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Abstract. Prescribed burning is widely used to reduce fuel loads and mitigate wildfire risk in Mediterranean
shrublands, yet field-based emission factors (EFs) for these ecosystems remain scarce, limiting the accuracy of
emission inventories and atmospheric models. This study investigates gaseous and particulate emissions from
prescribed fires in Calluna vulgaris and Genista hispanica shrublands in northwestern Spain to characterize
emission profiles and evaluate how vegetation-specific fire behaviour influences atmospheric emissions. A field-
based approach combined gravimetric analysis, thermal—optical transmittance, ion chromatography, Fourier-
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). Calluna burns were more in-
tense and flaming (modified combustion efficiency, MCE = 90.6 %), whereas Genista burns were dominated by
smouldering combustion (MCE = 70.8 %). Gas-phase concentrations of CO;, CO, CHy4, C2Hg, and total organic
carbon were higher in Calluna fires, although EFs for incomplete-combustion products (CO, CHy, TOC, and el-
emental carbon) were generally higher for Genista. PMy 5 EFs reached 53.5 gkg ™! for Calluna and 44.7 gkg™"
for Genista. Organic and elemental carbon accounted for 28.1 % and 32.9 % of PMj; 5 mass, respectively, while
water-soluble inorganic ions contributed 6.9 % and 4.5 %. Morphological analysis revealed abundant tar-ball-
like submicrometric organic particles and aggregates with thick organic coatings, suggesting effects on aerosol
optical properties, hygroscopicity, and cloud condensation nuclei activity. These field-derived EFs improve the
representation of Mediterranean shrubland fires in emission inventories and atmospheric chemistry—transport
models, contributing to a better understanding of their impacts on air quality and the carbon cycle.
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1 Introduction

In Europe, vegetation fires have increased in number and area
over the last 50 years and the Mediterranean region is par-
ticularly affected. The depopulation of mountain areas has
led to the uncontrolled development of shrublands, increas-
ing the amount of fuel and the risk of fire (Elia et al., 2020).
Thus, around two-thirds of forest land burned annually in the
NW of Spain correspond to shrublands (Vega et al., 2022).
Shrubland fires release significant quantities of atmospheric
carbonaceous material and greenhouse gases, with major im-
pacts on air quality and the carbon cycle (Jacobson, 2001;
Yokelson et al., 2007).

In the Mediterranean area, prescribed fire is a widely
used management tool to reduce wildfire risk and to man-
age habitats for pastoral, hunting or nature conservation pur-
poses. Prescribed burning is increasingly recognised as a
cost-effective strategy to reduce wildfire risk and is now in-
tegrated into adaptive fire management frameworks guided
by seasonal forecasts (Fernandes et al., 2013; Turco et al.,
2019). This is because it reduces the spread and intensity of
subsequent wildfires, increasing the effectiveness and safety
of fire suppression operations (Fernandes and Botelho, 2003)
or decreasing impacts on ecosystems (Huffman et al., 2020;
Reinhardt et al., 2008), and on people and assets (Burrows
and McCaw, 2013). Furthermore, burning provides the addi-
tional benefit of ash fertilisation by quickly recycling miner-
als back to the soil (McCarty, 2011) and influences the eco-
logical aspects of the environment due to the observation of
a close relationship between smoke from shrubland fires and
post-fire seed germination processes after the fire (Bargmann
et al., 2014). However, despite its growing use, emission fac-
tors for shrublands in Mediterranean Europe remain under-
studied, particularly under real field conditions.

The main disadvantage of prescribed burnings is the emis-
sion of particulate matter (PM) and gaseous pollutants, which
can affect local and regional air quality and inhalation expo-
sures. Ambient particulate matter with an aerodynamic di-
ameter of 2.5um or less (PM;5), has been classified as a
Group I carcinogen by the International Agency for Research
on Cancer (Loomis et al., 2013). Combustion produces large
amounts of carbonaceous material in the atmosphere, espe-
cially elemental carbon (EC) and organic carbon (OC), which
alter the Earth’s radiative balance (Bond et al., 2013). EC
is an important absorber of solar radiation, playing an im-
portant role in climate change, while OC primarily scatters
solar radiation opposing the heating effect of EC. However,
biomass-burning OC can contain light-absorbing brown car-
bon (BrC), which absorbs radiation mainly at near-UV and
short visible wavelengths and can partly offset the cooling
effect of scattering organic aerosol (Saleh et al., 2015). Re-
cent studies also show that combustion conditions such as
fuel moisture, oxygen availability, and heat flux can signifi-
cantly influence the emission of toxic compounds like poly-
cyclic aromatic hydrocarbons (PAHs), offering insights into
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how prescribed burning might be optimized to reduce harm-
ful byproducts (Topperwien et al., 2025). During biomass
combustion, CO, and water are the main products generated,
mainly during the flaming phase, while CH4, N>O, CO and
other hydrocarbons are mostly emitted during the smoulder-
ing phase (Ward and Hardy, 1991). Recent estimates indicate
that global carbon emissions from biomass burning range
between 2200 and 2700 Tg Cyr~!, while fossil fuel com-
bustion and cement production alone emitted approximately
9839 TgCyr~! in 2017 (Gilfillan and Marland, 2021).

