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ARTICLE INFO ABSTRACT

Editor: Paulo Pereira Rural and forest fires represent one of the most significant sources of emissions in the atmosphere of trace gases
and aerosol particles, which significantly impact carbon budget, air quality, and human health. This paper aims
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period 2007-2017. Three main improvements characterize the approach proposed in this work: (i) the collection
and development of comprehensive and accurate data inputs related to burned area; (ii) the use of the most
recent data on fuel type and load; and (iii) the modelling application to estimate fuel moisture, burning effi-
ciency, and fuel consumption considering meteorological factors and combustion phases. On average, Italy’s
GHG and particulate matter emissions were 2621 Gg yr_, ranging from a minimum of 772 Gg yr ! in 2013 to a
maximum of 7020 Gg yr’1 in 2007. Emissions from fire disturbances in broadleaf forests, shrublands, and
agricultural fuel types account for about 76 % of the total. Results were compared with global and national
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inventories and showed good agreement, especially considering CO5 and particulate matter. The approach of this
study added confidence in emission estimates, and the results can be utilized in decision support systems to
address air quality management and fire impact mitigation policies.

1. Introduction

Natural and anthropogenic fires play a key role in the terrestrial
carbon cycle and are an important source of emissions in the atmosphere
of greenhouse gases (GHG), carbon monoxide, carbonaceous aerosols,
and an array of other gases (including NMVOC) and particulates (Adame
etal., 2018; Akagi et al., 2011; Miranda et al., 2008; Van Der Werf et al.,
2010). A recent study on global fire emissions modelling (including
forest, peat, grassland and shrubland, and cropland fires) estimated the
global average for 2002-2020 to be 2.1 0.2 Pg Cyr ! (Van Wees et al.,
2022). According to Yue and Gao (2018), forest fires account for 37.8 %
of the total emissions from natural sources and 16.9 % of total natural
and anthropogenic emissions. The massive release of trace gases and
aerosol particles can have a significant impact on local, regional, global
carbon budget and climate change (Dintwe et al., 2017; Larkin et al.,
20205 Liu et al., 2019) through three mechanisms (direct, indirect, and
semi-direct radiative forcing) that can interact with solar radiation,
clouds, atmospheric structure, circulation, and energy exchange on the
ground (e.g., Kaskaoutis et al., 2011; Lohmann and Feichter, 2005).
Furthermore, as emissions are transported through the atmosphere, they
contribute to air degradation (e.g., Burke et al., 2021; Tang et al., 2022),
reducing visibility, generating or raising unhealthy conditions (e.g.,
particulate matter or toxic products level) (Analitis et al., 2012; Dorman
and Ritz, 2014; Xu et al., 2021), and also reacting with other gases, such
as ozone (e.g., Bourgeois et al., 2021; Xu et al., 2021). Exposure to smoke
pollution due to forest fires, especially the so-called mega-fires (Linley
etal., 2022), can have a significant impact on citizens, also for prolonged
time (e.g., Augusto et al., 2020; Tarin-Carrasco et al., 2021), and on
personnel involved in firefighting operations, from the infliction of
burns and eye irritation from smoke, up to the loss of lives (e.g., Adetona
et al., 2016; Cascio, 2018; Gianniou et al., 2016; Oliveira et al., 2020).
By promoting the frequency of days characterized by hot and dry con-
ditions (Jia et al., 2019), future climate is expected to play an increasing
role in the intensity and frequency of extreme fire events and prolonging
fire season length (e.g., Dupuy et al., 2020; Patacca et al., 2023), and
thus fire emissions.

Quantifying fire emissions is then a key activity to predict regional
air quality during large fires, evaluate potential emission reductions
from mitigation strategies (e.g., Alcasena et al., 2021), use prescribed
burning while complying with air quality regulations (e.g., Hyde et al.,
2017), obtain greenhouse gas reporting (e.g., United Nations Frame-
work Convention on Climate Change (UNFCCC)), and understand global
climate effects (Larkin et al., 2020; Yi and Bao, 2016). It requires the
combination of multiple and interdependent factors and intertwining
different scientific fields and models (Drury et al., 2014). Over the last
decades, several studies focused on estimating fire emissions of many
gaseous and particulate species through several approaches, basically
relying on the model developed by Seiler and Crutzen (1980) and
Penman et al. (2003). This model combines information on burned area,
biomass available to burn, combustion factor (also called combustion
completeness or burning efficiency), and emission factors for different
species and vegetation types. However, large uncertainties remain at
both spatial and temporal scales due to the representation of input
resolution and variability (e.g., Van Wees and Van Der Werf, 2019;
Carter et al., 2020; Liu et al., 2020; Wiedinmyer et al., 2023). A growing
body of literature introduced new advances in modelling and mea-
surement efforts to improve the estimation of fire emissions, mainly
through experimental measurements of emissions factors (e.g., Andreae,
2019; Selimovic et al., 2019; Van Der Werf et al., 2017; Vicente et al.,
2013; Wiggins et al., 2021), the development of fuel consumption

models (Larkin et al., 2020; Monteiro et al., 2014; Urbanski et al., 2018),
the application of satellite instruments (e.g., Giglio et al., 2018; Ramo
et al.,, 2021; Van Wees et al., 2022; Wiedinmyer et al., 2023) and their
integration with a large number of national and local datasets (e.g.,
Larkin et al., 2020), and the application of biogeochemical models and
satellite observations to better estimate biomass loading (e.g., Di Giu-
seppe et al., 2021; Shiraishi et al., 2021; Van Der Werf et al., 2017). In
Europe, several studies focused on different aspects of fire impacts on
the atmosphere, from fire emission reporting (e.g., Barbosa Ferreira
et al., 2009; Rosa et al., 2011) to air quality issues at national (e.g.,
Martins et al., 2012; Miranda et al., 2009; Monteiro et al., 2014) and
local levels (e.g., Bo et al., 2020; Di Carlo et al., 2015). Among these, a
few studies tackled the factors limiting the reliability of fire emission
estimates, as for instance improving land and vegetation characteristics
(vegetation type burned, fuel load assessment) (e.g., Martins et al., 2012;
Rosa et al., 2011), or fire characteristics (burned area, fuel load con-
sumption, burning efficiency) (e.g., Chiriaco et al., 2013; Monteiro et al.,
2014), or emission factors (e.g., Fernandes et al., 2022). Thus far,
however, no inventory considered all the limiting factors in a compre-
hensive approach, proposing high spatial resolution data for a large
scale and for a long period of time, of utmost importance for (among
others) addressing international initiatives and commitments (Chuvieco
et al., 2019), air quality modelling and forecasting (Urbanski et al.,
2011; Martins et al., 2012; Monteiro et al., 2022), and planning fuel
treatments (Alcasena et al., 2021; North and Hurteau, 2011; Wie-
dinmyer and Hurteau, 2010).

