
lable at ScienceDirect

Atmospheric Environment xxx (2010) 1e9
Contents lists avai
Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv
Summer 2009 wildfires in Portugal: Emission of trace gases and aerosol
composition

Célia Alves a,*, Ana Vicente a, Teresa Nunes a, Cátia Gonçalves a, Ana Patrícia Fernandes a, Fátima Mirante a,
Luís Tarelho a, Ana M. Sánchez de la Campa b, Xavier Querol c, Alexandre Caseiro a, Cristina Monteiro a,
Margarita Evtyugina a, Casimiro Pio a

aCentre for Environmental and Marine Studies, Department of Environment, University of Aveiro, Campus de Santiago, 3810 Aveiro, Portugal
bAssociate Unit CSIC-University of Huelva “Atmospheric Pollution”, University of Huelva, Campus El Carmen, E21071 Huelva, Spain
c Institute of Environmental Assessment and Water Research, IDAEA, Spanish Research Council (CSIC), C/Jordi Girona 18-26, 08034 Barcelona, Spain
a r t i c l e i n f o

Article history:
Received 7 August 2010
Received in revised form
15 October 2010
Accepted 20 October 2010

Keywords:
Wildfires
Trace gases
Carbonaceous particles
Emission factors
Water-soluble ions
Metals
* Corresponding author.
E-mail address: celia.alves@ua.pt (C. Alves).

1352-2310/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.atmosenv.2010.10.031

Please cite this article in press as: Alves, C
Atmospheric Environment (2010), doi:10.10
a b s t r a c t

In summer 2009, emissions of trace gases and aerosols from several wildfires occurring in Portugal were
sampled. A portable high-volume sampler was used to collect sequentially, on quartz fibre filters, coarse
(PM2.5e10) and fine (PM2.5) smoke particles. Tedlar air sampling bags have been used for complementary
chemical characterisation of the gaseous phase. The carbonaceous content (elemental and organic
carbon, EC/OC) of particulate matter was analysed by a thermal-optical transmission technique. The
levels of almost 50 elements were quantified by inductively coupled plasma-mass spectrometry. The
water-soluble ions were obtained by ion chromatography. Emission factors of species that are favoured
by the smouldering phase (e.g. CO) were above the values reported in the literature for biomass burning
in other ecosystems. The CO emission factors were 231 � 117 g kg�1 biomass (dry basis) burned.
Emissions of compounds that are promoted in fresh plumes and during the flaming phase, such as CO2,
were generally lower than those proposed for savannah and tropical forest fires. The CO2 emission factors
ranged from about 1000 to 1700 g kg�1. Total hydrocarbons, PM2.5, PM10 and OC presented variable
emissions, but in general substantially higher than values reported for wildfires in African and
Amazonian biomes. The emission factors obtained in Portugal were as follows (in g kg�1 biomass, dry
basis): 6e350 for total hydrocarbons, 0.5e42 for PM2.5, 1e60 for PM10, and 0.2e42 for OC (in PM10). The
organic carbon-to-elemental carbon ratios measured in the present study largely exceeded those
obtained by other researchers. The aerosol mass was dominated by organic matter (OC/PM2.5 ¼ 50 � 18%,
OC/PM2.5e10 ¼ 36 � 18%). The metal elements represented, on average, 1.23 and 0.91%, while the
measured water-soluble ions accounted for 2.6 and 2.1% of the PM2.5 and PM2.5e10 mass, respectively.
Carbonates accounted for 0.15e3.1% (average ¼ 0.83%) of PM2.5e10. The dominant elements were B, Ti,
Mn, Cu, Zn, Zr and Ba.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Wildfires are a major contributor of trace gases and aerosol
species (Andreae andMerlet, 2001; Lazaridis et al., 2008; Park et al.,
2006; Yokelson et al., 2007), with a profound impact on visibility
(Park et al., 2006; Wise, 2008), atmospheric chemistry and
biogeochemical cycles (Crutzen and Andreae, 1990; Schimel and
Baker, 2002), and climate (Langmann et al., 2009; Randerson
et al., 2006). Pfister et al. (2005) showed that particularly intense
wildfires in Alaska and Canada during the summer of 2004 emitted
All rights reserved.
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as much carbon monoxide as human activities in the continental
United States during the same period. The fires also boosted
ground-level ozone across the northern continental United States,
even enhancing concentrations of this pollutant by 10% as far away
as Europe. Smoke fromwildfires has also been associated with both
increased mortality (Vedal and Dutton, 2006) and morbidity
(Bowman and Johnston, 2005). Expected changes in climate are
predicted to result in considerable increases in fire intensity,
frequency and area burned, which will result in increasing envi-
ronmental impacts. In Portugal, future area burned is predicted to
increase 478% under a CO2 duplication scenario (Carvalho et al.,
2010).