The analysis of emissions from biomass burning is im-
portant because forest ecosystems (occupying more than
4 x 10° ha globally) are natural carbon and nitrogen sinks
that could play an important role against climate change (Ev-
grafova et al., 2018; Luyssaert et al., 2008). Numerous stud-
ies have assessed emission factors of gaseous and particulate
constituents, such as the one by Yang et al. (2019), who have
characterised air pollutants emitted by eight main tree species
in subtropical China, under both smouldering and flaming
stages, using a self-designed combustion system. However,
studies in the Mediterranean region are scarce (Alves et al.,
2010b, a; Andreae, 2019; Bertschi et al., 2003; Soares Neto
et al., 2009; Yokelson et al., 2009). One of the main findings
is that fire characteristics can influence emission factors of
gaseous and particulate constituents. The Modified Combus-
tion Efficiency (MCE) is often used to assess the combustion
efficiency, with a strong correlation between high MCE val-
ues and a high degree of fuel packing (Soares Neto et al.,
2009).

The morphology of the particles emitted during biomass
burning, specifically the presence of tar balls (spherical or-
ganic particles), plays a crucial role in the optical proper-
ties of the aerosol. These particles can experience a “lensing
effect” that enhances light absorption when they coat car-
bonaceous cores, thereby affecting radiative forcing. Like-
wise, the internal mixing of organic matter with inorganic
salts during atmospheric aging increases the particles’ hygro-
scopicity, facilitating their role as cloud condensation nuclei
(CCN) (Bond et al., 2013; Moffet and Prather, 2009; P6s-
fai et al., 2004). European heathlands dominated by the eri-
caceous shrub Calluna vulgaris are ecosystems of high eco-
logical, cultural, and carbon-storage value (Fagindez, 2013),
but they are also affected by both wildfires and prescribed
fires (Grau-Andrés et al., 2019; McMorrow, 2011). In a study
carried out in Scotland, Grau-Andrés et al. (2019) observed
that a higher fire severity improved the abundance of ericoid
and graminoid species, suggesting that a specific prescribed
fire condition can help achieve management objectives. Sim-
ilarly, in Norway, Vandvik et al. (2014) reported that young
Calluna vulgaris stands showed vigorous resprouting and
germination after moderately severe fires. In the same way,
shrublands dominated by Genista hispanica are also impor-
tant in areas with alkaline soil reaction in Northern Spain.
After a fire, this species usually regenerates by vegetative re-
growth, as seed-based regeneration is very scarce. Prescribed
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fires and the feed by native livestock are usually necessary to
avoid high fuel loads in these formations (Martin and Oria de
Rueda, 2021).

The main aim of this study is to estimate particulate and
gaseous emission factors, including water-soluble inorganic
ions, for two shrub species: Calluna vulgaris and Genista
hispanica subsp. occidentalis. By integrating gas analysis,
PM; schemical composition, and particle morphology, this
study establishes a direct link between the fire behaviour of
each species and its atmospheric impact. Notably, this work
is based on a field campaign rather than laboratory exper-
iments, thereby reflecting in-situ fire conditions. Estimated
emission factors will provide valuable input for numerical
models evaluating the impacts of prescribed and unplanned
forest fires in the Mediterranean region for a deeper under-
standing of fire—atmosphere interactions.

2 Material and methods

2.1 Sampling campaign

Six prescribed fires were conducted on two types of shrub
species (Genista hispanica subsp. occidentalis (hereafter
Genista) and Calluna vulgaris (hereafter Calluna)) to char-
acterise the emissions (particulates and gases) from the burn-
ing process. Four quartz filters were sampled during Genista
burning and two during Calluna burning (~ 1000 m? were
burned in each plot). The fires were carried out in La Cueta,
Le6én (NW Spain), within a protected natural area (“Natu-
ral park of Babia y Luna”) on 3 and 4 October 2016 (Fig. 1).
Several sampling and monitoring instruments were used: (i) a
low volume TECORA ECHOPM sampler operated at a flow
rate of 38.3Lmin~! to collect PM; 5 onto quartz filters;
(i) Tedlar bags to sample smoke for further analysis; (iii) CO
and CO; Combo TAQ Meter; and (iv) a weather station Geos
N11 to record meteorological variables at 1.85 m above the
ground, at 10s intervals; (v) an infrared camera type Flir
Systems to obtain the characteristics of the fires (mean rate
of spread, mean temperatures and residence time). The sam-
pling duration for each PMj s filter was adjusted to the du-
ration of the smoke plume generated by each prescribed fire
and ranged from 6 to 15 min. Four PM, s filter samples were
collected during Genista burning and two during Calluna
burning. Smoke samples for gaseous analysis were collected
in Tedlar bags during the active combustion period, avoid-
ing the entrainment of background air as far as possible. The
PM; 5 sampler, Tedlar bag sampling system, CO/CO, mon-
itor, meteorological station, and infrared camera were posi-
tioned at ground level approximately 10 m downwind of the
fire front.

2.2 Chemical analysis

We conducted various chemical analyses to characterise the
particulate matter and gases emitted during the burning:
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1. Elemental analysis of Calluna and Genista fuel sam-
ples before burning was carried out by combustion at
high temperatures, separation of the gases produced and
detection by TCD (Dumas Method) with an accuracy
of 0.2 %. The parameters analysed were total humidity,
volatiles, ash at 550 and 815 °C, C, H, N, and S content,
Low Calorific Value (LCV), and High Calorific Value
(HCV). The analysis was carried out according to the
current regulations (ASTM International, 2016, 2018,
2019; UNE, 1984a, b, 1995, 2010).