In this paper, we present an integrated methodology at high reso-
lution, providing and improving the estimation of trace gases and par-
ticulate matter from surface fires, also qualifying the source of emission,
using the spatial forest and rural fire database from Italy as a case study
(period 2007-2017). The methodology takes into consideration the
main source of uncertainties in emission estimates (e.g., accuracy of fire
perimeters, combustion completeness, vegetation load and characteris-
tics (Martins et al., 2012; Ottmar et al., 2008; Schultz et al., 2008)
combining a fire emissions model with accurate spatial and non-spatial
inputs related to fire disturbance, vegetation, and weather conditions.
The main improvements from previous methods are: (i) the develop-
ment of a high-accuracy burned area geographical dataset; (ii) the use of
the most recent data on fuel type and fuel load based on an updated field
measurement database; (iii) a more precise estimation of burning effi-
ciency and fuel consumption considering fuel moisture and properties,
meteorological factors, and different combustion phases through
modelling application.

Finally, following Larkin et al. (2020), Rosa et al. (2011), Urbanski
et al. (2018), and Wiedinmyer et al. (2023), we compared our approach
against available inventories at the global and national levels to evaluate
convergence, assess differences identifying primary sources of vari-
ability in existing datasets and methods, and validate our estimates.

2. Material and methods

The methodology applied to calculate emissions is based on the
modelling framework developed by Bacciu et al. (2011, 2012). The
framework integrates spatial and non-spatial inputs (Fig. 1). It requires
(1) collecting and combining information related to individual fire
events, (2) classifying land cover in fuel types and obtaining data on
vegetation available to burn according to input parameters of the con-
sumption model (i.e., fuel load by size classes) by fuel type; (3)
extracting the burned area by fuel type at each fire site, (4) estimating
fuel moisture using as a proxy the Fine Fuel Moisture Code index (FFMC)
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(Van Wagner, 1987) associated to each fire event, and (5) modelling fuel
consumption and emissions through the application of FOFEM 6.7 (First
Order Fire Effects Model) (Reinhardt, 2003; Reinhardt et al., 1997,
Lutes, 2013). The methods to obtain all information and to reach each
step are described in the following sections.

2.1. Fire activity data

The fire activity information needed is the day of occurrence, the
location, and the georeferenced polygon of each fire event. Developing a
coherent fire dataset for Italy was a significant effort in preparing this
work. We collected and then collated daily georeferenced fire perimeters
from 2007 to 2017 according to their geographical provenance. For
most Italian regions, data were acquired from the former Italian Forest
Service (actually Carabinieri CUFAA). Data from three autonomous re-
gions (Sardinia, Sicily, and Friuli Venezia Giulia) were gathered from the
respective Regional Forest Services, through the following sources: https
://www.sardegnageoportale.it/index.html,  https://sifweb.regione.si
cilia.it/portalsif/home/, https://eaglefvg.regione.fvg.it/eagle/main.as
px?configuration=guest (last access on 5 October 2023). Daily fire pe-
rimeters were unavailable for the autonomous region of Valle d’Aosta
and the two autonomous provinces of Trento and Bolzano (Trentino Alto
Adige region). For this reason, these regions were not included in our
study. However, it is noteworthy that, according to the European Forest
Fire Information System (EFFIS) annual reports (available at https://
effis.jrc.ec.europa.eu/reports-and-publications/annual-fire-reports, last
access 29 August 2023), Trentino Alto Adige and Valle d’Aosta
accounted for only 0.05 % of the Italian burned area (wooded and non-
wooded) for the period 2008-2017.

The final dataset minimum mapping unit is 0.01 ha. Indeed, fire
perimeters are typically acquired by collecting GPS locations (by
walking or helicopter) over the fire boundaries. The dataset comprises

2 Fuel
characteristics
database
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about 81,000 fire ignitions and a total burned area of about 10,200 km?,
which represent about 3.23 % of the Italian surface.

2.2. Fuel type and loading

The fuel type and biomass available for combustion (fuel loading) for
each fire event were determined using a combination of satellite imag-
ery products and recently published data. To spatialize fuel types, we
aggregated Corine Land Cover Classes (CLCC), level IV (ISPRA, 2010),
minimum mapping unit 25 ha, into sixteen classes across Italy according
to crosslinks with the fuel classification proposed by Ascoli et al. (2020)
(Fig. 2 and Table 1) and related quantitative data. Indeed, Ascoli et al.
(2020) harmonized more than 600 quantitative fuel samples carried out
over the last decade in alpine, temperate, and Mediterranean vegetation
types and including duff, litter, herbaceous, shrub, and downed woody
fuel loadings by size classes (1h,10h,100h) grouped into surface fuel-
beds representing the principal fuel types in Italy crosslinked to CLCC
classes (see Table 1 in Ascoli et al., 2020). Since data related to agri-
culture (including arable lands, permanent crops, stable meadows, and
heterogeneous agricultural areas) were not available in Ascoli et al.
(2020), fuel data for this fuel type were derived from Rosa et al. (2011).
For some fuel type classes (i.e., CTMG, PTB, MEB, RV, see “Fuel type
code” in Table 1), data on duff load were missing or not representative in
Ascoli et al. (2020). Thus, we filled the gaps using the information on
similar fuel classes from the Fuel Characteristic Classification System
(FCCS) (Ottmar et al., 2007; Sandberg et al., 2001). FCCS describes
fuelbed categories through six horizontal strata (i.e., canopy, herbs and
grasses, woody dead material, litter, and duff or ground fuels) and their
properties to determine how fires will burn and consume them (Ottmar,
2014). In particular, the association with the FCCS classes was con-
ducted through a meticulous photographic evaluation of each FCCS class
with the sixteen Italian fuel types. Finally, the fuel types were

Land use map

Fuel type map

Fire emission maps

Jll Fire activity
database

type

FWI and FFMC
calculation

Burned area by fuel

Emission
inventory

Weather

database

a Fuel consumption and
ﬁ emission estimate

FOFEM 6.7

Fig. 1. Flow chart of the integrated approach to estimate fuel consumption and emissions (adapted from Bacciu et al., 2011, 2012). The numbers represent the
different phases of the process according to the main text description. The parallelograms represent input-output data (including maps), while cylinders represent

geospatial knowledge bases.
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Fig. 2. Location of the study area (Italy) in the Euro-Mediterranean region and division into regions and macro-regions (on the left panel); map of fuel types in Italy,
based on our elaboration from Ascoli et al. (2020) (on the right panel). NB — not burnable; AGR — Agriculture; AMC - Alpine and Mediterranean short-needled conifer
litter; MEDC - Mediterranean long-needled conifer understory with shrubs; MONC - Montane long-needled conifer understory with shrubs; CMB - Compact meso-
phytic broadleaved litter; LB - Long broadleaved litter; MB - Montane beech litter; MEB - Mediterranean evergreen broadleaved litter; PTB - Porous Thermophilous
broadleaved litter; RV - Riparian vegetation; CSG - Continuous short grassland; CTMG - Continuous tall Mediterranean grassland; SSG - Sparse and very short
grassland; SMS - Short Mediterranean shrublands and heathlands; TMS - Tall Mediterranean shrublands and heathlands; TAH - Temperate and Alpine heathlands.

