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Forest fires in Portugal in summer 2010:

contribution to atmospheric pollution
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Abstract — Trace gases and aerosol particle emissions from several wildfires occurring in Portugal were
sampled in summer 2010. Coarse (PM,s.19) and fine (PM; 5) smoke particles were collected. Sampling was
performed at 1.5 m above ground, downwind from the burning area, at distances of 10 e 200 m from the
flame. Tedlar bags were used for the collection of gas samples in parallel with aerosol sampling. Total
volatile hydrocarbons (THC) and carbon oxides (CO, and CO) concentrations were determined. PM, s
constitutes an important fraction of PMj, with a PM,s/PM;, average ratio of 0.91+0.05. A clear
predominance of carbonaceous aerosol was observed, with OC concentration always remaining much higher
than EC in both size ranges (OC/TC ratios ranged between 0.99 and 0.71 for both sizes). Water-soluble
inorganic ions represented less than 4% of the aerosol mass. The CO and CO, emission factors (EF) were
around 67-383 and 1029-1655 g kg™ biomass (dry basis) bumed, respectively. The EF ranged between 4 and
68 g kg™ for PM, 5 and between 5 and 72 g kg™ (dry basis) for PM;o For THC, EF reached values up to 28 g
kg (dry basis). Levoglucosan was always present at higher concentrations than those of galactosan and

mannosan.
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1 INTRODUCTION

Wildfires are an important source of acrosol
particles and trace gases, with an important impact
on human health, visibility, biogeochemical cycles,
atmospheric chemistry, global and regional climate
[11, [2]. [31, [4]. [5]. [6]. Biomass burning emissions
depend strongly on the combustion conditions,
which are broadly classified as flaming - in which a
more complete oxidation is involved - and
smouldering [7], [8]. A complete characterisation of
these two phases is required when biomass burning
emissions are estimated.

In the Mediterrancan region, where forest fires
are highly frequent during summer, Portugal and
Spain register one of the largest number of fires in
the European region. In Portugal, where most
wildfires occur in northern and central area of the
country, wildfires destroy every year thousands of
hectares, with important losses in terms of
environmental damage, economic disruptions and
several human lives.

According to the last Portuguese National Forest
Inventory (INF) -2005/2006- of the General
Directorate of Forest Resources, a percentage of
38% of the total land of Portugal is occupied by
forest (around 3.4 millions of ha), with the major
area covered by Pinus pinaster (23%), Quercus
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suber (23%) FEucalyptus (21%) and Quercus ilex
(12%). During the period 1980-2000, the mean area
burnt by wildland fires in Portugal was higher than
90 000 ha per year. During the period 2000-2009,
this area was higher than 145 000 ha per year, with
more than 25 000 forest fires/year. In 2010 (from 1
January to 15 October), 21424 forest fires were
registered with a total of 128 842 ha destroyed [9].

When fire regimen of an area is studied, climate
and weather play a crucial role [10], [11]. Summer
heat-waves in southern Europe have become more
frequent and are forecast to increase in association
with projected global warming. Thus, the number
and severity of wildfires is projected to enhance in
the future. In this way, it is worth noting that future
area burned in Portugal is predicted to increase by
more than 450% under a CO, duplication scenario
[12].

To understand how fires influence and interact
with the Earth system, quantitative information on
wildfire emissions is required [13]. Thus, in order to
calibrate and/or validate fire modules in different
models, improvements in emissions factors (EF) for
both particles and gases are necessary [14], [15]. EF
have been estimated in some laboratory studies and
in field campaigns [16], [17], but many uncertainties
persist. Emissions from American fuels, and
savannah/grassland, tropical and extratropical forest
have been studied the most [18], [19]. Less is known
about the emissions from the significant amounts of
open biomass burning that occur in Europe [13],
[20], where the Mediterrancan area is particularly
uncovered. Only Alves et al. [21], [22], [23] have
carried out a characterization of emissions from fires
in Mediterranean ecosystems.
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This study presents a characterisation of acrosols
and trace gases cmitted during several wildfires
occurring in Portugal during summer 2010. Flaming
and smouldering emissions have been sampled and
characterised.