2. The quartz filters were used to quantify PMjs by
gravimetry (sensitivity: 0.00001 g) on an electronic
semi-microbalance (Mettler Toledo, XPE105DR) and
total carbon (TC) by a Thermal Optical Transmittance
method. This method allows the split of TC mass into
organic carbon (OC) and elemental carbon (EC). The
technique and equipment used are described in Pio et
al. (2011) and Castro et al. (1999).

3. The concentration of the main water-soluble inor-
ganic ions in Teflon filters was obtained through ion
chromatography using a Thermo Scientific DionexTM
ICS5000 equipment provided with an TonPac® CS16
column (4 x 250 mm) for the analysis of cations (Lit,
Nat, K*, Ca’*, Mg?*, NH}) and an IonPac® AS11
column (4 x 250 mm) for the analysis of anions (F~,
Cl~, SO;~, NO3, NO).

4. Major gaseous components in the smoke samples were
obtained from samples collected in Tedlar bags, pre-
viously flushed with Nj. To avoid secondary reac-
tions, the samples were protected from UV radiation
and analysed within a few hours after sampling. Gas-
phase species were quantified using a Gasmet™ DX-
4000 multicomponent analyser equipped with a high-
resolution Fourier transform infrared (FTIR) spectrom-
eter. The FTIR method identifies and quantifies gases
from their compound-specific infrared absorption spec-
tra, allowing simultaneous multi-compound analysis.
The analysed species included CO;, CO, N,O, NO,
NO,, SO;, NH3, CHy4, ethane (C,Hg), propene (C3Hg),
acetylene (C;Hj) and methanol (CH30H), hydrogen
chloride (HCl), hydrogen fluoride (HF), and formalde-
hyde (CH>0). A detailed description of the prepara-
tion of the Tedlar bags before and after sampling and
of the instrumentation procedure can be found in Alves
et al. (2010b).

It should be noted that the measured concentrations may
be underestimates of atmospheric concentrations, since ad-
sorption onto the bag walls, diffusion through the polymer
film, or chemical transformation during storage may have
occurred. These effects are particularly relevant for reactive,
soluble, or polar compounds such as NH3; and oxygenated
VOCs such as methanol, whose stability in polymer sam-
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Figure 1. Location of La Cueta in northwestern Spain and surrounding areas. Site of prescribed fire experiments. The base map was designed

and developed by Esri | Powered by Esri.

pling bags can be affected by storage time, humidity, con-
centration, and bag material (Szytak-Szydtowski, 2015). In
addition, some compounds such as SO, NH3, and CH4 may
have been trapped in the air sampling system. Therefore, the
concentrations of NH3, methanol, and other highly reactive
or polar compounds reported here should be interpreted as
conservative lower-limit estimates.

2.3 Data analysis

The parameter used to characterise combustion is Modified
Combustion Efficiency (MCE). It assesses the completeness
of combustion, taking into account that > 90 % of the car-
bon combusted is emitted in the form of CO, and CO and
< 10 % of the carbon is emitted in the form of hydrocarbons
and particulate carbon. The MCE, expressed as a percentage,
is calculated as (Eq. 1):

[COy] '
[CO,]1+[CO]

If MCE value is higher than 90 %, it indicates that more than
50 % of the emissions were produced by flaming combus-
tion, whereas if MCE is lower than 90 %, it suggests that
more than 50 % of the emissions were caused by smoulder-
ing combustion (Ward and Hardy, 1991).

The emission factor (EF) is a parameter that relates the
emission of a particular species to the amount of biomass
burned. The carbon combusted during biomass burning
is emitted as CO,, CO, CHy, non-methane hydrocarbons

MCE (%) = 100 (1
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(NMHC), and particulate carbon (EC 4 OC). Therefore, the
EF of a specie n, is estimated from the ratio of n mass con-
centration to the total carbon concentration emitted. Thus, EF
is defined as the amount of a compound released per amount
of dry fuel consumed, expressed in units of gkg ™!, where
the above ratio is multiplied by the mass percentage of car-
bon in the fuel (Reid et al., 2005) using Eq. (2). The term
NMHC is less than 2 % and includes the sum of methanol,
ethane, propene and acetylene, while the sum of CO, and CO
is 8792 % of the total carbon emitted (Urbanski et al., 2008).
The carbon mass fraction of the dry fuel used in Eq. (2) was
obtained from the elemental analysis described in Sect. 2.2
and reported in Table 2. The %Cpe values were 53.3 % for
Calluna and 53.2 % for Genista.

[n]
EF, = * 70 fue] 2
[CO21 7 [CO1 + [CHs] + INMHC] T [ECT 4 foc] *Crel ()

2.4 Morphological analysis

Particle morphology was analysed by scanning electron mi-
croscopy (SEM). PM| polycarbonate filter membranes were
mounted on aluminium SEM stubs using conductive carbon
tape and sputter-coated with a 1-2 nm thick Au/Pt layer to
minimize charging effects. Sampling periods for SEM anal-
ysis were kept short and adjusted according to smoke-plume
intensity to minimize filter overloading and particle overlap
on the substrate, which is essential for reliable single-particle
SEM/EDS analysis (Mamane et al., 2001).
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Observations were performed using a field-emission SEM
(JEOL JSM-6335F) equipped with an Oxford Instruments
X-Max energy-dispersive X-ray spectroscopy (EDS) detec-
tor at the Spanish National Center for Electron Microscopy
(ICTS), Complutense University of Madrid (UCM). Multiple
random SEM fields of view were inspected for each sample
to ensure that the reported morphologies were representative
of the overall particle population. This approach has been
previously applied in similar studies (Coz et al., 2008).