Model estimates of wildfire emissions and their impacts call for
emission factors (EF) for both trace gases and aerosols. Since
fires in Portugal: Emission of trace gases and aerosol composition,
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emissions vary with type of fuel burned and combustion stage
(flaming versus smouldering), and taking also into account that
atmospheric photochemistry, source apportionment and climate
change models require detailed emissions factors, it is necessary to
obtain regional emission databases reflecting the distinct burning
conditions. EF have been estimated in some laboratory studies (e.g.
Chen et al., 2007; Christian et al., 2003; McMeeking et al., 2009;
Yokelson et al., 2008) and in field campaigns (e.g. Korontzi et al.,
2003; McRae et al., 2006; Yokelson et al., 2007), but many uncer-
tainties persist. Most of the studies reported in the literature
present EF for American fuels (Battye and Battye, 2002; McMeeking
et al., 2009), and for savannah/grassland, tropical and extratropical
forests (Andreae and Merlet, 2001). In comparison, the Mediter-
ranean area, where intense summer fires rage out of control more
and more often, is particularly uncovered. As far as we know, only
Alves et al. (2010) document detailed particle and trace gas EF for
experimental fires in a Mediterranean shrubland. Thus, the main
goal of this study is to present a comprehensive set of measure-
ments that include gas- and particulate-phase emissions, along
with an indicator of combustion conditions, for several wildfires
that occurred in Portugal during the 2009 summer season.

2. Methodology

In summer 2009, emissions of trace gases and aerosols from
several wildfires occurring in Portugal (Table 1) were sampled.
According to the Portuguese Forest Services (DGRF), from 1980 to
2009, the burnt area ranged from 17,244 (in 2008) to 425,726 ha (in
2003), averaging 108,550 ha/year. In 2009, about 86,020 ha of forest
were burned. Most wildfires occur in central and northern Portugal.
Thus, in terms of area burned and fuel types, the smoke sampling
experiments in 2009 are representative of a “typical” summer fire
season in Portugal.

A portable high-volume sampler (TE-5200, Tisch Environmental
Inc.) operating at a flow of 1.13 m3 min�1 was used to collect
sequentially, on pre-fired quartz fibre filters, coarse (PM2.5e10) and
fine (PM2.5) smoke particles. A Tisch PM2.5 impaction plate was
used to separate particles at 2.5 mm. The impaction system for
removing particles>10 mmwas designed at the University of Aveiro
in accordance with the Marple and Rubow’s theory (1986).
Sampling was performed at 1.5 m above ground, downwind from
the burning area, at distances of 20e200 m from the flame. The
sampler was connected only when impacted by the smoke plumes.
As our samples were taken near the ground surface, these results
represent freshly emitted fire aerosols that have not yet had time to
undergo post-fire chemical or physical-chemical changes. In
parallel with aerosol sampling, Tedlar bags previously flushed with
N2 were used for the collection of gas samples. Pre-removal of
water vapour from the air stream was carried out in a glass U tube
Table 1
Wildfires episodes over Portugal in summer 2009 where smoke samples were collected

Sampling locations Latitude/Longitude, Altitude (a.s.l.) Date Major t

Sever do Vouga 40�35059"N/8�22010"W, 255 m 31 May Acacia m
Ovar 40�51056"N/8�37047"W, 25 m 17 Jul. Acacia s
Penedono 40�56025"N/7�23052"W, 810 m 21 Jul. Pinus p
Montemor-o-Velho 40�12050"N/8�41038"W, 51 m 11 Aug. Pinus p
Nariz (Aveiro) 40�32052"N/8�35030"W, 25 m 27 Aug. Pinus p
Cinfães (Viseu) 40�59004"N/8�07012"W, 619 m 30 Aug. Creepin

Biomas
Eucalyp

Farejinha (Castro Daire) 40�55055"N/7�51003"W, 822 m 31 Aug. Pinus p
Quinta da Póvoa (Sabugal) 40�20040"N/7�14030"W, 500 m 01 Sept. Cytisus
Pendilhe (V. N. de Paiva) 40�53034"N/7�49048"W, 825 m 06 Sept. Cytisus

MCE e modified combustion efficiency.
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filled with glass spheres, immersed in an ice bath. In addition, the
air stream was filtered through a 47 mm quartz filter to remove
particles before passing to the collection system, which also con-
tained a Teflon-lined diaphragm pump connected to a needle valve
and a calibrated rotameter operating at a flow rate of 1 L min�1.

Total hydrocarbons (THC) and carbon oxides (CO2 and CO) in the
Tedlar bags were measured using automatic analysers with flame
ionisation (Dyna-FID, model SE-310) and non-dispersive infrared
(Environnement, MIR 9000) detectors, respectively. Each gas ana-
lyser was calibrated with appropriate gas on zero and span points.
The emissions of hydrocarbons are presented in methane-
equivalents.

The carbonaceous content (organic and elemental carbon, OC
and EC) of particulate matter was analysed by a thermal-optical
transmission technique after a previous sample acidification to
remove carbonates, following a short multi-step temperature
protocol, first in an inert (N2) and then in an oxidising atmosphere
(N2/O2). Two 9 mm diameter filter punches, in the case of PM2.5
samples, or strips representing 1/20 of the total area, in the case of
PM2.5e10 samples, were used in each analytical run. For each filter,
two or three replicate analyses were done. The CO2 released during
sample heating is measured by a non-dispersive infrared analyser.
The anoxic heating conditions (OC quantification) followa two-step
temperature profile: 200 �C for 200 s and 600 �C for 600 s,
respectively. After these steps, the anoxic gas stream is replaced by
an oxidising atmosphere (4% O2) (EC quantification), and the
sample is heated up to 850 �C. However, thermally unstable organic
compounds pyrolyse in the N2-mode to form pyrolytic carbon,
which then usually desorbs off the filter in the oxidising atmo-
sphere, like native EC. To correct for pyrolysis, the optical properties
of the sample are monitored during the analysis with a laser beam.
During anoxic mode heating, light transmission decreases while OC
chars in the N2-mode. When the pyrolytic carbon and EC are
released from the filter in the N2/O2-mode, transmission increases
again and the point at which the transmission reaches the pre-
pyrolysis value is used to discriminate OC and EC (split point).
Carbon carbonate present in aerosol samples was analysed through
the release of CO2, and measurement by NDIR, when a punch of
filter was acidified with orthophosphoric acid in a free CO2 gas
stream.