Table 1

Fuel types, based on our elaboration from Ascoli et al. (2020), associated with the Corine Land Cover Classes (level II, Il and IV), percentage of their burned area over
the total of the analyzed period, and characterization of their mean fuel load (Mg ha™!) by fuel component.

Surface fuel group Fuel type Fuel type Corine LCC % of burned area Duff Litter =~ Dead (1h, Live
code over total 10h, 100h) herb shrub
Conifers understory Alpine and Mediterranean short- AMC 3123 0.1 % 39.36 2.36 6.47 0.29 0.05
(CON) needled conifer litter
Mediterranean long-needled conifer MEDC 3121 3.7 % 32.83 4.31 8.04 0.88 7.87
understory with shrubs
Montane long-needled conifer MONC 3122, 3124, 2.0 % 23.92 1.11 12.73 1.33 2.05
understory with shrubs 3125
Broadleaves Long broadleaved litter LB 3114 2.2% 35.69 2.52 8.98 0.21 1.87
understory (BRD) Montane beech litter MB 3115 1.1% 35.06 1.88 5.97 0.21 0.03
Compact mesophytic broadleaved litter =~ CMB 2241, 3113, 5.1% 33.07 2.18 9.01 0.60 1.02
3117
Porous Thermophilous broadleaved PTB 3112 6.8 % 39.87 1.73 4.74 0.86 0.65
litter
Mediterranean evergreen broadleaved MEB 3111 3.4% 10.81"  2.25 6.95 0.44 3.32
litter
Riparian vegetation RV 3116 0.3 % 35.39"  0.49 4.09 1.40 1.53
Heathlands & Tall Mediterranean shrublands and TMS 3231 7.0 % 11.65 5.33 8.89 1.35 16.35
Shrublands (SHR) heathlands
Short Mediterranean shrublands and SMS 3232 9.9 % 6.89 2.26 5.18 1.90 6.20
heathlands
Temperate and Alpine heathlands TAH 322 1.1 % 3.18 2.35 2.35 0.38 5.77
Natural Grassland Continuous short grassland CSG 3211 2.3% 23.70 0.28 0.31 3.74 0.03
(GRS) Continuous tall Mediterranean CTMG 3211 4.4 % 11.60"  3.96 3.96 12.26 -
grassland
Sparse and very short grassland SSG 3212 10.6 % 2.83"  0.08 0.15 2.10 0.21
Agriculture (AGR) AGR 211,212,22, 40% 022 - 5.10" 2.5" 1.86"
23, 24

 Fuel Characteristic Classification System (FCCS) (Ottmar et al., 2007; Sandberg et al., 2001).

b Rosa et al. (2011).
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aggregated into five surface fuel groups: Conifers understory (CON),
Broadleaves understory (BRD), Heathlands & Shrublands (SHR), Natural
Grasslands (GRS), Agriculture (AGR) (Table 1). This study did not
include canopy fuels because of the lack of information concerning
crown fire occurrence or a reliable model for canopy fuel consumption.
Indeed, the fire database only provides data on the burned area, and the
fuel consumption model (see Section 2.4) does not predict whether a
crown fire will occur or canopy fuels will be consumed. It simply re-
quires the user to estimate the proportion of the stand affected by crown
fire (Keane and Lutes, 2020). Given these limitations, we excluded
canopy fuel consumption from the analysis. However, crown fires in
Italy occur mainly in the Mediterranean and montane pine fuel types,
which represent 5.7 % of the total burned area (Table 1), and on
average, the stand-replacing area over the entire burned area in Italy is
1.7 % (Elia et al., 2022).

Finally, we intersected the fuel type map with the fire perimeter
layers to identify the amount of burned area within each fuel type class
at each fire event.

2.3. Fuel moisture scenarios

Combustion efficiency, that is the fuel consumption amount, partly
depends on the fuel moisture conditions during the fire. To estimate fuel
moisture conditions for each fire event, we used the Fine Fuel Moisture
Code (FFMC) as a proxy. FFMC is one of six indices composing the Ca-
nadian Fire Weather Index (FWI) (Van Wagner, 1987), and is a numeric
rating (inversely proportional) of the moisture content of litter and other
cured fine fuels. It is computed using four weather inputs: precipitation
accumulated over 24 h (P), instantaneous temperature (T), relative
humidity (H), and wind speed (W), generally taken at noon local stan-
dard time. Weather data were gathered from the Era-Interim Reanalysis
product (http://apps.ecmwf.int/) at a grid resolution of 0.125° and at
12:00 UTC, considering 24 h accumulated values for precipitation and
instantaneous values for the other variables. FWI and the FFMC subcode
were then calculated using the function implemented on the R package
fireDanger (Santander Meteorology Group, 2017).

The daily FFMC values were associated with each fire event. Then
four thresholds (25", 50™, 75™ and 90" percentiles) were calculated,
with the aim of grouping fire events based on their fuel moisture con-
ditions, distinguishing between five classes (wet, medium, dry, very dry,
and extreme). Finally, a dead fuel moisture content value (FMC) for duff,
10h, and 1000h fuel was assigned for each fuel type within an FFMC
group based on literature data information (Pellizzaro et al., 2007a,
2007b) (Table 2).

2.4. Fuel consumption and emission model

FOFEM 6.7 (Reinhardt, 2003; Reinhardt et al., 1997; Lutes, 2013)
was used to estimate fuel consumption and fire emissions. The model
requires fuel load by fuel component (duff, litter, three size classes of
woody debris, herbs, shrubs, and live tree live branches and foliage) and
fuel moisture inputs for 10h and 1000h downed woody and duff. FOFEM
integrates extensive fuel data derived from the literature (e.g., Ottmar
et al., 2007; Prichard et al., 2013), but users can customize the input

Table 2
Fuel moisture content value associated with fuel moisture conditions and dead
fuel strata used for simulating fuel consumption.

Fuel moisture conditions Dead fuel moisture content value (FMC) (%)

Duff 10h 1000h
WET 130 16 50
MEDIUM 90 13 40
DRY 75 11 30
VERY-DRY 40 9 25
EXTREME 20 7 15

Science of the Total Environment 907 (2024) 167960

data parameters according to local fuel loads and moisture conditions.