3 Results and discussion

3.1 Sampling conditions

Aerosol and gas sample characteristics depend on: (i) mete-
orological conditions, (ii) biomass properties, and (iii) com-
bustion dynamics (Pio et al., 2008):

i. Calluna burnings were carried out at an altitude of
1534m with a mean wind speed of 4.3+1.7ms', a
mean temperature of 17.7£0.6°C and a relative hu-
midity (RH) of 40.1 &= 1.1 %. Meteorological variables
were similar for Genista burnings (at 1395 m) with a
mean wind speed of 3.6 + 1.8 m s! amean temperature
of 19.7£0.8 °C and a RH of 37.4£1.3 %. Meteorologi-
cal conditions during the fires are therefore comparable.
Table 1 summarises the recorded meteorological data.

ii. The vegetation cover in the Genista plots was domi-
nated by Genista hispanica subsp. occidentalis (82.4 %)
while the remaining area was covered by herbaceous
plants. In Calluna plots, Calluna vulgaris represented
a similar share of 84.7 %, with the leftover fraction
of the land also occupied by herbaceous plants. The
biomass fuels were subjected to elemental analysis, the
results of which are presented in Table 2. The analy-
ses show very similar values for the two species. The
main difference between the two fuels is the N content
(Genista 1.19 % vs. Calluna 0.9 %) and the ash con-
tent at 815 °C (Genista 1.58 % vs. Calluna 1.74 %). The
High Calorific Values of both species are almost identi-
cal. It should be noted that the value of humidity should
be treated with caution because the samples were re-
ceived some time after being cut, so they may have dried
partially. The live/dead proportion in the fuel load was
determined from pre-fire vegetation sampling by sep-
arating, drying, and weighing live and dead biomass
fractions. The live fraction was calculated as the dry
mass of live biomass divided by the total dry fuel mass.
The resulting live biomass proportions were 53.5 % for
Genista and 59.6 % for Calluna.

iii. Combustion efficiency was evaluated by calculating the
MCE (Sect. 2.3). In the prescribed fires on the Cal-
luna plots, the MCE was higher than 90 % (90.6 %),
indicating that more than 50 % of the emissions were
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produced by flaming combustion. On the other hand,
in the Genista plots, the MCE was lower than 90 %
(70.8 %), suggesting that more than 50 % of the emis-
sions resulted from smouldering combustion (Ward
and Hardy, 1991). Differences in combustion efficiency
may be related to variations in fuel humidity and fuel
packing, given that it has been argued that MCE in-
creases with decreasing biofuel packing (Soares Neto
et al., 2009). The lower MCE observed for Genista
may also be partly associated with the presence of litter
and mulch beneath the shrub layer, which may favour
smouldering combustion. However, because litter and
mulch loads were not quantified separately, this inter-
pretation should be considered qualitative. Fires on the
Genista plots were characterised by a rate of spread of
0.40 m min', a mean maximum temperature of 454 °C at
ground level and a residence time of 23.7 s, defined as
the period where temperatures exceeded 300 °C (Wot-
ton et al., 2012). Calluna burning was the most in-
tense, presenting higher values of mean rate of spread
(4.23mmin'), mean maximum temperature (809 °C)
and residence time (103.3 s). Rate of spread and resi-
dence time describe different aspects of fire behaviour:
the former represents the horizontal advance of the fire
front, whereas the latter represents the duration of heat-
ing above 300 °C at the measurement point. Thus, a
faster-spreading fire may also show a longer residence
time when the flaming zone is broader or combustion is
more intense.

3.2 Air quality: emission factors

The PM; 5 concentrations registered in the smoke plume
for the burnings of Calluna and Genista were 31.1+
13.1mgm~> and 12.0 4 6.1 mgm~3, respectively. Carbona-
ceous constituents (TC) accounted for 48.6 % and 30.7 %
of the mass of PMj 5 from Calluna and Genista combus-
tion. Concentrations of organic and elemental carbon dur-
ing Genista fires were 2.05 4 1.51 and 0.60 & 0.41 mgm ™3,
respectively, while for the Calluna fires the levels were
9.9442.97 and 1.4040.98 mgm™3. It is noteworthy that
the OC/EC ratio was more than twice as high for Calluna
(8.4£3.8) compared to Genista (3.2+1.6). For Calluna, the
sum EC+OC represented 28.1 % of PM, 5, while for Genista
it represented 32.9 %. These percentages are lower than those
reported by Andreae (2019) for savanna (52.6 %) and tem-
perate forest (61.9 %).

Net concentrations (concentrations measured in the smoke
plume minus the corresponding background concentration)
of gases obtained through high-resolution Fourier transform
infrared (FTIR) analysis of combustion products collected
from Calluna and Genista burnings are shown in Table 3.
CO; was by far the most abundant gas emitted during com-
bustion, with mean concentrations of 653 ppm for Calluna
and 54 ppm for Genista. Of the total measured carbon emit-
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Table 1. Summary of mean meteorological conditions in Calluna and Genista prescribed fires. Data provided by: Molina and Rodriguez y

Silva (2016).