2 METHODOLOGY
2.1 Measurement equipment

Sequential filtration was used for collecting samples.
A tripod high volume sampler (TE-5200, Tisch
Environmental Inc.) operating at a flow of
1.13 m’min"" was used to collect sequentially, on
pre-baked quartz fibre filters, coarse (PM,510) and
fine (PM, ) smoke particles. The impaction system
for removing PM,, was designed in accordance with
the Marple and Rubow [24] theory at the University
of Aveiro. In parallel, Tedlar bags previously flushed
with N, were used for the collection of gas samples.
Pre-removal of water vapor from the air stream was
carried out in a glass U tube 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 contained a Teflon-line
diaphragm pump connected to a needled valve and a
calibrated rotameter operating at a flow rate of 1 L
min”. In order to guarantee the collection of
particles and gases at the same time and from the
same air masses, the air sample inlet was positioned
at a distance of about 6 cm from the filter holder.

The sampler was connected only when impacted
by the smoke plume. Opaque containers were used
for storing the bags after sampling, in order to
minimise U.V. radiation of samples. With the aim of
avoiding secondary reactions, the time period
between sampling an analysis was reduced as much
as possible. Filters were stored in the freezer until
analysis. After the fire periods, several Tedlar bags
were sampled at different places close to the
sampling locations in order to obtain background
levels.

2,2 Sampling points and data gathering

Fire occurrences were followed through the National
Authority for Civil Protection of Portugal web-site
(www.prociv.pt). When a wildfire relatively close to
Aveiro occurred (no more than 200 km far away),
the study team moved close to the fire location using
a four wheel drive (4x4) vehicle, to where the
measurement equipment was transported. Once we
arrived to the place, we contacted with the fire
brigade in order to inform about our presence and to
ask about a safe place for sampling. Sampling was
carried out as close as possible to the fire.

Emissions of trace gases and acrosols of a total of
eleven wildfires were sampled in summer 2010 (Fig
1). Different types of biomass burned - with

predominance of cucalyptus and pine - and
emissions from both smouldering and flaming
phases were sampled (Table 1).

2.3 Analytical methodology

The particulate matter deposited on the filters was
quantified by gravimetric analysis. Filters were
analysed by different techniques in order to
determine the concentrations of carbonaceous
content, soluble inorganic ions and organic biomass
burning tracers (levoglucosan, mannosan and
galactosan). Trace gases collected in Tedlar bags
were also analysed in order to determine the
concentration of CO, CO, and total volatile
hydrocarbons (THC).

2.3.1. Total hydrocarbons and carbon oxides

Total hydrocarbons and carbon oxides (CO, and
CO) in the Tedlar bags were measured using
automatic analyzers with flame ionization (Dyna-
FID, model SE-310) and non-dispersive infrared
(Environnement, MIR 9000) detectors, respectively.

Each gas analyser was calibrated with appropriate
gas on zero and span points. The hydrocarbon
concentrations were determined in methane-
equivalents.

2.3.2. Carbonaceous acrosols

The carbonaceous content (elemental carbon, EC,
organic carbon, OC, and total carbon, TC=OC+EC)
of particulate matter was analyzed by a thermal-
optical transmission technique [22], [25]. This
method enables the differentiation between organic
and elemental carbon thanks to an optical correction
of the pyrolyzed organic carbon (charring) which is
essential for a less-biased measurement of carbon
fractions. In each analytical run, strips representing
1/20 of the total area in the case of PM, 5 1o and two
9 mm diameter filter punches, in the case of PM; 5
samples were used. A set of field blank samples was
analyzed to apply corrections to the values obtained.
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Fig. 1. Location of wildfires during summer 2010 in
Portugal for which smoke samples have been collected.
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Table 1. Wildfires episodes over Portugal in summer 2010 for which smoke samples were obtained.

Number of
n®  Sampling locations Latitude/Longitude Altitude Date Major types of biomass samples MCE
pling g (a.s.l.) Hor typ (PM,.5tPM,,
5—10)

1 Mangualde 40°35'42"N/7°41"1 T"W 384 25 Jul.  Cytisus striatus/Pteridium aquilinum 2 0.65

Pteridium aquilinum/Agrostis/Grasses/Mixed
043145N/R09 745" R

2 Sever do Vouga 40°43'45"N/8°21'45"W 231 26 Jul. forest (Pinus pinaster and Eucalyptus globulus) 4 0.78-0.79

3 Dornelas 40°46'31"N/8°23'49"W 227 26 Jul.  Eucalyptus globulus/Furze/Grasses 2 0.87
Vineyards/Castanea sativa/Grasses/Eucalyptus