FOFEM employs BURNUP, a process-based model of heat transfer
and burning rates (Albini et al., 1995; Albini and Reinhardt, 1995, 1997;
Lutes, 2013; Reinhardt and Dickinson, 2010), to calculate the con-
sumption of downed woody fuel and litter; the consumption of other
fuels is predicted using a variety of empirical equations and rules of
thumb. In particular: (i) duff consumption is estimated through different
algorithms (e.g., Brown et al., 1985; Harrington, 1987; Hough, 1978;
Reinhardt, 1991); (ii) shrub consumption depends on the season and
type of shrub, but generally is assumed to be in the range 60 %-80 %;
(iii) almost 90 %-100 % of herbaceous fuel is consumed; (iv) canopy fuel
consumption requires the user to estimate the proportion of the stand
affected by crown fires, and then FOFEM applies this proportion to the
canopy foliage and one-half of the canopy branches. Furthermore, in
2001 the BURNUP model was modified to provide separate estimates of
flaming and smoldering consumption (Finney, 2001). In turn, the model
allows emission factors (Ward et al., 1993) to be applied separately to
the fuel consumed in each phase. Finally, total emissions of PM3 5, PM,
CHj4, CO, CO,, NOx, and SO, are calculated as the sum of the emissions
calculated separately from the two fuel consumption phases.

In this study, the quantitative characteristics of fuel components for
each fuel type based on the data provided in Table 1, derived from Ascoli
et al. (2020), were used as fuel load inputs, while fuel moisture values
for 10-h, 1000-h, and duff were derived from the conditions presented in
Table 2.

2.5. Comparison with other inventories

To evaluate the results of our modelling framework, we compared
the burned area and the emission estimates obtained in this work (ITDB)
with those obtained from the Italian National Emission Inventory (IT
NIR, 2022) and two global fire emission inventories, GFASv1.3 (Kaiser
et al.,, 2012) and GFED4s (Van Der Werf et al., 2017), calculating the
relative percentage difference (RPD) and the correlation coefficient (r).

The IT NIR (2022) is the national GHG emission inventory compiled
and communicated annually by the Higher Institute for Environmental
Protection and Research (ISPRA) under the UNFCCC. IT NIR report
provides a detailed analysis of the annual source and sink category
emission estimates and trends (and the models behind them) and com-
mon reporting format (CRF) tables. The inventory includes the assess-
ment of GHG and particulate matter emissions from forest, cropland,
and grassland fires. Land use categories are defined according to the
IPCC protocols (IPCC, 2006). It is noteworthy to mention that the
grassland land use category includes all grazing land, natural grassland
and other wooded land that does not meet the forest definition (as
shrublands). The approach used to calculate non-CO, emission from
fires is based on the method developed by Bovio (2007), who estimated
forest fire damage and related biomass loss in Italy based on two main
factors: the fire intensity and the type of forest vegetation affected by the
fire. The approach was implemented by Chiriaco et al. (2013), who
proposed scorch height to represent fire intensity.

The Global Fire Assimilation System (GFASv1.3) calculates biomass
burning emissions at daily time step on a global 0.1° x 0.1° grid from
2003 to 2016. The emissions have been calculated by assimilating Fire
Radiative Power (FRP) observations from the MODIS instruments on-
board the Terra and Aqua satellites; the combustion rate is subsequently
calculated with land cover-specific conversion factors, while the emis-
sion factors have been compiled from a literature survey. Instead, the
Global Fire trace gas and aerosol emissions (GFED4s) calculates biomass
burning emissions at monthly time step on a global 0.25° x 0.25° grid
from 1997 to 2016. Fire activity, including small fires and vegetation
productivity, was derived from satellite information (e.g., Giglio et al.,
2013; Randerson et al., 2012), while trace gas and aerosol emissions are
based on Akagi et al. (2011) as well as Andreae and Merlet (2001).
Furthermore, GFED4s fire emission data are available for three sectors:
1) agricultural waste burning, 2) temperate forest, and 3) savanna,
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grassland, and shrubland fires. The two global databases served as
benchmark for evaluating fire emissions estimates from prognostic
models (IPCC, the Carbon Project) or as a validation tool for other
estimation methods (e.g., Hantson et al., 2016; Urbanski et al., 2018).
In this study, we obtained the three databases from the following
sources (last access on 15 June 2023): [T NIR, 2022 http://emissioni.sin
a.isprambiente.it/inventario-nazionale/, GFASv1.3 https://eccad3.se
doo.fr/data, and GFED4s https://www.globalfiredata.org/.

3. Results
3.1. Spatial and temporal characteristics of fire activity

From 2007 to 2017, fire activity in Italy showed a high inter-annual
variability (Fig. 3a). The annual average burned area was about 92,900
ha. The maximum number of fires per year occurred in 2007, 2012, and
2011 (11,530, 9226, and 9200, respectively), accounting for 37 % of the
total fires of the analyzed period under investigation. In contrast, the
maximum recorded burned area occurred in 2007, 2017, and 2012
(about 226,800, 173,500, and 137,700 ha, respectively), corresponding
to 53 % of the total burned area in the study period. 2007 and 2017 had
the highest FFMC average annual values (74.8 and 76.1, respectively).
Additionally, FFMC average annual values for each region diverged from
northern to southern Italy, ranging from a maximum of 81.5 and 80.8 for
Sardinia and Calabria in 2017, respectively, to a minimum of 59.5 and
59.6 for Lombardy and Piedmont in 2014. Overall, in the southern re-
gions, a large percentage of the burned area (72 %) occurred under the
“dry”, “very dry”, and “extreme” fuel moisture scenarios according to
FFMC values. In the central regions, the burned area occurring under
“extreme” fuel moisture scenarios represented about 40 % of the total
burned area in that part of Italy. In the northern regions, the largest
percentage of the burned area occurred under “wet” and “medium” fuel
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moisture scenarios (66 % and 22 %, respectively).

As far as the contribution of the five fuel groups to the burned area is
concerned, AGR (agriculture) was the most affected, accounting for
about 40 % of the total burned area (about 405,700 ha), whereas CON
(conifers understory) represented the group less affected by fire (about
58,500 ha), accounting for 6 % of the total area burned. More in-depth,
under the SHR (heathlands & shrublands) macro-category (18 % over
the total), SMS and TMS contributed 10 % and 7 % of the total burned
area, while under the GRS (natural grassland) fuel group (17 % over the
total), SSG contributed 11 %. PTB and CMB were the BRD (broadleaves
understory) classes that contributed the most (7 % and 5 %, respec-
tively) to the total burned area.

The monthly distribution of burned area, broken down by fuel group,
is plotted in Fig. 3b. At the national level, the burned area had mainly an
unimodal distribution, with peaks in July and August (accounting for 70
% of the total burned area). The months with the least burned area were
December and February, with 5100 and 6600 ha burned, respectively.
Additionally, Fig. 3b showed that the group AGR had the highest area
burned during summer and autumn, accounting for 33 % and 6 % of the
total. During summer, SHR and BRD accounted for 14 % of the total
burned area. Under these two fuel groups, the fuel types most affected by
fire during the summer were SMS (8 %) and PTB (5 %), respectively. On
the other hand, in summer, CON contributed 5 % of the total burned
area, with 3 % due to fuel type MEDC.