Specie Altitude (m)  Wind speed (m s!)  Wind direction (°)  Air temperature (°C)  Dew point temperature (°C) RH (%)
Genista 1395 434+1.7 158 (128-205) 17.7+0.6 40+0.7 40.1+1.1
Calluna 1534 3.6+1.8 180 (115-264) 19.74+0.8 48+0.5 374+13
Table 2. Characteristics of the solid biomass fuels (Calluna and Genista).

SPECIES Humidity Volatile Ash Ash C H N S HCVb LCVP
(%) matter (%) (815°C) (%) (550°C) (%) (%) (%) (%) (%) (kcalkg™!) (kcalkg™!)

Genist dry basis - 80.2 1.58 1.86 532 653 1.19 0.08 5238 4882
S a5 received? 10.1 72.1 1.42 1.67 478 699 107 0.07 4710 4330
Callun dry basis - 71.5 1.74 198 533 634 09 0.09 5240 4895
attuna as received? 9.2 70.4 1.58 1.8 484 6.78 0.82 0.08 4759 4391

@ Sample major partially dried in field. b Hev (High Calorific Value); LCV (Low Calorific Value).

ted during combustion, carbon dioxide (CO;) was by far the
dominant component, representing 89 % in Calluna fires and
65 % in Genista fires. These results confirm that Calluna
combustion was more efficient and dominated by flaming
phases, while Genista fires exhibited incomplete combustion
associated with smouldering conditions. The higher propor-
tion of CO and CHy4 in Genista is consistent with lower mod-
ified combustion efficiency (MCE), as previously observed
in low-intensity fires (Ward and Hardy, 1991).

Interestingly, despite its higher combustion efficiency,
Calluna emitted more TOC than Genista. This may be at-
tributed to intense flaming combustion, which enhances the
volatilisation of organic compounds and the release of oxy-
genated hydrocarbons (Yokelson et al., 2013).

The remaining measured gaseous species — including
nitrogen oxides (NO and NO,), ethylene (C;Hy4), ethane
(CyHg), hydrogen fluoride (HF), and formaldehyde (CH,0)
— were present at concentrations typically below 1 % of the
total gas mixture. Although their contribution to total carbon
emissions was minimal, these compounds are atmospheri-
cally relevant due to their roles in ozone formation, sec-
ondary aerosol production, and potential health effects (An-
dreae, 2019). Notably, NO and NO; concentrations were
slightly higher in Genista fires, while ethane, formaldehyde,
and hexane showed significantly greater concentrations in
Calluna fires, indicating differences in combustion condi-
tions and fuel composition. The elevated levels of light hy-
drocarbons such as ethane and hexane in Calluna emissions
point to higher pyrolysis activity and faster fuel volatilisa-
tion, typical of more intense flaming combustion (Urbanski,
2014).

Calluna | Genista concentration ratios were calculated for
all measured gases. The largest differences were observed for
CO; (12.1), hexane (6.7), CO (3.0), TOC (2.6), CHs (2.3),
and ethane (2.5). These results reinforce the idea that plant
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species exert a strong influence on the gaseous composition
of emissions, even under similar prescribed fire conditions.
Such differences should be considered in emission invento-
ries and atmospheric models for Mediterranean shrublands
(Alves et al., 2010a; Andreae, 2019).

The emission factors (EF) of carbonaceous species: CO,
CO,, CHy, CoHg, CoHy4, C3Hg, C6H14, CHOH, organic car-
bon (OC), elemental carbon (EC) and PM; s, for Calluna and
Genista burning were calculated as indicated in Sect. 2.3 (Ta-
ble 3). The EFco, for Calluna (1703 g kg_l) is similar to that
obtained for an Amazonian forest clearing fire and higher
than that obtained for Genista fires (592 gkg'). Soares Neto
et al. (2009) carried out a study in Mato Grosso (Brazil)
in the deforestation arc and reported CO, EFs for different
combustion stages of Amazonian Forest clearing fires: ig-
nition (1631-1625 gkg™"), flaming (1690-1741 gkg') and
smouldering (1540-1548 gkg™!). (Andreae, 2019) reported
an EFco, of 166090 ¢ kg~! for savanna and grassland.

A similar pattern between the shrubs species was obtained
for the values of EFpm, s and EFgc. The EFpyy, 5 values ob-
tained for Calluna and Genista were 53.5 and 44.7 gkg™!,
respectively. Andreae (2019) in a compilation of emission
factors from 370 studies across 121 species and biomass
types, reported average EFpy, s values of 6.7£3.3 g kg~! for
savanna and grassland and 18.5 + 14.4 gkg~! for temperate
forest. In addition, contrary to what was observed by Alves et
al. (2010b), whom carried out an analysis of emissions from
prescribed fires in a shrub-dominated forest with some pine
trees in the Lousd Mountain (Portugal) in 2008, EFpy, . was
higher in prescribed fires here than in wildfires reported by
Alves et al. (2010b), and EFco, was either similar (Calluna)
or lower (Genista), suggesting less efficient combustion in
the latter.

The pattern of EFco, EFcy, and EFgc is opposite to that
of EFpy, 5 (Fig. 2) with higher values for Genista than for
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Table 3. Concentrations and emission factors of gaseous and carbonaceous species from Calluna and Genista fires.