4 Rebordelo 40°59'47"N/8°25'14"W 244 27 Jul.  globulus/Pterospartum 6 0.83-0.94
tridentatum/Gorse/Ericaceae

5 Albergaria-a-Velha  40°43'01"N/8°29'07"W 173 3Aug Luealyptus globulusidcacia saligna/Pleridium 4 0.85
aquilinum

6 Fontanheiras 40°34'46"N/7°52'41"W 334 3 Aug.  Pinus pinaster 2 0.81

7 Albergaria-a-Velha  40°42'19"N/8°30'04"W 162 6 Aug ~ Limus pinaster/Bucalyptus globulus/Bush/ 2 0.89
Ericaceae and forest litter

Cho do Coto AN /Q0T] 111 a1
8 (Oliveira de Frades) 40°45'49"N/8°11'19"W 275 6 Aug.  Eucalyptus globulus and bush 2 0.79
Sobrosa oA QI /O A Pinus pinaster/Pteridium
o (S0 Pedro do Sul) A0PA6'AFIN/Z0'40"W 282 7 Aug aquilinum/Ericacea/Cistus 12 0.76-0.84
10 Junqueira 40°48'38"N/8920/3 8"V 246 11 Aug. Pir?us pinaster/Eucalyptus globulus/Cytisus 4 0.87-0.91
(Vale de Cambra) striatus

Pinus pinaster and pinea/Cytisus

11 Vila Nova de Tazem  40°30'S6"N/7°41'48"W 374 13 Aug.  striatus/Acacia saligna/Quercus suber/Rubus 12 0.64-0.84

Sfruticosus/Arbustus unedo/Olea europaea L.

MCE: Modified combustion efficiency

2.3.3. Soluble inorganic ions

The analysis of major soluble inorganic ions was
carried out by ionic chromatography in liquid phase.
The contents of small parts of the filters were
extracted ultrasonically with ultra pure Milli-Q
water. Cations (Na“, NH,", K, Mg*', Ca®") were
analysed using a CS12 (4 mm) column with a CG12
on guard. A Dionex CMMS III suppressor was used
in these analyses. For anions (CI, NOj, SO42')
determination, an AS4 (4 mm) column with a AG4
guard column were used coupled to a Dionex
AMMS 1I suppressor. For the final results blank
values were taken into account.

2.3.4. Particulate organic tracers

Concentrations of levoglucosan, galactosan and
mannosan, which are thermal degradation products
of cellulose and hemicellulose, were determined by
gas chromatography-mass spectrometry (GC-MS
from Hewlett-Packard, models 6890 and 5973,
respectively, quadrupole) with a TRB-5MS 60m x
0.25mm x 0.25 um column. Extraction and analysis
have been described in detail by Alves et al. [23]

2.4 Meteorological Analysis

Synoptic analysis (www.wetterzentrale.de) showed
the presence of high pressure affecting the Iberian
Peninsula during the period in which sampling of
wildfire plumes was carried out (from 25™ July to
13™ August 2010). The Peninsula was under the
clear influence of an Atlantic high, generating high
temperatures, a great stability and no rain. This

situation hinders the dispersive capacity of the
atmosphere. Because of the isobars configuration
and their duration, this situation is typical of Iberian
Peninsula summers.

At 850 hPa, a ridge from Africa enters warm air
to the north, affecting the whole. From 8" August, at
700 hPa, there is wetter air in some areas of the
Peninsula than around. This is the case of the center-
southern of Portugal.

At surface level, the isobars configuration,
frequently not very well defined and separated,
suggests that there is calm or the winds are weak. At
height level, it is neither possible to speak about
strong winds, except from 9" August, when the
closely spaced contours that indicate stronger wind,
touch the north of Peninsula coasts and the closely
packed isohypses enter in the Peninsula a few days
later (Fig. 2).

2,5 Emission factor (EF)
combustion efficiency (MCE)

and modified

In order to characterize emissions from forest fires,
the emissions factors have been calculated. This
parameter is defined as the amount of a compound
released per amount of dry fuel consumed,
expressed in units of g kg'. The total carbon
released is usually estimated by adding the measured
concentrations of CO, CO, THC (including
oxygenated volatile organic compounds) and total
particulate carbon (TC=OC+EC). The emission
factor can then be expressed as:

n

F = [co. T+ [co+ [rrC]= [rc]

E %Cfuel (1)
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where #n is the concentration of a given chemical
species in the smoke, [CO,], [CO], etc., arc the
concentrations of the various carbon species in the
smoke and Cj,q 1S the mass fraction of carbon in the
fuel. In this case, a fuel carbon content of 48+2%
has been estimated for dominant species in the
Portuguese forest fires [26]. Background levels have
been subtracted from measurements in the smoke
plumes.