For the determination of soluble inorganic ions, small parts of
the filters were extracted with ultra pure Milli-Q water. Dionex
AS14 and CS12 chromatographic columns with Dionex AG14 and
CG12 guard columns coupled to Dionex AMMS II and Dionex CMMS
III suppressors, respectively for anions and cations, were used. A
punch of each filter was digested in an acid media (2.5 ml HNO3:
5 ml HF: 2.5 ml HClO4) following the method proposed by Querol
et al. (2001). All the acids were of Suprapur quality. Major and
trace elements were determined in the resulting digestion by
.

ypes of biomass/Fire characteristics Number of samples
(PM2.5 þ PM2.5e10)

MCE

elanoxylon/Eucalyptus globulus 8 0.78e0.97
p./Eucalyptus globulus 6 0.66e0.87
inaster/Cytisus striatus/Rubus fruticosus 14 0.60e0.86
inaster/Eucalyptus globulus 6 0.52e0.75
inaster/Acacia sp./Eucalyptus globulus 4 0.58e0.78
g fire in a Eucalyptus globulus forest.
s burned: fallen twigs, Erica shrubs,
tus bark and dried leaves

2 0.79

inaster/Cytisus striatus 4 0.77e0.87
striatus (dominant); some isolated pine trees 4 0.77e0.87
striatus/Pinus pinaster 2 0.82

fires in Portugal: Emission of trace gases and aerosol composition,
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means of Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).
The mean precision and the accuracy fall under typical analytical
errors (in the range of 3e10%), and were controlled by repeated
analysis of a 1/4 of filter loads with 5mg of SRM 1633b (coal fly ash)
referencematerial (NIST, Gaithersburg, MD, USA). Blank filters were
analysed simultaneously in the batches of their respective filter
samples and the corresponding blank concentrations were sub-
tracted for each sample.

The emission factor is a parameter that relates the emission of
a particular species of interest to the amount of fuel burned. It is
defined as the amount of a compound released per amount of dry
fuel consumed, expressed in units of g kg�1. The carbon combusted
in a fire is emitted into the measurable portions of a smoke plume
mainly in four forms of carbon CO2, CO, total hydrocarbons
(including oxygenated volatile organic compounds), and total
particulate carbon (TC ¼ OC þ EC). The emission factor of a species,
n, is then obtained from the ratio of the mass concentration of that
species to the total carbon concentration emitted in the plume.
Thus, the emission factor is expressed in units of mass of species n
emitted per unit mass of carbon burned. To convert this emission
factor to the more frequently used grams of n produced per kg of
dry matter burned, the previous ratio is multiplied by the mass
fraction of carbon in the fuel (Reid et al., 2005):

EFn ¼ ½n�
½CO2� þ ½CO� þ ½THC� þ ½TC� � %Cfuel (1)

It has been estimated that the dominant species in the Portu-
guese forest have a mean carbon content of 48 � 2% (Silva et al.,
2008). It should be also noted that background levels have been
subtracted from measurements in the smoke plumes. Since the
carbon in the ashes was not included in the C-budget, the emission
factors will be slightly elevated. To evaluate the completeness of
combustion, it can be considered that >90% of the carbon com-
busted in a fire is emitted in the form of CO2 and CO, and <10% of
carbon is in species such as hydrocarbons and particulate carbon.
Keeping this in mind, the modified combustion efficiency (MCE) is
calculated as follows:

MCE ¼ ½CO2�
½CO2� þ ½CO� (2)

Pure smouldering usually has MCE below 0.85 (Yokelson, 2004).
The flaming combustion usually exhibits the highest MCE (0.9e1)
(Reid et al., 2005). Lower MCE values (<0.8) are found for wet fuels
(Chen et al., 2007).
Table 2
Mass fraction of carbonates, organic carbon and total carbon (TC ¼ OC þ EC) in the
particulate matter, and organic-to-elemental carbon ratios.