Concentration (ppm)

Ratio  Emission factor (g kgfl)

Specie
Calluna Genista  Calluna / Genista  Calluna Genista
Water vapour HyO 4637 441 10.5 - -
Carbon dioxide CO, 653 54 12.1 1700 592
Carbon monoxide CO 68.2 22.4 3.0 113.1 155.4
Nitrous oxide N, O 0.105 0.0 - - -
Nitrogen oxide NO 2.47 1.50 1.6 - -
Nitrogen dioxide NO; 0.038 0.0 - - -
Sulphur dioxide SO 0.0 0.0 - - -
Ammonia NH3 0.0 0.011 - - -
Hydrogen chloride HCI 0.108 0.074 1.5 - -
Hydrogen fluoride HF 0.030 0.050 0.6 - -
Methane CHy 4.111 1.806 2.3 39 7.17
Ethane CyHg 1.008 0.409 2.5 1.79 3.05
Ethylene CoHy 2.254 1.011 2.2 3.74 7.02
Propane C3Hg 0.0 0.0 - 0 0
Hexane CgH14 0.376 0.056 6.7 1.92 1.21
Formaldehyde CH,O 0.193 0.091 2.1 0.37 0.72
NO, as NO, 2.51 1.49 1.7 - -
Total Organic Carbon TOC  6.98 (mgC Nm_3) 2.69 (mgC Nm_3) 2.6 9.27 14.97
Organic Carbon OC 9.94 (mgm™?) 2.05 (mgm™—3) 4.8 13.2 11.37
Elemental Carbon EC 1.40 (mgm—3) 0.60 (mgm—2) 2.3 1.85 3.32
PM, 5 31.1 (mgm™3) 12.0 (mgm—3) 2.6 53.5 44.7
& EFgo (g/kg) EFcoz (9/kg) EFchq (9/kg)
EFPu25 (9/kg) D EFgc (g/kg) BB EFoc (9/kg)

600

_ 500

" op 400

Figure 2. Comparison of emission factors (EF) for CO, CO,, CH4, PM; 5, organic carbon (OC) and elemental carbon (EC) during Calluna
and Genista prescribed fires with Mediterranean shrubland wildfire values from Garcia-Hurtado et al. (2013) and literature-average values
for savannas/grasslands and temperate forests (Andreae, 2019). The Andreae (2019) values are compiled averages from multiple biomass-
burning studies and represent a mixture of fire types and measurement conditions, including field and laboratory burns.

Calluna. The EFco, and EFcq are explained by differences
in combustion efficiencies, flaming in Calluna and smoulder-
ing in Genista fires. Typically, CO and PM; 5 emissions in-
crease as combustion efficiency decreases (Ward and Hardy,
1991). However, the higher EFpyy, 5 observed in Calluna fires

https://doi.org/10.5194/acp-26-11695-2026

(53.5gkg™") suggests that intense flaming combustion may
have enhanced the release of fine particles, possibly due to
higher volatile content or fuel characteristics that promote
aerosol formation during flaming. Other studies reported a
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clear correlation between MCE and EFs (Alves et al., 2010b;
Soares Neto et al., 2009).

Regarding EFco, Bertschi et al. (2003) conducted a labo-
ratory study to evaluate smouldering combustion of tropical
wooded savanna and obtained EFco values similar to the of
the present research (128-165 gkg™!). Similarly, Yokelson
et al. (2009) characterised emissions from deforestation and
crop residue burning, reporting EFco values of 75 426 and
834 14 gkg~!, respectively, lower than the values observed
here (Calluna: 113 gkg™'; Genista: 155 gkg™").

Additionally, the EFco and EFcy, values for both shrubs
are higher than those typically reported for savanna and
grassland, and closer to those found in temperate forests.
The EFgc values for Calluna (1.85 gkg_l) and Genista
(3.32gkg™!) also exceed the averages reported for sa-
vanna and grassland (0.53+0.35 gkg ™! and temperate forest
(0.554+0.36 gkg™") (Andreae, 2019).

The remaining carbonaceous species — ethane, ethylene,
hexane, and formaldehyde — showed higher EFs in Genista
than in Calluna, reflecting enhanced pyrolysis under smoul-
dering conditions (Andreae, 2019; Yokelson et al., 2009). Al-
though their absolute values were low (< 7 gkg™"), their at-
mospheric relevance lies in their contribution to ozone for-
mation, secondary aerosol production, and toxicological im-
pacts (Alves et al., 2010a; Bertschi et al., 2003).

A more regionally specific comparison is provided by
the experimental Mediterranean shrubland wildfires reported
by Garcia-Hurtado et al. (2013), who obtained emission
factors of 1257 +40gkg™! for CO,, 453 +28 gkg™! for
CO, 46+ 12gkg™! for CHy, 3.4+ 1.39gkg™! for PMy s,
1.4+0.34 gkg™! for OC, and 0.051 4 0.028 gkg~' for EC.
Compared with those values, EFCO; in the present study
was higher for Calluna (1700 gkg™") and lower for Genista
(592 gkg™!), which is consistent with the different com-
bustion efficiencies observed for the two fuels. In contrast,
EFCO and EFCH4 were substantially lower in both pre-
scribed fires than in Garcia-Hurtado et al. (2013), consistent
with the strong smouldering contribution reported in their
experiments. Conversely, EFPM, 5, EFOC, and EFEC were
markedly higher in the present study, particularly for PM; 5
and EC. These differences highlight the influence of fuel
type, combustion phase, fire behaviour, and sampling strat-
egy on emission factors, even within Mediterranean shrub-
land ecosystems.