3.2. Spatial and temporal distribution of emissions

The total and the monthly distributions of surface fire emissions
released over 2007-2017, broken down by fuel group, are plotted in
Fig. 4. Total fire emissions (considering PM;o, PM3 5, CHy4, CO, CO2, NOy
and SO») during 2007-2017 were estimated at 28,830 Gg. Average total
emissions were 2621 Gg yr 1. As observed for burned areas, the most
significant years in terms of emissions were 2007 (7020 Gg), 2017 (5788
Gg), and 2012 (4096 Gg). These years accounted for about 60 % of the
total emissions for the studied period. The minimum emission values
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Table 3
Average estimated trace gases and particulate matter fire emissions (Gg yr ') per fuel type for the period from 2007 to 2017. The description of fuel type codes is shown
in Table 1.
Fuel group Fuel type code PM;o PM; s CH4 Cco CO, NOx SO,
Conifers (CON) AMC 0.060 0.051 0.031 0.663 3.840 0.002 0.003
MEDC 212 1.80 1.05 22.48 184.54 0.170 0.126
MONC 1.24 1.05 0.631 13.74 71.87 0.029 0.054
Broadleaves (BRD) LB 1.22 1.03 0.612 13.21 88.55 0.063 0.063
MB 0.571 0.484 0.291 6.33 32.70 0.013 0.025
CMB 2.96 2.51 1.49 32.23 205.95 0.137 0.149
PTB 4.67 3.96 2.38 51.91 262.28 0.091 0.197
MEB 0.937 0.795 0.467 9.97 78.71 0.070 0.054
RV 0.179 0.152 0.092 2.00 9.18 0.002 0.007
Heathlands & Shrublands (SHR) TMS 1.89 1.60 0.850 16.94 341.02 0.497 0.209
SMS 1.88 1.59 0.889 18.51 238.12 0.299 0.153
TAH 0.056 0.048 0.022 0.40 16.42 0.027 0.010
Natural Grassland (GRS) CSG 0.651 0.553 0.331 7.14 42.77 0.026 0.031
CTMG 0.967 0.821 0.434 8.64 178.12 0.263 0.109
SSG 0.505 0.426 0.247 5.09 58.91 0.065 0.037
Agriculture (AGR) AGR 1.64 1.39 0.606 10.48 533.78 0.910 0.331
Total 21.54 18.26 10.42 219.75 2346.75 2.66 1.56

were observed in 2013 (772 Gg). Table 3 summarizes the average annual
emissions of trace gases and particulate matter for the different fuel
groups and type categories. BRD, SHR, and AGR were the primary
sources of emissions, accounting for about 76 % of the total (31 %, 24 %,
and 21 %, respectively). Under BRD fuel group, PTB and CMB contrib-
uted the most to total emissions (12 % and 9 %, respectively). As far as
SHR is concerned, TMS fuel type was less affected by fires than SMS,
although contributing to 14 % in terms of total emissions. MEDC and
CTMG (pertaining to CON and GRS fuel groups, respectively) contrib-
uted to the 8 % and 7 %, respectively. August and July were the most
significant months for emissions, accounting for 38 % and 36 % of the
total.

We compared the total emissions in proportion to the burned area by
fire for each fuel group, fuel type, season, and administrative region. On
average, CON released the highest emissions per burned hectare, 56.3
Mg ha™!, ranging from 53.2 Mg ha™! in 2013 to 61.1 Mg ha™! in 2012.
BRD and SHR released, on average, a comparable amount of emissions
per burned hectare (44.0 and 37.5 Mg ha’l), while GRS and AGR were
about half (18.7 and 14.9 Mg ha™1!), although the last one represented
the group most affected by fires. MEDC (under the CON group) was the
fuel type with the highest average emission (61.38 Mg ha 1), followed
by TMS and LB (under the SHR and BRD groups), emitting 55.32 and
49.45 Mg ha™!, respectively, and by CTMG (under the GRS group),
releasing 46.21 Mg ha™!. On the opposite, SSG (GRS group) was the fuel
type with the lowest average emission per burned hectares (6.6 Mg
ha™1), followed by TAH (SHR group, 17.21 Mg ha™?).

Fig. 5 shows the average fire emissions over the period 2007-2017,
at a seasonal level, using hexcells with 10,000 ha cell size. The
geographic distribution of emissions varied considerably by region and
season. In the northern regions, the percentage of emissions reached up
to 6 %; in contrast, southern regions contributed to 80 % of the total
pollutants emitted. The largest amount of pollutants was released in the
Southern regions most affected by fires, namely Sicily, Calabria, and
Sardinia, with about 6700, 5600, and 4000 Gg emitted. 2.3 % of total
emissions occurred in the winter months and were largely limited to the
northern regions (1.5 % over the total). Most central (12.7 %) and
southern (67 %) emissions occurred in summer. Southern regions also
contributed to the 10.4 % emission over the total in autumn.

Furthermore, normalizing the total emissions per burned area at the
regional level, the results showed that the Marche region (East Central
Italy) presented the highest emission value (46.7 Mg ha™?) despite its
small contribution to the total burned area for the analyzed period
(6530 ha, 0.64 %). Also, Campania (Southern Italy) and Umbria (Central
Italy) regions showed high emission values, 39.1 and 35.8 Mg ha !,
respectively. The lowest emissions per hectare were in Sardinia (20.7
Mg ha™1), where fires mainly occurred under the AGR group (73 % over

the total burned area in the region).
3.3. Comparison with other inventories

Next, we compared the results of this study (ITDB) with data from
other inventories: the Italian National Emission Inventory (IT NIR,
2022) and two global fire emission inventories, GFASv1.3, and GFED4s.
National annual emissions (PMj 5, PM; o, CHy4, and CO from IT NIR and
CO5 from GFASv1.3 and GFED4s) compared with ITDB are plotted in
Fig. 6. The statistical comparison is provided in Table 4. Overall, the
year-to-year pattern variability between inventories was consistent, and
ITDB data were well correlated with the analyzed inventories (especially
with IT NIR and GFASv1.3). In terms of mean relative percentage dif-
ference, ITDB was in good agreement with IT NIR PM, 5 and PMj es-
timates and with GFASv1.3 CO, estimates. On the other hand, as far as
CH,4 and CO annual averages are concerned, IT NIR estimates were three
and four times larger than ITDB (Fig. 6b).