Particle
size

CO3
2�/PM (%) OC/PM (%) TC/PM (%) OC/EC

PM2.5 e 50 � 18 52 � 20 5e924 (avg ¼ 90)
PM2.5e10 0.15e3.1

(avg ¼ 0.83)
36 � 18 37 � 18 10e111922

(avg ¼ 12275)
3. Results and discussion

3.1. Emission of gases, particles and carbonaceous constituents

MCE values ranged from 0.52 to 0.97, but most of the values
correspond to a greater predominance of smouldering than flaming
combustions. Ground-level aerosol sampling during the flaming
phase of a wildfire constitutes a very difficult task. The heat and
flames from fires are obvious risks. Due to the high temperature of
the flames, fire-emitted particles are directly injected into the
atmosphere up to 3e4 km altitude. Thus, besides the danger, the
thermal updraft of fire smoke plumes often render the obtaining of
flaming emission samples unsuccessful. Generally, airborne
measurements sample an integrated mixture of the emissions from
both flaming and smouldering combustion, and even at the ground
the separation is incomplete because both processes occur simul-
taneously in a given patch at most times (Andreae and Merlet,
2001).
Please cite this article in press as: Alves, C., et al., Summer 2009 wild
Atmospheric Environment (2010), doi:10.1016/j.atmosenv.2010.10.031
The PM2.5 and PM2.5e10 smoke samples presented concentra-
tions up to 45400 mg m�3 and 4330 mg m�3, respectively. The
gravimetric data confirmed that the PM10 mass was dominated by
PM2.5 mass concentrations. PM2.5 represented 86 � 8.8% of the
PM10mass. Mass percentages of the same order have been obtained
in previous works (Alves et al., 2010; McMeeking et al., 2009).
Carbonates represented 0.15e3.1% (average ¼ 0.83%) of PM2.5e10,
whereas its contribution to the mass of fine particles was insig-
nificant (Table 2). On average, 50� 18% of the PM2.5 mass emissions
was composed of organic carbon, whilst the mass fraction for
PM2.5e10 was 36 � 18%. The OC mass fractions were in the range of
values reported for biomass burning in grasslands, savannah, cer-
rado, boreal and tropical forests (Reid et al., 2005). On average, the
OC concentrations were 10 times higher in PM2.5 than in PM2.5e10.
The carbonaceous fraction of smoke samples from any of the fires in
this study was clearly dominated by organic carbon. A wide range
of OC/EC ratios was obtained. Most of the values are much higher
than those reported for other biomass burning events (Andreae and
Merlet, 2001; Reid et al., 2005). Very high OC/EC ratios were also
determined for fires in a Mediterranean shrubland (Alves et al.,
2010). The high OC production in fire plumes has been attributed
to condensation of large hydrocarbons, enhanced isoprenoid
emissions, acid-catalysed reactions and very rapid oxidation of
low-volatility organic vapours (Grieshop et al., 2009; and refer-
ences therein). Besides different proportions of smouldering to
flaming-derived samples in the various investigations, it could be
argued that dissimilarities between values of the current study and
those reported in the literature may be a consequence of the uti-
lisation of different methodologies for the OC and EC determina-
tion. It should be noted, however, that the comparison between the
methodology of the University of Aveiro and the “European
Supersites for Atmospheric Aerosol Research” (EUSAAR-2) protocol
(Cavalli et al., 2009) gave similar results for OC and EC, without
significant differences at a 95% confidence level (Nunes et al., 2010).
Similar results were also obtained by the University of Aveiro in an
international round robin test (Schmid et al., 2001).

The PM2.5 emission factors obtained for wildfires in Portugal
were 19.3�15.1 g kg�1, lying in the ranges reported in the literature
for other fires (Fig. 1). Considering that MCE values higher or lower
than 90% are characteristic of more flaming or smouldering
combustion, respectively, Reid et al. (2005) obtained EFPM2:5

around
9 g kg�1 for flaming combustion measurements, while an approx-
imate value of 34 g kg�1 was derived for smouldering stages.
Yokelson et al. (2008) estimated a fine aerosol emission factor of
9.93 g kg�1, with global values ranging from 2.17 to 16.61 g kg�1 for
MCEs between 0.88 and 0.979. Ward and Hardy (1991) suggested
an EFPM2:5

of 10 g kg�1 for cured grasses, 15 g kg�1 fuel for chaparral
and palmetto/gallberry fires and 20e50 g kg�1 for long-needled
conifer fires. From open combustion of biomass in the laboratory,
McMeeking et al. (2009) obtained EFPM2:5

g kg�1 of 29.4 � 25.1 for
montane, 18.9 � 13.9 for rangeland, 11.6 � 15.1 for chaparral,
23.4 � 18.7 for coastal plain and 12.7 � 11.3 for boreal forest
ecosystem species. In their review paper, Andreae and Merlet
(2001) presented EFPM2:5

of 5.4 � 1.5 g kg�1 (savannah and grass-
land), 9.1 � 1.5 g kg�1 (tropical forest) and 13.0 � 7.0 g kg�1
fires in Portugal: Emission of trace gases and aerosol composition,



Fig. 1. Comparison between emission factors (g kg�1 fuel burned) for fires in Portugal and values published in the literature.
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(extratropical forest). However, Yokelson et al. (2008) derived an
Amazon-average EFPM2:5

of 16.8 g kg�1, which represents 85% more
PM2.5 emissions for the region than using the Andreae and Merlet
(2001) recommendation of 9.1 g kg�1. The physical basis for this
increase was the inclusion of a larger contribution from smoul-
dering combustion. Kasischke et al. (2005) argued that most of the
ground-layer organic matter is consumed during smouldering
combustion, and this has to be accounted for when estimating
forest fire emissions. Thus, taking into account the discrepancies
observed, more measurements would be valuable.