The chemical composition of emissions and the
plume dynamics of the fire are conditioned by the
presence of flaming combustion [27], [28]. The
relative amount of flaming and smouldering
combustion in a forest fire may be described using
the modified combustion efficiency, or MCE [29]. Tt
is calculated as follows:

[co. |

MCE=1co, T+ [co]

@)

This expression is used given that >90% of the
carbon combusted in a fire is emitted in the form of
CO, and CO, and <10% of carbon is in species such
as hydrocarbons and particulate carbon. The flaming
combustion usually presents MCE values higher
than 0.90 and smouldering combustion is
characterized by MCE values lower than 0.90 [30],
[1]. MCE values lower than 0.8 are found for wet
fuels [31].

Fig. 2. Synoptic situation on 9™ August 2010 at 12 at 500 hPa, 700 hPa and 850 hPa.
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3 RESULTS AND DISCUSSION
3.1 Gaseous species

The modified combustion efficiency (MCE) ranged
between 0.94 and 0.64, with an average ratio of
0.81+0.07. The lower MCE values were due to the
discharge of water by the fire brigades. MCE and
emission factors for gasecous species have been
presented in Table 2.

The CO emission factor (EF) ranged between 67
and 383 g kg' biomass (dry basis) burned,
representing 18.4+7.1% of the carbon emitted. The
EFco obtained for wildfires in summer 2010 in
Portugal (206x79 g kg') are similar to those
obtained in 2009, with values of 231+177 g kg’
[22]. Yokelson et al. [20] report lower CO emission
factors for different biomass combusted, with mean
values of 87.1+18.2 g kg' (MCE=0.924+0.016),
79.3£18.1 gkg'  (MCE=0.930+0.016), and
103+29.3 gkg' (MCE=0.908+0.027) for tropical
forest, savanna and temperate forest, respectively.
An EFco of 459 gkg' (MCE=0.59) was measured
for feathermoss/lichen in Scotch pine forests of
Central Siberia.

The EFco, obtained for wildfires in Portugal
(2010) ranged between 1029 and a maximum of
1655 g kg biomass (dry basis) burned, representing
the most important fraction of carbon emitted
(78.34£8.1%). CO, emission factors of 1657+39.0 g
kg', 1660+39.0 g kg and 1603+64.4 g kg were
estimated by Yokelson et al. [20] for tropical forest,
savanna and temperate forest for predominant
flaming conditions. Similar values were registered
by Andreae and Merlet [32], with values of 1613+95
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g kg and 158090 g kg for savannah and tropical
forest, respectively. As expected, EFco and EFcq,
were negatively correlated (» =-0.95) (Table 3a).

In this study, total hydrocarbons represented
1.3+1.4% of the total carbon emitted. EF - reached
a maximum of 28 g kg' (dry basis). averaging
8.1£9.0 gkg'. Total hydrocarbon emission factors
ranging between 0.4-10.4 g kg” and 1.2-125 g kg
have been found by Chen et al. [31] for flaming and
smouldering combustions, respectively.

The emission factors ranges registered for the
gases studied reflect the different contribution from
flaming and smouldering combustions.

Emission factors registered in summer 2009 for
wildfires in Portugal ranged between 53-488 g kg™,
1000-1697 gkg"' and 6-350 g kg for CO, CO, and
THC, respectively [22]. In 2009, MCE values
ranged between 0.52 and 0.97 with a predominance
of smouldering combustion.

An important difference between 2009 and 2010
wildfire emissions is registered for total
hydrocarbons. The reason could be related to a
higher presence of flaming conditions in 2010.