4. Discussion

The main aim of this paper was to present an integrated methodology
at high resolution to estimate trace gases and particulate matter from
rural and forest fires using the Italian burned area from 2007 to 2017 as
a case study. The approach aimed to contribute to advancements in the
state-of-the-art knowledge and approaches on fire emissions in Italy and
Europe. Thus, a strong effort was put into the collection of detailed input
data and the integration with fuel consumption and emission models to
reduce the main uncertainties, such as burned area (e.g., Ramo et al.,
2021; Van Wees and Van Der Werf, 2019), fuel load available for
combustion (e.g., Fernandes et al., 2022; Wiedinmyer et al., 2023), and
emission and combustion factors (e.g., Rosa et al., 2011; Chiriaco et al.,
2013).

In Italy, from 2007 to 2017, the burned area displayed high inter-
annual variability. The three most significant years in terms of burned
areas, as well as in terms of FFMC average values, were observed in
2007, 2017, and 2012. During these severe years, fires affected mainly
agricultural (in 2007 and 2012) and broadleaves (in 2017) fuel groups.
Over the study period, considering the whole country, the most
impacted fuel groups were agricultural (40 % of the total burned area),
shrubland and grassland (35 %), and broadleaves (19 %), in agreement
with the findings of Mancini et al. (2017). Southern regions, charac-
terized by a typical Mediterranean climate and being the most fire-
prone, profoundly influenced this distribution: fires affected mainly
agricultural (45 %), shrubland and grassland (35 %), and broadleaves
(15 %) fuel groups. Other studies observed a positive relationship be-
tween agricultural and shrubland land uses and fire occurrence in
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Fig. 5. Maps of average fire emissions, at the seasonal level, over the period 2007-2017 (Mg 10 km™2 yr™1). The study area is divided in 10,000-ha hexcells. White
areas represent locations without fires.
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Table 4

Statistics (relative percentage difference (RPD) and correlation coefficient (r)) of
annual chemical species emissions from fires between the results obtained in this
study (ITDB), the Italian National Emission Inventory (IT NIR, 2022), and the
two global inventories GFASv1.3 and GFED4s,

Species  Databases Period Mean Min Max r
RPD" RPD RPD
PM, 5 ITDB vs IT 2007-2017 -31% —26 % -8 % 0.96
PM;o NIR —27% —22% -5%
CH4 —85 % —83 % —66 %
Cco —104 % -103 —86 %
%
CO, ITDB vs 2007-2016 -7 % —61 % 28 % 0.96
GFASv1.3
ITDB vs -37% —76 % 3% 0.82
GFED4s
a . . X1-Y2
Relative percentage difference (RPD) = ———_—*100, where X1 repre-
(Xl + Y2)
2

sents the chemical species emitted by the DB produced in this study at the annual
level during the period analyzed, Y2 is the chemical species emitted by the
national or global inventories, and r is the correlation coefficient.
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Mediterranean ecosystems (e.g., D’Este et al., 2020; Moreira et al.,
2011). Indeed, in these areas, agricultural and pastoral fires are a
common practice to, on the one hand, rejuvenate the crops and pastures
(Ascoli and Bovio, 2010; Garcia-Ruiz et al., 2020) and, on the other
hand, to reverse shrubland encroachment due to the reduced grazing
pressure and abandonment of agro-pastoral lands (e.g., Ascoli et al.,
2021; Malandra et al., 2018). It is noteworthy to highlight that the
progressive abandonment of agro-pastoral lands in central and southern
Italy, with the inherent variations in fuel load and continuity, is leading
to a reduction in fire occurrence, which could be counterbalanced by an
increased likelihood of significant and fast-spreading events (Ascoli
et al., 2021; Salis et al., 2022; Spadoni et al., 2023). On the contrary, in
northern regions, fire occurring in agricultural areas dropped 7 %,
reaching 51 % in shrubland and grassland areas and 33 % in broadleaves
areas.

On average, this study estimated 2621 Gg yr ' of particulate and
GHG emissions, reflecting the large burned area annual variability.
Overall, the primary sources of emissions were represented by broadleaf
forests, shrublands, and agriculture, accounting for about 76 % of the
total. However, due to its fuel load, the conifer fuel group showed the
highest emissions per burned hectare; on the contrary, grassland and
agricultural fuel groups released one-third of GHG and particulate
matter.

The estimates presented in this work showed a good correlation with
those reported for a coincident period by the IT NIR (2022) and the two
global inventories GFASv1.3 and GFED4s in Italy. Particulate matter
emissions from IT NIR were in very good agreement with the results of
this study in terms of variability and mean percentage difference. On the
other hand, CH4 and CO emissions from IT NIR were higher than our
estimates, even though the total burned area in our study was about 19
% higher. Comparing the COy emissions from this study with those
estimated by the two global inventories, it is possible to observe that the
year-to-year variability was consistent between different inventories. IT
NIR and GFED4s also allowed the possibility to explore emission esti-
mate differences according to three main vegetation covers (grassland,
forest, and cropland in the first database, savannah, forest, and agri-
culture in the second one). To compare the datasets, we aggregated ITDB
data (burned area and emissions) according to I'T NIR, 2022 and GFED4s
vegetation covers. Specifically, we collated fuel type classes on CON and
BRD fuel groups to obtain one “forest” category, while fuel type classes
pertaining to GRS and SHR were aggregated into a “grassland” category
to be coherent with IT NIR, 2022, and a “savannah” category to be in line
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Fig. 7. (a) Percentage difference in PM;o, PMz 5, CH4, CO, and burned area
(BA) between ITDB and IT NIR for three vegetation cover (grassland, forest, and
cropland) over the period 2007-2017; (b) percentage difference in CO, emis-
sions between ITDB and GFED4s for three sectors (savannah, forest, agriculture)
over the period 2007-2016.
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with GFED4s. Fig. 7a provides the ITDB to IT NIR percentage difference
over the analyzed period for the burned area (BA) and PM; ¢, PM3 5, CHy,
and CO, while Fig. 7b plots the ITDB to GFED4s percentage difference
for CO,. The ITDB to IT NIR percentage difference for the forest
component ranged from —2 % to —5 % considering both PM;, and
PM, 5, while it increased from —62 % to —81 % considering CH4 and CO,
respectively. ITDB estimates were also lower than IT NIR regarding
grassland (ranging from —81 % for PMy 5 to —142 % for CO). On the
other hand, ITDB estimates were higher than IT NIR regarding the
cropland cover. It is interesting to point out that the ITDB to IT NIR
percentage difference for burned area presented a different sign
regarding the forest cover (45 %) and a different magnitude regarding
grassland cover (—54 %). The comparison of ITDB fire emission esti-
mates according to the three GFED4s vegetation classes (Fig. 7b) high-
lighted that the main average percentage difference could be attributed
to agricultural burning (which also includes agricultural waste burning).
For the savannah sector (also including grassland and shrubland), the
difference was, on average, about 18 %, while ITDB estimated a 70 %
mean increase for the forest sector compared to GFED4s during
2007-2016.

