eBC variability.42
resumed vegetation) detected for the Sicily area. (b) Forest Information
d other burned area (burnt orange).
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3.3 Inuence of local vegetation res

In recent years, the frequency of vegetation res in the Medi-
terranean region has increased due to multiple climate change-
related factors, including prolonged drought and rising
temperatures.43 In this region, re emissions are an important
contributor to the degradation of air quality, leading to
increasing CO2 emissions.44 Consistent with this trend, Michetti
and Pinar, 2019 (ref. 14), reported that 2017 was the year char-
acterized by the largest number of res in the past three decades
in the Italian peninsula. Fig. 6 illustrates the annual trend of re
pixels detected by MODIS and VIIRS satellites within the region
of interest (Section 2.1), alongside the total burned area re-
ported by SIF. Based on these satellite observations, the highest
frequency of re pixels occurred in 2021 (9044) and 2017 (8132).
To assess temporal patterns, a trend analysis was conducted
Fig. 7 Analysis of the Montagna Grande vegetation fire event on July 31s
paths of back-trajectories with different start times (listed in the legend in
from MODIS (green dots), VIIRS (red dots), and SIF (purple dots); (c) fire p
(red dots), and the purple burned area identified by the SIF portal.

730 | Environ. Sci.: Atmos., 2026, 6, 724–735
using the Theil-Sen estimator, conrming a signicant increase
in vegetation re frequency during the examined period.
Specically, the analysis reveals a robust upward trajectory for
both sensors: VIIRS detects an average annual increase of
approximately 683 re pixels (p= 0.015), while MODIS indicates
a consistent, albeit lower-magnitude, increase of 75 pixels per
year (p = 0.031). Conversely, the average FRP remained statis-
tically stable. This divergence suggests that the escalating
impact on vegetation—reected in the substantial burned area
peaks observed in 2017 and 2021 (Fig. 6b)—is likely driven by
a higher frequency of vegetation re events rather than an
increase in their individual intensity. During the study period,
approximately 6330 vegetation res were recorded in the region
of interest, affecting about 135 000 hectares, of which approxi-
mately 30% were forested areas (averaging 6.1 kha year−1) and
t, 2020; (a) time series of the eBC concentration measured at CGR; (b)
month-day hour format [m-d h]) together with the identified fire pixels
ixel areas detected over Montagna Grande: MODIS (green dots), VIIRS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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67% were other types of land. Seasonally, 74% of these events
occurred in summer, 18% in autumn, 7% in spring and only 1%
in winter. These res, through their widespread emissions and
under specic meteorological conditions, can be transported on
regional and continental scales, representing also a signicant
source of eBC. To quantify the impact of vegetation res on the
eBC concentration throughout the considered period (red
squares in Fig. 3), we investigated the link between the 198
acute eBC days and vegetation re data reported by satellite and
SIF data (as described in Section 2.4). The key ndings are
summarized below:

� 91 (46%) of these acute eBC were linked to local vegetation
res detected by MODIS and VIIRS satellite products. Within
this subset, the estimated Theil–Sen trend in eBC concentration
was slightly lower (0.03 mg m−3 year−1, p-value < 0.01) than the
trend computed for all acute eBC days (0.04 mg m−3 year−1),
suggesting that the observed increase in acute eBC concentra-
tions is not driven exclusively by the subset of acute days
coincident with detected vegetation res;

� On 3 days (1.5%), the back-trajectories passed through an
SIF area without intersecting any satellite-detected re pixels,
indicating that re pixels were not identied by the satellite;

� For the remaining 104 days (52.5%), the back-trajectories
did not intersect any locally satellite-detected re pixels or
locally burned areas. Therefore, these acute eBC events cannot
be explained by locally observed re activity. In fact:

A signicant portion of these days (68, corresponding to
65.4%) correspond to extra-regional events but were not
explored because the goal of this work concerns regional
contributions;

In the remaining cases (36, corresponding to 34.6%), no
thermal anomalies were identied, and in some cases, the
trajectories occurred entirely over the Mediterranean Sea. These
acute eBC events occurred predominantly during winter (20,
59%), while only 2 events (6%) occurred in summer. This
pattern likely reects differences in the dynamics of the land–
sea breeze system, suggesting a stronger inuence of other
sources and warranting further investigation.
4 Illustrative example: vegetation fire
identification