Fig. 2 shows the relationship between MCE and the pollutant
emission factors. The linear regression between MCE and PM2.5
obtained in this study (EFPM2:5

¼ 66:4� 62:6�MCE) is in good
agreement with Ward and Hardy’s relationship, who obtained
EFPM2:5

¼ 67:4� 66:8�MCE for prescribed fires in the Pacific
Northwest. It also approaches the empirical relationship estimated
by Babbitt et al. (1994) for wildfires in Montana, Idaho and
Oregon (EFPM2:5

¼ 62:6� 61:4�MCE). However, the correlation
(EFPM2:5

¼ 336� 341�MCE) developed by McMeeking et al.
(2009) in laboratory experiments with different types of
biomasses differs significantly from the above-mentioned rela-
tionships. The discrepancy may be due to the inherent variability of
emissions coupled with different fuels and burning conditions, as
well as different ranges of MCE covered by the measurements. The
lack of data in the literature over a broad range of MCEmay result in
biased estimates of particle emissions and properties. If the
contribution of smouldering emissions are underestimated, the
total PM2.5 emissions attributed to biomass combustion in current
inventories are likely to be undervalued.

As observed in previous studies (McMeeking et al., 2009), the
significance of the relationship between EC and MCE was weak.
While OC increases considerably under smouldering conditions, EC
emissions seem similar for flaming and smouldering conditions.
This observation is in accordance with the inferences by Battye and
Battye (2002) based on the compilation of several emission
Please cite this article in press as: Alves, C., et al., Summer 2009 wild
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databases. However, it deviates from the reasoning that EC emis-
sions enhance with flaming-phase combustion due to the depen-
dency of soot formation mechanisms on temperature (Chen et al.,
2007; McMeeking et al., 2009).

EC/TC ratios in PM2.5 were less than 0.04 for MCE values below
0.90, and increased strongly for higher MCE values. The extreme
EC/TC ratios were 0.012 for a sample collected during the smoul-
dering fire with the lowest modified combustion efficiency
(MCE ¼ 0.52) and 0.18 for a sample collected during the flaming
phase (MCE¼ 0.97). Battye and Battye (2002) reported EC/TC ratios
of 0.06 (smouldering) and 0.16 (flaming) for airborne field studies
with Ponderosa pine, while for chaparral species the ratios were
0.11 (smouldering) and 0.11e0.22 (flaming). McMeeking et al.
(2009) obtained an EC/TC ratio of w0 for a sample collected
during only the smouldering phase of the fire (MCE ¼ 0.80) and 0.5
for a sample collected during the flaming phase (MCE ¼ 0.99). It
should be noted that the EC/TC is not likely linear with MCE. Some
studies show low EC/TC ratios until MCE values of about 0.93e0.95
and then a very rapid increase (McMeeking et al., 2009).

In accordance with the results presented by Battye and Battye
(2002), the ratio of OC to total PM2.5 is very similar for smoul-
dering and flaming conditions. Thus, OC appears to correlate well
with total PM2.5 over the full range of combustion efficiencies
(EFOC ¼ 1:94� EFPM2:5

; r2¼ 0.87). OC emission factors ranged from
0.16 to 42 g kg�1, averaging 15.8 g kg�1. Andreae and Merlet (2001)
reported EFOC of 3.4 � 1.4 g kg�1 (savannah), 5.2 � 1.5 g kg�1

(tropical forest) and 8.6e9.7 g kg�1 (extratropical forest). Battye
and Battye (2002) gathered mean values from 1.96 to 25.6 g kg�1

for different US forest biomass and burning stages.
On average, 75.1�11.5% of the carbonwas emitted in the form of

CO2, followed by CO (20.6 � 10.4%), hydrocarbons (3.37 � 3.04%),
OC (1.15�1.09%), and EC (0.04� 0.02%). CO is very important in the
development of emissions inventories for many pollutants. Because
CO is an indicator of smouldering combustion, its emission factor is
often used to estimate emission factors for many other products of
fires in Portugal: Emission of trace gases and aerosol composition,
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Fig. 2. Emission factors as a function of MCE.
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incomplete combustion (Battye and Battye, 2002). The EFCO
obtained for wildfires in Portugal (231�117 g kg�1) are higher than
the 65� 20,104� 20 and 107� 37 g kg�1 compiled by Andreae and
Merlet (2001) for fires in savannah, tropical and extratropical
forests, respectively. Battye and Battye (2002) reported CO emis-
sion factors for different fire types in the ranges 99e232 g kg�1 and
22e78 g kg�1 for smouldering and flaming combustions, respec-
tively, suggesting EFCO of 125 g kg�1 biomass consumed for both
canopy fuel and shrubs and 158 g kg�1 for duff. A high CO emission
factor (459 g kg�1) was measured for feathermoss/lichen in Scotch
pine forests of Central Siberia with a lowMCE of 0.59 (McRae et al.,
2006). The average PM2.5/CO emission ratio was 0.08 � 0.06 g g�1.
Janhäll et al. (2010) reported emission ratios of PM/CO ¼ (0.13 �
0.05) g g�1 for forest, PM/CO¼ (0.08� 0.03) g g�1 for savannah, and
PM/CO ¼ (0.07 � 0.03) g g�1 for grass. The PM/CO emission ratio
has low MCE dependence and can be used to predict the level of
one pollutant in a plume, when the concentration of the other is
known. Moderate to high correlations between the CO and other
pollutant emission factors were obtained: EFCO2