Correlation between EFs and MCE for CO, CO,
and total wvolatile hydrocarbons have been
represented (Fig. 3). The predominance of flaming

11-14 July, 2011, Lisbon, Portugal

or smouldering phase in estimating the emission
factors is indicated by the slope of the regressions.
Positive slopes are registered when emissions are
promoted by flaming combustion, while negative
slopes suggest that emission of the species is favored
by the smouldering phase. When the steep of the
slope increases, the dependence of the type of
combustion also increases [18]. CO is a very
important parameter in the development of emission
inventories for several pollutants [22]. As expected,
EFco correlates very well with MCE (EFco=1062-
1058xMCE, r= 0.99). The negative slope indicates
that it is an indicator of smouldering combustion. On
the other hand, EF.o, shows a positive slope
(EFco,=-121+1851xMCE) given that it is emitted
mainly during flaming combustion, in which a more
complete oxidation is involved. Total hydrocarbons
don’t show a clear tendency.

3.2 Particulate matter

PM, ;5 and PM;, concentrations reached 25.2 mg m>
and 27.0 mg m>, with average values of 5.78+6.67
mg m> and 6.69+7.46 mg m>, respectively. PM, 5
constitutes an important fraction of PM,;,, with a
PM, 5/PM;,, average ratio of 0.91+0.05.

Table 2. MCE and emission factors for gases (g kg™), PM, OC and EC (for PM, 5 and PM,) for the different wildfires

studied during summer 2010 in Portugal

Forest Fire MCE €O €O, THC PMy OCeue ECeme  PMas  OChms  ECens
Mangualde 065 38323 113228 219 954 527 0.05 794 452 0.05
079 22543 132821 787 2390 1515  0.09 21.02 13.55 0.07
Sever 078 23518 134199 1533 635 1.71 0.01 436 1.52 0.01
Dornelas 087 14337 149800 365 1536 632 0.96 14.03 6.30 0.95
083 19100 142922  bdl 2250  7.46 0.89 20.12 7.00 0.87
Rebordelo 083 18053 135679  bdl 5187 3173 0.86 47.88 30.76 0.85
093 7630 162263 119  13.53 5.49 226 12.84 533 2.17
Albergaria-a-Velha  0.85 15597 137247 2533 3178 1944 040 29.65 18.90 035
Fontanheiras 081 20359 134861 2261 1240  7.86 0.13 11.37 723 0.12
Albergaria-a-Velha 0.89 11885 155214 248  9.60 381 0.08 8.20 3.46 0.08

Chéo do Coto

(Oliveirn de Fradesy 070 23581 136126 bdl 2096 731 038 19.73 701 037
077 24942 133543 646  7.10 395 0.10 6.63 379 0.10
085 17187 147773 033 630 2.99 0.08 5.83 2.84 0.08
Sobrosa 078 24054 134811 590 821 479 0.03 762 450 0.03
(Sdo Pedrodo Sul) 076 257.83 131857 620 853 5.16 0.08 7.96 488 0.08
077 25629 131641 748 846 5.50 0.03 8.07 5.29 0.03
078 24815 134739 519 464 221 0.08 430 211 0.07
Junqueira 091 10158  1570.16  bdl  16.01 794 030 14.89 755 030
(Vale de Cambra) 087 14738 151238  bdl  7.16 428 0.09 6.48 3.98 0.08
084 16870 141795 1457 2548  9.54 0.52 24.10 933 051
064 36431 102920 1170 7214 3276 1.64 67.52 31.99 1.60
Vila Nova de Tagey 08 34332 113577 bdl 4740 2112 1.13 4432 20.60 1.12
084 16663 140336 1989 1721 1042 051 16.03 9.94 0.46
078 22797 126585 2808 2447 1496 1.05 2235 13.83 0.93
084 17265  1373.08 2343 2290 1357 039 21.70 13.06 037

bdl- below detection limit
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ECpm2.5 and 1) ECpyio.

The EF ranged between 4 and 68 g kg™ for
PM., 5 and between 5 and 72 g kg™ (dry basis) for
PM10 (Table 2)

Emission factors for PM, s and PM;, presented
a significant correlation (»=1.00), but they were
negatively correlated with EF for CO, (Table 3a).
The highest emissions of particles occurred
during smouldering conditions (Fig. 3d, ¢).

The linear regression between MCE and PM;,
(Fig. 3¢) obtained in this study (EFpygo=88.7-
85.7xMCE) is in good agreement with Alves et
al.’s [22] relationship, who obtained EFpyqo=

81.4-76.6xMCE. Particle emission factors depend
on the plume dilution; at high levels of dilution,
such as in atmospheric conditions, the
concentration of semivolatile species is reduced,
shifting this material to the gas phase in order to
maintain phase equilibrium. Temperature and
background organic aecrosol concentrations are
two parameters that strongly influence the
partitioning of the emissions [33], [34].