3.3 Water-soluble ions

As observed for gaseous compounds, most water-soluble
ions in PM3 5 from Calluna combustion — with the exception
of CI™ and Na* — were present at higher mass fractions than
those emitted by Genista (Fig. 3). Overall, water-soluble ions
represented 6.9 % of the PM» s mass in Calluna and 4.5 % in
Genista. The elevated ionic content in Calluna-derived parti-
cles may reflect a higher ash yield from this fuel. Similar pro-
portions were reported by Alves et al. (2010b) for prescribed
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shrubland fires in Portugal. Although potassium (K™T) is of-
ten used as a tracer of biomass burning, no clear correlation
was observed between K™ and either organic carbon (OC) or
elemental carbon (EC) in this study.

Na™, SOi_, Mg+, C1~ and Ca*t were the most abun-
dant water-soluble inorganic ions emitted during the burning
of Genista, in that order. In contrast, the same ionic species
dominated Calluna emissions, but with a different ranking:
Cl~,Na™, SO;~, Mg?* and Ca?* (Andreae et al., 1998). re-
ported that CI, SO?[, KT and NHI were the predominant
ions in savanna fires (similar to Calluna), while Falkovich
et al. (2005) indicated that the predominant ionic species in
Amazon basin fires were SOZ_, NHI, KT, NO3 and CI™.

The Kt mass fraction (0.21 £ 0.04 wt % for Calluna and
0.32+£0.20 wt % for Genista) was very close to the values
reported for fires in a Mediterranean shrubland (Alves et al.,
2010b), but lower than typical values for savannas and more
comparable to those observed in temperate forests. Labora-
tory studies have shown a wide variability in K™ fractions,
ranging from < 1 % to 24 % (Andreae, 2019).

The CI™ / EC ratios were 3.4 £ 2.0 for Genista and 4.2 &
2.1 for Calluna, while the K™ / EC ratios were 0.1044-0.071
and 0.241 £0.045, respectively. The presence of KT rela-
tive to EC supports the influence of biomass combustion,
as water-soluble potassium is widely used as a tracer of
biomass-burning aerosol (Andreae, 2019; Yu et al., 2018).
Together with the observed CI™ levels, this suggests the pos-
sible presence of potassium-containing salts such as KCl in-
ternally mixed with carbonaceous particles. These species
may act as cloud condensation nuclei (CCN), contributing to
regional indirect radiative forcing in Mediterranean regions
(Alves et al., 2010a; Petters et al., 2009).

However, it should be noted that comparisons across stud-
ies may be affected by multiple factors, including: (i) biome
characteristics of each site; (ii) variability in combustion
efficiencies or (iii) sampling (ground-based measurements,
mast, distance to the fire, PM inlets or different devices).

The ionic composition and particle-phase characteristics
reported here may also support the refinement of next-
generation air quality models. Recent Al-based tools for sim-
ulating PM3 5 transport and chemical aging from prescribed
fires (Liao et al., 2025) highlight the importance of com-
prehensive field emission datasets like those obtained in this
study.

3.4 Morphological analysis

Scanning electron microscopy (SEM) analysis showed that
PM samples collected during prescribed burning episodes
were dominated by particles with irregular morphologies and
complex aggregated structures, typical of biomass burning
aerosols (Fig. 4). The particles shown in Fig. 4 are repre-
sentative of the dominant morphologies observed across the
analysed samples. A minor fraction of the particulate mat-
ter could be tentatively identified as soot-like carbonaceous
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Figure 3. Water-soluble ions, expressed as wt % (mass fraction of the species times 100 of particle mass), in Calluna and Genista burnings.
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Figure 4. Representative SEM images of PM particles collected during prescribed burnings episodes: (a)—(g) show sub-spherical highly
coated particles and aggregates, likely composed of organic material, ash residues, and inorganic inclusions; (h)—(i) show hollow or shell-
like particles, indicative of rapid condensation and subsequent volatilization or restructuring processes. Scale bars are 100 nm (a—f) and

500 nm (g—i).

agglomerates; however, these structures were frequently par- called tar balls (Pdsfai et al., 2004), with sizes below 100 nm
tially or completely obscured by thick surface coatings, pre- to several cents of nanometers. The presence of tar balls
venting the clear observation of their characteristic open frac- is commonly associated with the condensation of semi-
tal geometry when present. volatile organic compounds and the rapid cooling of combus-

The particle population was largely dominated by spher- tion vapours in fire plumes. Qualitative inspection of mul-
ical and sub-spherical particles (Fig. 4a—g), resembling so- tiple SEM fields of view indicated that these spherical and
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compact morphologies accounted for most of the observed
particles. These particles exhibited smooth to slightly tex-
tured surfaces and sizes predominantly in the submicrometer
range. Several particles displayed hollow or shell-like mor-
phologies (Fig. 4h—i), suggesting rapid gas-phase conden-
sation and subsequent volatilization or restructuring, possi-
bly during atmospheric transport; however, changes can oc-
cur during the analysis. In addition, irregularly shaped and
porous aggregates were observed, likely corresponding to in-
ternally mixed particles composed of organic material, ash
residues, and inorganic inclusions. These mixed particles fre-
quently showed thick coatings and poorly defined boundaries
between phases, indicating extensive internal mixing and po-
tential atmospheric aging (Li et al., 2011).