¼ �1:79� EFCO þ
1755 (r2 ¼ 0.92), EFTHC ¼ 0.764 � EFCO � 78.3 (r2 ¼ 0.48), EFPM2:5

¼
0:059� EFCO � 3:63 (r2 ¼ 0.42), and EFOC ¼ 0.077 � EFCO � 2.78
(r2 ¼ 0.52).
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The CO2 emission factors obtained in this study ranged between
a few values around 1000 and amaximum of 1697 g kg�1, reflecting
the different contributions from smouldering and flaming fires. In
laboratory experiments, McMeeking et al. (2009) obtained EFCO2

from 1311 � 325 g kg�1 (boreal forest fuels) to 1632 � 150 g kg�1

(coastal plain fuels). Andreae and Merlet (2001) suggested EFCO2
of

1613 � 95 g kg�1 (savannah), 1580 � 90 g kg�1 (tropical forest) and
1569 � 13 g kg�1 (extratropical forest).

Total hydrocarbon emission factors ranged from 6 to 350 g kg�1,
averaging 102 g kg�1. Chen et al. (2007) obtained average emission
factors for HC from laboratory combustion of wildland fuels of
0.4e10.4 g kg�1 (flaming) and 1.2e125 g kg�1 (smouldering). These
researchers observed higher and more variable emission factors for
total hydrocarbons during the smouldering phase, especially for
fuels containing substantial moisture.

3.2. Inorganic composition of smoke particles

The concentrations of the water-soluble ions are listed in
Table 3. On average, these constituents contribute to 2.6% and 2.1%
of the fine and coarse particle mass, respectively. An excess of
positive ions was observed, which correlates well with the
fires in Portugal: Emission of trace gases and aerosol composition,



Table 3
Concentration ranges (and average) for water-soluble ions (mg mg�1 PM) in smoke particles from wildfires.

Wildfire PM size Naþ NH4
þ Kþ Mg2þ Ca2þ Cl� NO3

� SO4
2�

Sever do Vouga PM2.5 bdl bdl-5.14 (3.37) bdl-13.2 (3.31) bdl-0.49 (0.12) bdl-4.67 (3.41) bdl-7.01 (2.86) bdl-4.21 (1.99) 4.24e6.48 (5.52)
PM2.5e10 bdl bdl bdl-4.41 (1.94) bdl-5.46 (2.33) 3.40e10.7 (6.52) 0.77e2.55 (1.49) bdl-6.21 (2.70) 3.23e9.27 (5.89)

Ovar PM2.5 bdl 22.4e25.9 (26.7) bdl bdl-2.85 (0.85) 4.90e23.0 (11.1) 20.2e29.2 (24.6) 0.50e0.59 (0.53) 4.65e16.3 (8.69)
PM2.5e10 bdl bdl-0.73 (0.24) bdl-3.22 (1.43) bdl-5.90 (2.88) bdl-31.3 (14.5) bdl-10.3 (6.00) bdl-1.02 (0.56) bdl-21.8 (10.0)

Penedono PM2.5 bdl 0.20e3.74 (2.67) bdl-3.17 (1.38) bdl-1.77 (0.54) bdl-7.01 (2.44) 1.09e2.25 (1.56) 0.11e0.29 (0.21) 1.80e4.19 (2.35)
PM2.5e10 bdl bdl-1.55 (0.53) 1.65e14.8 (5.83) 1.41e8.77 (4.36) 2.47e9.83 (5.83) bdl-2.14 (0.81) 0.08e1.38 (0.29) 2.40e10.0 (5.12)

Montemor-o-Velho PM2.5 bdl 3.34e3.72 (3.47) bdl bdl 1.74e2.91 (2.21) 2.23e2.39 (2.33) 0.49e0.72 (0.63) 1.73e2.29 (2.07)
PM2.5e10 bdl bdl-0.53 (0.29) 1.49e2.00 (1.71) 1.46e1.85 (1.64) 3.59e5.56 (4.44) bdl-0.90 (0.58) 0.17e0.41 (0.30) 2.31e4.84 (3.62)

Nariz PM2.5 bdl bdl-4.57 (2.28) bdl-9.30 (4.65) 1.57e7.23 (4.40) 7.32e13.2 (10.3) 1.22e1.63 (1.43) 0.40e0.58 (0.49) 6.82e13.6 (10.2)
PM2.5e10 bdl bdl-0.20 (0.10) bdl-2.72 (1.36) bdl-1.70 (0.85) bdl-3.16 (1.58) bdl-0.77 (0.39) bdl-0.46 (0.23) 3.26e5.32 (4.29)

Cinfães PM2.5 bdl 1.10 bdl bdl 8.79 3.83 1.76 5.19
PM2.5e10 bdl bdl 0.26 bdl bdl bdl bdl 4.38

Farejinha PM2.5 bdl 4.01e5.78 (4.90) bdl 1.59e2.07 (1.83) 4.03e6.14 (5.08) 1.95e2.72 (2.33) 1.64e2.66 (2.15) 4.87e8.14 (6.50)
PM2.5e10 bdl bdl-0.50 (0.25) 2.46e4.93 (3.70) 1.41e1.82 (1.61) 3.40e3.48 (3.44) bdl 1.07e1.73 (1.40) 5.20e6.35 (5.77)