A clear predominance of carbonaceous aerosol
was observed, with OC concentrations always
remaining higher than EC in both size ranges
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(OC/TC ratios ranged between 0.99 and 0.71 for
both sizes). OC mass fraction of PM;, ranged
between 26.8% and 65.0% with an average ratio
of 50.8+11.0%. This fraction increase when MCE
decrease, showing average ratios of 45.1£6.37%
for samples with MCE>0.90 and 51.4+11.5% for
samples with MCE<0.90. In the case of EC/PM;,,
these differences were even more pronounced.
The EC/PM;, ratios were much higher for
samples with MCE>0.90 (9.31£10.5% vs
1.78+1.45% for MCE higher and lower than 0.90,
respectively). The same behavior was observed
for the relationships between the carbonaceous
constituents and PM, ;. OC/PM,s and EC/PM, s
ratios of 52.6+10.3 and 2.43+3.28, respectively,
were obtained in the smouldering derived
samples.

Similar OC/PM, ;s ratios were obtained for
cerrado [35] and temperate forest [35] with
percentages of 57% and 50%, respectively.

11-14 July, 2011, Lisbon, Portugal

Battye and Battye [36] pointed out that the
ratio of OC to total PM,s is very similar for
smouldering and flaming conditions. Thus, OC
appears to correlate well with total PM, 5 over the
full range of combustion. In this study, a good
correlation between EFocpyns and EFpyns was
obtained (= 0.96). EF for OC and EC for both
sizes are highly correlated with EF for PM, 5 and
PM;, with r> 0.59 (Table 3a).

The concentrations of water-soluble inorganic
ions are listed in Table 4. They represented, on
average, 3.6% and 2.6% of PM,; and PM, s,
mass, respectively. Focusing on  average
concentrations, highest values are registered for
Na“, NH,", CI' and NO; for the fine fraction
(PM2_5), and K+, Mg2+, C":IZJr and 5042_ for PM2_5.1 0-
The correlations between ion mass concentrations
(ng mg"' PM) are presented in Table 3b.

Table 3. Pearson correlation coefficients (r) for a) emissions factor of gases and particles and b) ion concentrations (1Lg

mg"' PM) during wildfires in summer 2010 in Portugal

a)
CcO CO, HC PM,s PM;o OCpmio ECpmuo OCpmzs ECpm.s
Co 1.00
co, -0.95%* 1.00
HC -0.01 022 1.00
PM, s 031 -0.52**  0.10 1.00
PM;, 031 -0.52%** 010  1.00%* 1.00
OCpyo 026  -0.50* 020  0.96** 0.96%* 1.00
ECpuo -0.08 0.04 -0.03  0.60%* 0.59*%* 0.50% 1.00
OCpyps 026  -0.50%* 0.19  0.96** 0.96%* 1.00%* 0.50% 1.00
ECpys -0.08 0.04 -006  0.60%* 0.60** 0.50% 1.00%* 0.51%* 1.00
b)
Na* NH," K Mg* Ca®" Cr NOs- SO,
a) Fine fraction components
Na* 1.00
NH," -0.10 1.00
K 0.25 -0.10 1.00
Mg™* 0.14 -40% 0.65%* 1.00
Ca** -0.07 -0.53%* 0.39% 0.77%% 1.00
cr 0.05 0.75%* 0.36 -0.06 -0.40% 1.00
NO; -0.10 -0.36 0.16 0.51%* 0.57%* 0.34 1.00
SO~ 0.06 -0.26 0.39% 0.64%* 0.47% -0.02 0.74%* 1.00
b) Coarse fraction component
NH," 1.00
K 0.04 1.00
Mg* 0.45% 0.20 1.00
Ca™ -0.05 0.34 0.50%* 1.00
cr 0.40%* 0.44* 0.15 -0.28 1.00
NO5 021 -0.23 021 -0.04 -0.11 1.00
SO, 0.19 46+ 0.52%* 0.36 0.20 0.14 1.00

*Significant at the 0.05 level
*kSignificant at the 0.01 level
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Table 4. Concentration ranges (and averages) for water-soluble ions (ug mg™” PM) in smoke particles.