Overall, the discrepancies among the inventories, particularly
evident if we consider the vegetation types, were due to the different
input data and methodologies applied to estimate the emissions. For
example, as far as emission factors are concerned, IT NIR and ITDB
shared similar values for PM;o and PMa5 (11 g kg™! and 9 g kg™! vs.
13.3 gkg ! and 11.3 g kg~ !, respectively), while CO and CH4 emission
factors used on average in this study were about the half of those applied
by IT NIR. The case of the forest component, estimating lower but still
similar PM emissions for a larger burned area (percentage difference 45
%) and comparable emission factors, suggested that other factors, such
as fuel load availability and variability across regions and vegetation
types, or the approach to calculate combustion completeness, can have a
higher influence on the final emission estimates.

Besides the inventories analyzed in Section 3.3, other research efforts
focused on estimating CO, emissions from forest fires in Italy (Table 5),
with results comparable to this work. On average, this study estimated
2347 Gg CO, yr_?, from a minimum of 704 Gg CO, yr ! in 2013 to a
maximum of 6218 Gg CO, yr~! in 2007. Bovio (1996) estimated an
annual average of CO, ranging between 2600 and 4400 Gg yr~! based
on the 1977-1991 fire database, regional parameters of vegetation
types, and combustible biomass adopted from Anderson (1982) fuel
models. Two other studies (Narayan et al., 2007; Vilén and Fernandes,
2011), aimed at exploring the prescribed burning potential in terms of
fire emission reduction and impacts on total CO, emissions, estimated an
annual average of 2009 Gg yr for the period 1999-2003 and 5816 Gg
yr~! for the period 1980-2008, respectively. The differences found
among the results of the present study and the other inventories
analyzed are attributable to several factors, such as burned area
(including differences in burned vegetation type and study periods),
biomass data, combustion, and emission factors, as well as the meth-
odology applied.

Using a fuel dataset providing quantitative characteristics of fuel

Table 5
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beds in grasslands, shrublands, broadleaved, and coniferous forests of
Italy’s Alpine, temperate, and Mediterranean regions is an important
asset of this paper. While other studies and inventories applied data
referring to fuel models (e.g., Monteiro et al., 2014), or derived from
dynamic vegetation models (as in GFED4s, e.g., Van Wees et al., 2022;
Van Wees and Van Der Werf, 2019; Van Der Werf et al., 2017) or for a
few fuel component deriving from local (e.g., Chiriaco et al., 2013;
Fernandes et al., 2022; IT NIR, 2022) or global datasets (e.g., Vilén and
Fernandes, 2011), the survey applied in this study covered a broad range
of bioclimatic regions and vegetation types. Furthermore, it also covered
the wide range of fuel components (from duff to downed woody),
providing data not yet available in the Global Forest Resources Assess-
ment or the Italian National Forest Inventory (used in the IT NIR, 2022),
such as duff, grass, and shrub biomass, crucial for carbon loss estimation
(Ascoli et al., 2020). Recently, Kennedy et al. (2020) highlighted the
sensibility of the two combustion phases to specific fuel components, i.
e., litter loading during the flaming phase and duff loading during the
smoldering, suggesting that reducing the uncertainty in litter and duff
layers loading across different vegetation types is advisable.

Another element of improvement in this paper is represented by
estimating fuel moisture, burning efficiency, and fuel consumption
considering meteorological factors at the fire event spatio-temporal
scale and different combustion phases through modelling application.
For example, the IT NIR approach relies on the damage level information
based on the scorch height of forest typologies affected by fires to assess
the fraction of biomass consumed in a fire event. This metric is highly
uncertain due to a subjective post-fire estimate by the fire personnel, and
in some cases, and especially for the five autonomous regions (including
the most fire-affected areas of Sardinia and Sicily), these data are not
available; thus, a gap-filling procedure is applied (IT NIR, 2022).
Chiriaco et al. (2013) reported that, in Italy, scorch heights have been
assessed and stored in a geodataset, although it required a quite
demanding operational effort. On the other hand, GFASv1.3 applied a
conversion factor that links the Fire Radiative Power (FRP) to dry matter
combustion rate for several land cover classes, while GFED4s integrated
satellite-based severity metric (including tree mortality and a vegetation
destruction index) from Rogers et al. (2015). Bovio (1996) estimated the
biomass available for combustion per vegetation type, also considering
several management systems whose application produces a biomass
growth different from the original conditions. Narayan et al. (2007) and
Vilén and Fernandes (2011) applied the approach of Seiler and Crutzen
(1980), even though with some differences in the main assumptions. For
example, burning efficiency was taken as 50 % of the aboveground
biomass in Narayan et al. (2007). Vilén and Fernandes (2011) adjusted
this value to 75 % for canopy biomass and 90 % for litter and deadwood.
Martins et al. (2012) and Fernandes et al. (2022) applied a burning ef-
ficiency value of 80 % for shrubs and 25 % for forests.

Overall, the combustion factor is statically determined for specific
fuel components or based on data related to fire activity, which is often
challenging to collect. In fact, combustion completeness is determined
by several factors, including the fuel component’s moisture content,
which depends on meteorological factors (spatially and temporally

Comparison between the CO emissions from Italian fires estimated in this study and those obtained in previous works. The table also summarizes study period, applied

approach, input data, and annual burned area for each work.

Literature cited Period Approach Burned Area Fuel load Fuel Canopy Burned area (ha  Emissions (Gg
analyzed product source loading data yr'h yrh)
This work 2007-2017 Integrated modelling approach Italian Forest Field N 92,900 2347
Service observations
Bovio et al. (1996) 1977-1991 Product of the level of damage, Italian Forest Fuel models Y 143,261 2600-4400
EF, BA Service
Narayan et al. 1999-2003 Seiler & Crutzen approach Literature Literature Y 76,891 2009
(2007)
Vilen and Fernandes 1980-2008 IPCC guidelines and Italian Forest Literature Y 118,022 5816
(2011) Seiler&Crutzen approach Service
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changing) (e.g., Yi and Bao, 2016). Thus, in the present study, we
improved the assessment of combustion completeness as a function of
FFMC, therefore considering fuel properties and meteorological factors,
and implicitly, fire behavior, as Amiro et al. (2001) suggested and as also
applied by Monteiro et al. (2014). Furthermore, the integration of the
FOFEM modelling system, which implies the process-based BURNUP
model to predict fire intensity and fuel consumption, provides a number
of advantages: (i) it reflects the scientific knowledge of the underlying
dynamics; (ii) it is found to be robust to be applied in different systems
and under different conditions (Hoffman et al., 2018); and (iii) it is
recognized to provide a better estimate of consumption efficiency and
different release rates of chemical compounds through the determina-
tion of combustion efficiency of woody and non-woody properties dur-
ing the two combustion phases (Ottmar, 2014). However, as suggested
by Kennedy et al. (2020), the complexity of process-based models such
as FOFEM requires more input data and a complex model assessment
that would include validation against observed fuel consumption and
associated emissions and sensitivity analysis to understand better how
the model structure coupled with parameter uncertainty propagates
prediction uncertainty (e.g., Lutes, 2013).