Sabugal PM2.5 bdl 0.89e1.06 (0.98) 13.8e14.7 (14.3) 2.40e9.70 (6.05) 6.48e13.5 (9.98) 2.64e2.78 (2.71) 1.29e2.04 (1.66) 3.49e4.90 (4.20)
PM2.5e10 bdl bdl 10.6e10.8 (10.7) 9.40e10.3 (9.83) 7.96e10.3 (9.13) bdl 2.17e2.47 (2.32) 7.04e7.85 (7.44)

Pendilhe PM2.5 bdl 3.02 bdl bdl bdl 2.37 3.66 7.71
PM2.5e10 bdl bdl 1.46 bdl 4.20 bdl 1.58 4.01

bdl e below detection limit.
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concentrations of calcium ions, suggesting an origin, at least in part,
on calcium carbonate from soil. In fact, when carbonates are taken
into account in the ion balances, the excess of positive ions
decreases substantially. The larger amounts of Mg2þ generally
observed in the coarse fraction could also come from soil dust
entrained into the smoke aerosols. On the other hand, the excess of
positive ions could also derive from the fact that not all the major
anionic components were measured in the present study. It has
been reported that biomass burning may contain significant
amounts of water-soluble formate, acetate, oxalate and other
organic anions, such as malonate, succinate and glutarate (Song
et al., 2005). As observed in aerosols associated with savannah
fires in southern Africa (Gao et al., 2003), the mass fractions of
water-soluble ions vary widely from sample to sample. Besides the
diversity of biomasses, the varying fire intensities could have
contributed to the different mass fractions in distinct samples.

The unexpected low potassium mass fractions for the wildfires
could be due to the prevailing smouldering conditions. Yokelson
et al. (2009) argued that the incorporation of potassium into
particles depends strongly on the amount of flaming combustion,
as may also be the case for other ions (e.g. chloride). Previous
studies have also shown that the concentration of potassium in
PM2.5 smoke emissions may range from<1% of the mass for certain
grasses, shrubs and softwood to values higher than 20% for sage-
brush (Chen et al., 2007; Hildemann et al., 1991). The highest levels
of Cl� and Mg2þ were observed in smoke particles from a coastal
wildfire (Ovar). This could reflect wet deposition of marine aerosol
on the fuels (Yokelson et al., 2009). However, the Cl� and Mg2þ

content in one of the samples from this specific wildfire was below
the detection limit, which might indicate that it was not burning
hot enough to volatilise the fuel water-soluble ions efficiently. In
fact, the MCE for this sample was 0.66, while values higher than
0.86 were obtained for the other samples.

The presence of SO4
2� in smoke aerosols can be the result of

adsorption of SO2 on black carbon particles through a catalytic
effect in the gas-to-particle conversion of SO2 to sulphate. This
effect occurs very fast (few seconds to minutes), allowing sulphate
formation relatively close to the source. The presence of oxygen in
air is important for SO2 oxidation and the water vapour released
from the vegetation fuel enhances the effect (Novakov et al., 1974).
Aerosols of NO3

� and NH4
þmust be produced in reactions of NOx and

NH3, respectively, which are emitted during burning. Rocha et al.
(2005) observed that nitrate concentrations increased during
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burning periods in Southeastern Brazil, with production of this ion
across a broad particle size range. Previous measurements have
shown that in addition to the instantaneous production of trace
gases and particles resulting from the combustion of biomass
matter, burning also enhances the biogenic emissions of nitric
oxide and nitrous oxide from soil. Ammonium, a major nitrogen
component of the burn ash, is the substrate in nitrification, which is
the microbial process believed responsible for the production of
nitric oxide and nitrous oxide. The enhanced biogenic soil emis-
sions of nitric oxide and nitrous oxide may be comparable to or
even surpass the instantaneous production of these gases during
biomass burning (Levine et al., 1995). The variability in NH4

þ levels
may also be due to differing fire environments rather than different
fuels. Moderate soil heating produces NH4

þ from pyrolysis of
organic matter. At higher temperatures more organic nitrogen is
volatilised, but less nitrogen accumulates as NH4

þ, since the NH4
þ

and subsequent NH3 are oxidised to NOx (Hegg et al., 1988).
For almost all water-soluble ionic components and trace

elements, the relative concentrations increased with increasing
values of MCE, which is in accordancewith the observation of lower
OC levels during the flaming phase compared to the smouldering
stage. Almost 50 metal elements were detected in the smoke
samples from wildfires, representing, on average, 1.23% and 0.91%
of the PM2.5 and PM2.5e10 mass, respectively. In smoke aerosol from
experimental fires in a Mediterranean shrubland with dominant
flaming conditions, metal elements accounted for an average mass
fraction close to 3% in PM10 (Alves et al., 2010).