Wildfire Na* NH,' K' Mg* Ca® r NO; s02>
PMas bdl bdl bdl 0.80 470 bdl 151 183
Mangualde bdl 0.59 2.53 bdl bdl 8.13 bdl 3.30
411931 0.10-0.82 099336 617-667 bdl-046  1.59-2.95
Sever do Vouga PMos bdl 6.71) bdl (0.46) 2.17) (6.42) (0.23) 2.27)
Mo gl 053149 020-137  bd-117  bdl136  106-1.77 wdl 0.75-2.86
: (1.01) (0.79) (0.59) (0.68) (1.42) (1.80)
PMas 10.06 6.30 13.72 274 3.45 1475 233 553
Dornelas
PMas1o bdl 0.72 22.05 bdl 7.08 691 bdl 14.16
AL bdl-8.13  bdl-11.23 265838 147273 141-7.55 bdl-2046 2.02-12.86 6.06-6.90
Rebordelo - @.71) (5.02) (5.36) (2.02) (4.58) (8.16) (8.03) (6.49)
Mo il 069205 194578 bdl-469  bdlST75  bd781  bdl317  6.12-1147
: 1.27) (3.33) (1.56) (3.82) (2.60) (1.06) (9.39)
AL bdl-3.66 438469 522845 028097 185639 590-636 133-182 2.78-4.40
AlboaVelha - (1.83) (4.53) (6.84) (0.62) (4.12) (6.13) (1.58) (3.59)
Mo il 039080 596781 133196 362993 232292 077091 691844
- (0.60) (6.89) (1.65) (6.78) (2.62) (0.84) (7.68)
] PMa s bdl 0.79 bdl 0.48 374 bdl 0.76 0.97
Fontanheiras @ o bdl bdl 2.53 1.66 6.89 bdl bdl 3.24
PMas bdl 229 bdl 148 710 465 7.49 7.96
Alb-a-Velha bdl 0.41 125 179 6.84 2.48 3.58 8.09
Chiio do Coto PMas bdl bdl 9.19 3.80 12.50 757 491 418
(Ol de Frades)  pyp bdl 1.08 6.72 773 20.69 bdl bdl 11.05
AL bdl-22.42 4.79-1462 bd-3.45 045208 1.82-545 445-13.05 195527 2.73-4.40
Sobrosa - (10.59)  (8.67) (1.36) (0.93) (3.00) (7.66) 2.97) (3.46)
(8. Pedrodo Sul) il 089207 212456 137504 407985  bdl285 ol S2714T3
: (1.38) (3.73) (3.23) (6.61) (1.75) (9.36)
AL ol 430901 bdlT68 061165 251512 bdl-512 360374 391525
Junqueira - (6.65) (0.84) (1.13) (3.81) (2.56) (3.67) (4.58)
(V. de Cambra) il O73LIS 373391 141224 380683 bdl-121 wdl 5.02-7.11
- (0.96) (3.82) (1.83) (5.32) (0.61) (6.07)
AL bdl-4025 1743592 3.58-1138 056283 141-842 547-1844 0.71-837 2.32-5.63
- 671)  (13.18)  (7.03) (1.36) (4.53) (12.19)  (3.64) (3.96)
V. N. de Tazem
PMaers bl 054238 5401730 bdl559  421-1619  bdl-7.85 ol bdl-12.70
(1.15) (10.41) (2.56) (10.06)  (3.00) (5.83)

bdl- below detection limit

The highest levels of Mg®" and Ca*" were
registered in smoke particles from Chdo do Coto
for both fine and coarse fractions. The mass
concentrations in this smoke plume were 3.8 ug
mg” PM,sand 7.73 pg mg” PM, s, for Mg** and
12.5 pg mg"' PM,5 and 20.7 pg mg’ PM, s, for
Ca™. A significant Pearson correlation (at a
significant level of 0.01) between these two
cations was observed (=0.77 for PM,s and
=0.50 for PM2_5_10) (Table 3b)

Since there is a higher concentration in the
coarse fraction and a significant correlation
between these two ions, a possible entrainment of
soil dust is suggested.

Potassium concentrations reached values up to
13.7 pg mg” PM,5 and 22.1 ug mg"' PM, 5.1, with
mean values of 4.02+4.10 ug mg' and
5.88+5.10 ug mg’, for the fine and, coarse
particles, respectively. These concentrations
represent 0.6% of the total mass for both
fractions. Low potassium concentrations were
also registered by Alves et al., [21], [22] in 2009
wildfires in Portugal and in prescribed burnings.