Further work to mitigate uncertainty in emissions estimates will be
related to integrating emission factors (EF) specific to Mediterranean
vegetation. Indeed, in this study, we applied FOFEM default EF, which
are combustion-phase dependent for fuel consumed (Ward et al., 1993).
IT NIR uses EMEP/EEA (2009) EF, while GFED4s uses a list of EF based
on Akagi et al. (2011), as well as Andreae and Merlet (2001), specific for
different types of biomass burning. Although, the values used in this
study are in the same range of variation of IT NIR and GFED4s as far as
particulate matters and CO, respectively, are concerned. In particular,
EF CO, used in this study ranges between 1228 and 1778 g kg™! of
flaming and smoldering phases, while GFED4s applies as EF CO, 1637 g
kg~ for temperate forest, 1686 g kg ™! for savannah, and 1710 g kg~ for
chaparral. A similar range of average values is also reported by Fer-
nandes et al. (2022), who collected data from experimental forest fires
under different vegetation types (i.e., from a minimum of 1398 g kg™
for oak, chestnut, and cork oak to a maximum of 1585 g kg~! for other
hardwoods). Bovio (1996) applied EF CO, ranging from 900 to 1500 g
kg~ !, while Narayan et al. (2007) used a value of 1569 g kg ! taken from
Andreae and Merlet (2001), and Vilén and Fernandes (2011) applied a
range from 1627 g kg™! for conifers to 1393 g kg™! for broadleaves
(based on Carvalho et al., 2007).

The proposed integrated modelling approach represents a frame-
work that could have multiple implications in fire-related issues, at
different scales and for different purposes, as well as the resulting data
and maps. As far as the overall approach is concerned, it is worth noting
that the effort in reducing bias in fire emission estimates is an aspect of
extreme relevance in the context of GHG reporting (McGlynn et al.,
2022). Indeed, to estimate CO5 and non-CO, biomass burning emissions,
the IPCC provides a three-Tier approach (IPCC, 2006), within which the
most detailed Tier 3 relies on sophisticated modelling based also on
accurate country-specific dataset. In this sense, the integration of a fire
emission model with accurate data inputs represents a step forward in
fulfilling the higher level of accuracy requirements (Chiriaco et al.,
2013; Volkova et al., 2019). As regards the output data obtained by this
study, the overall fire emission estimates can be disaggregated down to
the single fire event level, by combustion phase and by fuel type, thus
supporting different requests. Besides the contribution to a total state-
wise annual inventory addressing international initiatives and commit-
ments (Volkova et al., 2019), our data can also be useful to evaluate the
impact of extreme wildfires on national carbon loss (de Groot et al.,
2007; de Groot et al., 2009) and GHG balance (e.g. Bacciu et al., 2018),
as well as to air quality modelling and management (e.g., Carter et al.,
2020; Martins et al., 2012; Monteiro et al., 2022). Furthermore, both the
proposed approach and the resulting data and maps can support and
provide valuable information for wildland fire and smoke management
programs (Hardy et al., 2001; Prichard et al., 2020), such as better
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understanding and planning of smoke reduction techniques in the
framework of prescribed burning programs (Long et al., 2022; Miller
et al., 2019; Prichard et al., 2020) or evaluating whether and to what
extent reduced carbon sequestration from fuel treatments could be
mitigated by avoided emissions of large wildfires (Ager et al., 2010;
Alcasena et al., 2021; Salis et al., 2016). The identification of the fire
emission hot spot locations and the main fuel types contributing to fire
emission is also crucial in strategic fire management planning to
develop, monitor, and evaluate emission reduction strategy for carbon
mitigation (Bacciu et al., 2018; Herbert et al., 2022; Phillips et al., 2022)
and health risk reduction (Cascio, 2018; Stephens et al., 2020). Finally,
coupling the proposed integrated approach with forest management
scenarios or future climate would offer valuable insights toward the
long-term evaluation of fire management on mitigating smoke impacts
from wildfires, opportunities for adaptation, and costs and benefits for
carbon mitigation (e.g., Bacciu et al., 2021; Elder et al., 2022; Long
et al., 2022).

5. Conclusions

Any effort to decarbonize the economy, mitigate, and adapt to the
climate crisis will be partial if, at the global level, we will not consider
the role of fires in greenhouse gases and particulate emissions. This
study aimed to contribute toward this objective by proposing an inte-
grated approach that combines a fire emissions model with spatial and
non-spatial inputs related to forest and rural fire disturbance, vegeta-
tion, and weather conditions to provide and improve the estimate of
trace gases and particulate matter from fires, using Italy as a case study.
To reduce bias in predicting and quantifying fire emissions’ source and
composition and achieve realistic estimates, the development and sur-
vey of comprehensive and accurate data inputs, primarily related to fire
activity and fuel type and loading, was emphasized. Furthermore, using
a modelling approach, fuel moisture, burning efficiency, and fuel con-
sumption were estimated considering meteorological factors and
different combustion phases.

In Italy, fire disturbance in broadleaf forests, shrublands, and agri-
cultural fuel types is the primary source of emissions, accounting for
about 76 % of the total. On the other hand, the conifer fuel group
released the highest amount of emissions per burned hectare due to its
relevant fuel load. Overall, emissions are strongly seasonal and heavily
concentrated in summer, although the high-detail spatial approach
allowed us to identify the most affected areas during the other seasons.

The use of appropriate spatial and non-spatial data integrated with a
process-based fuel consumption and fire emission model contributed to
advancing current knowledge on fire emission, emphasizing the uncer-
tainty elements involved in this type of estimation. Due to the lack of
monitored or measured field campaigns emission data, the results of the
present study were compared to the emission estimations of specific
chemical species with the Italian National Emission Inventory and two
global inventories at the annual level. Although the estimates of this
work are conservative with respect to the other analyzed inventories due
to differences in terms of burned area, biomass data, combustion, and
emission factors, the comparison showed a good agreement, especially
considering particulate matter and CO».

The outputs and the derived smoke emission maps provided by this
study can be helpful for emission source models coupled with dispersion
models and decision support systems, crucial for air quality manage-
ment, mitigation of wildland fire environmental effects, and assisting
decision-makers in prescribed fire activities.

Further steps to mitigate uncertainties in emission estimates will be
taken by integrating emission factors specific to Mediterranean vegeta-
tion, collecting field measurements, and integrating new approaches to
define combustion completeness, especially for canopies, and then
performing a comprehensive model assessment (including validation
and sensitivity analysis).
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