The dominant elements were B, Ti, Mn, Cu, Zn, Zr and Ba (Fig. 3).
Boron is a micronutrient required for all plant nutrition. The main
functions of boron relate to cell wall strength and development, cell
division, fruit and seed development, sugar transport, and hormone
development. Some functions of boron interrelate with those of
nitrogen, phosphorus, potassium and calcium in plants. Manganese
is necessary in photosynthesis, nitrogen metabolism and to form
other compounds required for plant metabolism. Zinc is an essen-
tial component of various enzyme systems for energy production,
protein synthesis, and growth regulation (Simoglou and Dordas,
2006). Titanium shows beneficial effects on various physiological
parameters at low doses (e.g. biomass yield, essential element
contents, and chlorophyll contents) (Ku�zel et al., 2003). Copper is
an essential metal for normal plant growth and development,
participating in numerous physiological processes. It is an essential
cofactor for many metalloproteins (Yruela, 2005). Zirconium is
fires in Portugal: Emission of trace gases and aerosol composition,
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Fig. 3. Major trace elements found in fine (PM2.5) and coarse (PM2.5e10) particles sampled in the plume from various wildfires.
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ubiquitous, being present in nature in amounts higher than most
trace elements. It is taken up by plants from soil and water and
accumulated in certain tissues (Ghosh et al., 1992). Barium is
naturally present in soils at relatively high concentrations, but it
seems that, at high doses, it inhibits plant growth. However, some
plant species have adapted to high concentrations of heavy metals
and are able to survive in adversely impacted barite environments
(Suwa et al., 2008). Biomass burning may result in the volatilisation
of these trace metals which then undergo condensation or gas-to-
particle type reactions, adsorbing on the surface of pre-existing
aerosols. In addition, plant debris or partially combusted foliage ash
may contribute to the detection of trace metals, principally in
coarse aerosol particles (Alves et al., 2010). Rare earth elements
(e.g. La, Ce, Nd, Pr, Sm, Tb, Tm, Yb) were also detected in smoke
aerosols as minor constituents. These elements take part in plant
physiological and soil microbial processes (Babula et al., 2008).
Other minor constituents in smoke particles, previously detected in
plant tissues (e.g. Kogo et al., 2009; Caplan et al., 1987), were
elements that may yield medium and long-lived radionuclides (e.g.
Sc, Cr, Rb, Cs, U, etc.). The percent of PM2.5 and PM2.5e10 weight for
the minor metal elements can be found in annex (Table A1).

Previous studies have pointed out Mn, Cu and Zn as specific
tracers for savannah burning emissions (Ferek et al., 1998;
Gaudichet et al., 1995) and it has been established that the contri-
bution of forest fires should be taken into account to understand
the biogeochemical cycles of these elements. Ferek et al. (1998)
estimated the percent contributions of savannah plus tropical
forest biomass burning in the global emissions of Mn, Cu and Zn as
Please cite this article in press as: Alves, C., et al., Summer 2009 wild
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5%, 2% and 3%, respectively. Gaudichet et al. (1995) concluded that,
for Zn, the biomass burning from African savannah could corre-
spond to 4e11% of the worldwide estimates of anthropogenic
emissions. However, the stability of these or other potential
elemental tracers should be confirmed by other field studies to
establish under which conditions they may constitute a profile and
could be used as a fingerprint of a specific ecosystem. Due to the
scarceness of measurements, it would be desirable to obtain
a quantitative heavy metal screening in smoke particles from
different biomasses, other than the Mediterranean area.

4. Conclusions

This study covers a comprehensive set of measurements that
include gas-phase and particulate-phase emissions, along with and
indicator of combustion conditions, for several wildfires that
occurred in Portugal during the 2009 summer season. Parameter-
isations for the CO2, CO, total hydrocarbons, particulate matter and
OC emission factors as a function of modified combustion efficiency
were obtained: EFCO2

(g kg�1) ¼ (1912 � MCE-160), EFCO (g
kg�1)¼ (�1037�MCEþ 1045), EFTHC (g kg�1)¼ (�806�MCEþ 73),
EFPM2:5

(g kg�1) ¼ (�63 � MCE þ 66) and EFOC in PM2:5

(g kg�1) ¼ (�39 � MCE þ 41). Taking into account that the smoul-
dering phase may last for several hours to days, our results consol-
idate previous arguments that this combustion phase may
contribute to significant amounts of atmospheric pollutants and
the corresponding emission factors should be considered when
calculating the global wildfire emissions. Approximately 50% of the
fires in Portugal: Emission of trace gases and aerosol composition,
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particulate mass was composed of organic carbon. The EC values
obtained in this study are much lower than those reported in the
literature for the laboratory combustion of wildand fuels or for fires
in other regions. Since EC is an aerosol component that plays a key
role in radiative forcing, and taking into account the discrepancies
between the various studies, the magnitude of the emission factor
for EC remains a significant uncertainty in estimates of the climate
impacts of biomass burning and deserves further investigation.
A screening of trace metals and water-soluble ions in particulate
matter was performed, and some dominant elements were found.
However, additional studies are required to define the use of these
elements as potential tracers of biomass burning. The comprehen-
sive database obtained is potentially very useful for numerical
models to evaluate the impact of wildfires on the microscale to
regional scale atmosphere in theMediterranean region, which is not
particularly well-studied. Moreover, since source apportionment
models require detailed emission factors, this investigationmay also
contribute to estimate the input of wildfires to the atmospheric
levels measured currently at monitoring sites.
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