Among all, the case of July 31st, 2020, was one of the most
interesting. As can be seen from Fig. 7a, the anomalous event
lasted approximately 17 hours (from July 31st at 17 : 00 to
August 1st at 10 : 00 LT). In this period, the concentration of eBC
reached themaximum value of 8.99 mgm−3 at 19 : 00 LT, with an
average value of 13.46 ± 2.23 mg m−3. During the considered
event, several res were detected by MODIS and VIIRS in the
western part of Sicily and in particular around the green
promontory of Montagna Grande (MG), which is about 36 km
from CGR and extends over an area of almost 1300 ha, mainly
characterized by pine trees, holm oaks, and downy oaks. This
area extends over the municipalities of Trapani, Salemi, and
Calatami, where the MODIS (green) and VIIRS (red) re pixels
active during this event were identied (Fig. 7b). During the
© 2026 The Author(s). Published by the Royal Society of Chemistry
considered case study, a total of 39 VIIRS re pixels were
recognized, of which 28 were concentrated in the MG area and
11 in other areas, while the MODIS satellite identied 17 re
pixels centered in the MG area. Based on the analysis of VIIRS
metadata (at 00 : 50 LT on August 1st), the re pixels associated
with MG recorded an average Fire Radiative Power (FRP) value
of 5.36, reaching a maximum of 9.3. In contrast, the FRP for re
pixels in other areas averaged 1.38, with a maximum of 2.0.
Taking into account the 17 re pixels detected in MG identied
by MODIS, an average FRP value of 54.3, with a maximum of
444.2, was recorded. The transport of polluted air masses, rich
in eBC emitted from the forest res towards the southern coast
of Sicily and the CGR observatory, was conrmed by the back-
trajectories Fig. 7c) and the anticyclonic vortex over the
Mediterranean-Sardinia region. Once emitted, the eBC levels
measured at CGR depend on mechanical processes within the
planetary boundary layer (PBL), which control dispersion and
dilution.45 This pattern indicates that the breeze regime was
dominated by synoptic forcing, as shown by the MOLOCH
model (see the CNR-ISAC website for further information). The
analysis of the air mass transport, combined with information
on forest res that occurred in the area of MG, suggests that the
acute eBC concentration registered at CGR can be attributed to
emissions from forest and vegetation res.
5 Conclusions

Through the combined analysis of air mass back-trajectories,
satellite-derived re detections (MODIS and VIIRS), ground-
based SIF observations, and eBC measurements, we derived
the following general conclusions:

� Of the 198 acute eBC days, only 94 were explained by local
vegetation re activity within the studied region. For the
remaining 104 days, no satellite-detected thermal anomalies
were identied in the regionally dened domain (see paragraph
2.1). In 68 of these days, extra-regional thermal anomalies were
identied. This nding highlights the need to more thoroughly
assess the contribution of extra-regional transport and/or non-
re combustion sources (e.g., shipping emissions and residen-
tial heating) to observed eBC, particularly considering the CGR
station's proximity to the Strait of Sicily and the high-density
shipping lanes in the area.

� The mean eBC concentration measured at CGR over the
study period (0.49 ± 0.69 mg m−3) was comparable to values
reported at other Mediterranean background and coastal sites,
indicating that CGR reects regional baseline conditions;
consequently, these results provide a valuable evidence base for
the scientic community and support the use of CGR as
a representative reference site for future investigations of
atmospheric transport, seasonality, and inter-annual variability
in the central Mediterranean;

� During acute eBC days, the mean eBC concentration rea-
ches 1.17 ± 1.6 mg m−3, exceeding the annual baseline value
(0.41 ± 0.45 mg m−3) by more than 200%. This difference
highlights how short-duration, highly concentrated episodes
can dominate annual summary metrics, inating mean and
Environ. Sci.: Atmos., 2026, 6, 724–735 | 731
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variability, and thus masking underlying conditions that are
more representative of the regional context;

� Local vegetation res contributed to acute eBC concen-
trations at the CGR Observatory, as indicated by the subset of
acute eBC events coincident with MODIS/VIIRS/SIF active-re
detections, which exhibits a statistically signicant positive
Theil–Sen trend over 2015–2021. However, the trend estimated
for the vegetation re-linked subset is slightly lower than the
trend computed across all acute eBC days (Section 3.3),
implying that the observed increase in acute eBC concentra-
tions cannot be explained solely by the subset of events asso-
ciated with detected local vegetation res. Given known
limitations of satellite active-re products (e.g., reduced detec-
tion capability under cloud/smoke obscuration, failure to detect
smaller or less intense res due to spatial resolution, or the lack
of a coincident overight due to the satellite's orbital trajectory
and revisit time), and the persistence of a positive trend beyond
the satellite-detected re subset suggests that additional sour-
ces and processes (e.g., anthropogenic combustion, regional
transport, and meteorological variability) also contribute to
acute eBC episodes,46 underscoring the need for dedicated
source-apportionment analyses to better separate vegetation-
re signals from other inuences. Finally, the increase in the
incidence/intensity of acute eBC events is signicant not only
for their negative impact on air quality, but also for the climate,
given their signicant positive radiative forcing;8,47

� The results highlight a statistically signicant increase in
the number of satellite-detected re pixels within the dened
domain, indicating that vegetation-re occurrence in the region
is becoming more frequent over the study period. This nding
primarily reects a change in the frequency and spatial extent of
vegetation res, rather than an increase in eBC concentrations
at the CGR. When interpreted alongside the observed annual
and seasonal variability of eBC at the CGR observatory, the
increasing re pixel trend provides policy-relevant evidence of
a growing wildre-related hazard in the central Mediterranean
and motivates further work to quantify when and how these
more frequent re occurrences translate into measurable eBC
impacts through transport and meteorological modulation.
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