A wide range of potassium emission factors was
found by Chen et al. [31] burning several
wildland fuels under laboratory conditions. Mass
percentages of potassium were higher than 20%
for sagebrush and less than 1% for certain shrubs,
grasses and softwood. Potassium shows a
significant correlation with magnesium (+=0.65)
for PM2_5.

Ammonium and chlorine, present mainly in the
fine fraction, with concentrations up to 35.92 pg
mg” and 20.46 ug mg” respectively, show a good
correlation (r=0.75) with each other in this
fraction. NH,Cl is a typical compound observed
in inorganic fine particles emitted during fires
(mainly in flaming fires) and, since it is very
soluble in water, this compound is expected to be
active as cloud condensation nuclei. Sulphate
shows mass concentrations between 0.97 and
7.96 pg mg” for PM, 5 and up to 14.7 ug mg’' for
PM; 5.10. The process responsible for the presence
of SO,~ in smoke samples can be related to the
adsorption of SO, on black carbon particles
through a catalytic effect in the gas-to-particle
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conversion of SO, to sulphate [22]. Sulphate
shows a significant correlation with magnesium
for both size fractions, with » values of 0.64 and
0.52, respectively, suggesting the presence of
these compounds in the form of magnesium
sulphate.

Sodium was below the detection limit for the
majority or the samples in both fractions. A high
concentration was registered for one of the
samples taken in Vila Nova de Tazem, in which
this cation registered a concentration higher than
40 pg mg” PM for fine fraction (PMs s).

Nitrate  concentrations ~ showed  mean
concentrations of 3.53+3.05 ug mg' PM,s and
0.32+0.93 pg mg” PM,s.,. It is likely produced
in reactions of NO, emitted during burning.
Furthermore, it has been pointed out that burning
enhances the biogenic emissions of nitric and
nitrous oxides from soil. Nitrate shows a
significant correlation (at 0.01 level) with Mg*"
and Ca®" in fine fraction, with » values of 0.51 and
0.57, respectively. This suggests that nitrate ions
could be associated with Ca*" and Mg” in the form
of Ca(NO;), and Mg(NOQs;), in the fine fraction of
aerosols.

Levoglucosan was always present at higher
concentrations than those of galactosan and
mannosan. Ratios of OC to Ilevoglucosan,
galactosan and mannosan were similar to those
registered during summer 2009 wildfires in
Portugal [23].

4 CONCLUSIONS

Trace gases and acrosol particle emissions from
several wildfires occurring in Portugal were
sampled in summer 2010. The CO and CO,
emission factors (EF) were around 67-383 and
1029-1655 g kg’ biomass (dry basis) burned,
respectively. The EF for PM; 5 and PM;, ranged
between 4 and 68 g kg’1 for PM, 5 and between 35
and 72 g kg (dry basis) for PM,, For THC, EF
reached values up to 28 g kg™ (dry basis).

PM,; constitutes an important fraction of
PM,,, with a PM,sPM,, average ratio of
0.91+0.05. A clear predominance of carbonaceous
acrosol was observed, with OC concentration
always remaining much higher than EC in both
size ranges (OC/TC ratios ranged between 0.99
and 0.71 for both sizes). The relationship between
MCE and the pollutant emission factors has been
established.

Water-soluble inorganic ions represented less
than 4% of the aerosol mass with highest values
registered for Na', NH,", CI" and NO; for fine
fraction (PM,5), and K', Mg*', Ca*" and SO, for
PM;s510. As in other studies, low potassium
concentrations were registered (up to 13.7 pg mg’'
PM).

Ratios of OC to levoglucosan, galactosan and

11-14 July, 2011, Lisbon, Portugal

mannosan were similar to those registered during
summer 2009 wildfires in Portugal.

This study is potentially useful for source
apportionment models and for evaluating, using
numerical simulations, the impact of wildfires on
the microscale to regional scale atmosphere in the
Mediterranean region, which is not well studied.
The understanding of processes that regulate
atmospheric composition during and after
wildfires is critical to the establishment of a
sustainable  development  strategy in  the
Mediterrancan region. There is an absolute need
for further field studies in order to investigate
emissions and  associated  transformation
mechanisms resulting from wildfires.
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