Energy-dispersive X-ray spectroscopy (EDS) revealed a
dominant contribution of carbon and oxygen, together with
variable amounts of potassium, silicon, calcium, aluminium,
and iron, often forming part of the coated mixed particles.
The frequent presence of potassium- and calcium-containing
inclusions within the aggregates further supports the strong
influence of biomass combustion, as these elements are well-
established tracers of wood and vegetation burning emis-
sions. The predominance of spherical, compact, and inter-
nally mixed particles with thick organic coatings is expected
to influence both the optical properties and hygroscopic be-
haviour of the aerosol. Such coatings can modify particle re-
fractive index and morphology, by enhancing light absorp-
tion through “lensing effects” when carbonaceous cores are
present and increasing the particles’ optical thickness (Bond
et al., 2013; Moffet and Prather, 2009). Additionally, the in-
ternal mixing of inorganic salts (K, Ca) with organic mat-
ter suggests a transition toward higher hygroscopicity during
atmospheric aging (Coz et al., 2008), by changing their ef-
fective chemical composition and surface properties, thereby
promoting water uptake at elevated relative humidity and en-
hancing cloud condensation nuclei (CCN) activity. These ef-
fects are likely to play an important role in controlling the ra-
diative and microphysical impacts of aerosols from biomass
burning during transport and aging in the atmosphere (Car-
rico et al., 2010; Pésfai et al., 2004).

4 Conclusions

This study provides a field-based characterisation of gaseous
and particulate emissions from prescribed fires in two
Mediterranean shrubland communities dominated by Cal-
luna vulgaris and Genista hispanica subsp. occidentalis. The
results show that, under broadly comparable meteorologi-
cal conditions, the two fuels produced markedly different
combustion regimes. Calluna fires were more intense and
predominantly flaming, with an MCE of 90.6 %, whereas
Genista fires were dominated by smouldering combustion,
with an MCE of 70.8 %. These differences indicate that
shrubland type, fuel-bed structure, and combustion regime
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strongly influence the chemical signature of prescribed-fire
emissions.

The findings indicate that biomass structure and litter pres-
ence — substantial in Genista and virtually absent in Cal-
luna — are the fundamental reasons for the observed differ-
ences in fire behaviour. The intense flaming combustion in
Calluna not only produces more CO; but also enhances the
volatilization of organic compounds, leading to higher con-
centrations of methane and total organic carbon (TOC) de-
spite the higher efficiency. Conversely, the smouldering na-
ture of Genista fires favours the production of hydrogen flu-
oride and nitrogen oxides.

Compared with literature-average values for savannas/-
grasslands and temperate forests, the PMj 5 emission fac-
tors measured here were substantially higher, suggesting that
Mediterranean shrubland fires may be poorly represented
by generic biomass-burning emission factors. Relative to
previous Mediterranean shrubland wildfire experiments, the
present prescribed fires showed lower CO and CH4 emis-
sion factors but higher PM» s, OC, and EC emission fac-
tors. These differences highlight the need for fuel-specific
and combustion-specific emission factors in regional fire-
emission inventories and atmospheric models.

Scanning Electron Microscopy (SEM) observations
showed that the emitted particles were dominated by spher-
ical and compact particles in the submicrometre size range,
including tar-ball-like particles and internally mixed aggre-
gates with thick organic coatings and inorganic inclusions.
These characteristics suggest that aerosols from Mediter-
ranean shrubland prescribed fires may influence aerosol op-
tical properties, hygroscopicity, and cloud condensation nu-
clei activity during atmospheric ageing. However, these im-
plications should be interpreted cautiously because optical
properties, hygroscopic growth, and cloud condensation nu-
clei (CCN) activity were not directly measured.

Several limitations should be considered when extrapolat-
ing the results. The study is based on a limited number of
field burns, gas samples collected in Tedlar bags may un-
derestimate reactive or polar compounds, fuel moisture may
have been affected by partial drying before analysis, and lit-
ter and mulch loads were not quantified separately. In ad-
dition, the SEM analysis was qualitative, and the measure-
ments represent near-source fresh smoke rather than aged re-
gional plumes.

Overall, this work shows that prescribed burning in
Mediterranean shrublands can generate substantial short-
term emissions of fine particulate matter and carbonaceous
aerosol, even when used as a fuel-management strategy.
These results have profound implications for our understand-
ing of climate forcing. The dominance of submicrometer
“tar balls” with thick organic coatings suggests an enhanced
“lensing effect” that increases light absorption and radia-
tive forcing. Simultaneously, the internal mixing of inor-
ganic salts (such as KCI) with organic matter increases par-
ticle hygroscopicity, promoting their ability to act as CCN.
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The field-based emission factors and particle-composition
data reported here can improve the representation of pre-
scribed and unplanned fires in Mediterranean emission in-
ventories, numerical models, receptor modelling studies, and
SPECIEUROPE source profiles, thereby supporting more
robust assessments of fire impacts on air quality, aerosol—
radiation interactions, and aerosol—cloud processes, as well
as decision-making in fire management.
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