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• The effects of thousand folk fires on the
air quality were monitored.

• The levels of TC, major inorganic ions,
PAH, levoglucosan and K+ were mea-
sured.

• The daily concentrations of PM2.5 and
PM10 exceeded 250 and 300 μg m−3.

• The dispersion of the PM was traced in
Veneto (Italy) and neighboring regions.

• This study provides experimental data
on the biomass burning practice.
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In the Veneto Region (Po Valley, Northeastern Italy) on the eve of Epiphany, an important religious celebration,
during the night between January 5th and 6th thousands of folk fires traditionally burn wooden material. The ob-
ject of this study is to characterize the 2013 episode, bymonitoring the effects on the air quality in the region's low-
lands. The daily concentrations of PM2.5 and PM10 exceeded 250 and 300 μg m−3, respectively and the PM10 hourly
values were above 600 μg m−3 in many sites. The levels of total carbon, major inorganic ions, polycyclic aromatic
hydrocarbons and biomass burning tracers (levoglucosan and K+)weremeasured in 84 samples of PM10 and 38 of
PM2.5 collected at 32 sites between January 4th and 7th. Total carbon ranged from 11 μg m−3 before the pollution
episode to 131 μg m−3 a day afterwards, K+ from 0.6 to 5.1 μg m−3, benzo(a)pyrene from 2 to 23 ng m−3, and
levoglucosan from 0.5 to 8.3 μg m−3. The dispersion of the particulate matter was traced by analyzing the levels
of PM10 and PM2.5 in 133 and 51 sites, respectively, in the Veneto and neighboring regions. In addition to biomass
burning the formation of secondary inorganic aerosol was revealed to be a key factor on a multivariate statistical
data processing. By providing direct information on the effects of an intense and widespread biomass burning
episode in the Po Valley, this study also enables some general considerations on biomass burning practices.

© 2013 Elsevier B.V. All rights reserved.
ghts reserved.
1. Introduction

Biomass burning (BB) from natural and human-induced fires for de-
forestation, agricultural waste disposal and wood-fuel use for domestic
heating, is largely recognized as a significant global source of gaseous
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and particulate matter (PM) emissions (e.g., Crutzen and Andreae,
1990; Andreae and Merlet, 2001; Mayol-Bracero et al., 2001; Simoneit,
2002; Radzi et al., 2004; Akagi et al., 2011; Zhang et al., 2013). Its impact
on the atmospheric chemistry, regional air quality, human health, visi-
bility and climate is currently being amply discussed (Reid et al., 2005;
Gustafsson et al., 2009; Laumbach and Kipen, 2012; Keywood et al.,
2011). In particular, both wildfires during intense episodes (Saarikoski
et al., 2007; Pio et al., 2008; Alves et al., 2010; Portin et al., 2012) and do-
mestic wood burning in winter (Szidat et al., 2007; Gelencsér et al.,
2007; Caseiro et al., 2009; Piazzalunga et al., 2011; Reche et al., 2012)
have been identified asmajor sources of PMatmanyEuropean locations
that deserve more attention from the scientific community.

Nevertheless, in the Po Valley, which is recognized as having very
high levels of many air pollutants frequently breaching the European
standards for air quality (EEA, 2013), data on BB are still incomplete,
many questions are still unanswered and the debate on the use of
wood for domestic heating is still in progress in northern Italy. Recent
studies reported that wood combustion strongly contributes to the air
pollution (van Drooge and Perez Ballesta, 2009; Piazzalunga et al.,
2010, 2011; Belis et al., 2011; Perrone et al., 2012; Piazzalunga et al.,
2013) and the use of wood (i.e. logs, briquettes, chips and pellets) is be-
coming a widely used renewable alternative to methane (Pignatelli
et al., 2008; European Pellet Council, 2011; Pastorello et al., 2011). Stud-
ies on the effects of intense BB pollution episodes in the Po Valley are
still lacking.

This study aims to experimentally characterize an intense air pollu-
tion episode caused by the simultaneous burning of more than a thou-
sand folk fires in the eastern Po Valley, Veneto Region, in January
2013. The main goals are to quantify particulate pollution and charac-
terize variations in the levels of some well-known BB tracers, such
as levoglucosan, K+ and certain polycyclic aromatic hydrocarbons
(PAHs) during the period sampled. The concentration ratios between
pairs of PM-bound compounds including BB tracers are used to investi-
gate the PM composition before, during and after the event. Finally, the
dispersion of the PM pollution in the surrounding regions is examined
to assess the extent of the episode.
2. Study area and Epiphany fires

The concurrent presence of numerous emission sources and particu-
lar weather conditions that favor pollutant accumulation is responsible
for theworrying air quality in the Po Valley, especially inwinter. The an-
thropogenic pressure includes large cities separated by a continuum of
scattered urban settlements, roads with heavy traffic, industrial areas,
and farmland. The particularweather conditions are determinedmainly
by the orographic arrangement of Alps and Apennines that protect the
valley from long distancewinds and favor extended periods of low tem-
peratures, winds and mixing layers and frequent temperature inver-
sions (e.g., Tomasi, 1983; Vecchi et al., 2004, 2007; Pecorari et al., 2013).

The Veneto Region lies in the eastern Po Valley and extends over
~18.4 · 103 km2 hosting a population of ~4.9 million. Its territory
includes the northern alpine environments (29% of the total surface
area), the intermediate hill areas (15%), the heavily anthropized
plains to the south (56%) and the eastern ~95 km long coastlines
(Fig. 1). In 2011, the standards fixed by the European directives
were exceeded at many sites monitored by the Environmental
Protection Agency of Veneto (ARPAV): i.e. the annual limits for
PM10 (40 μg m−3) at 50% of the sites, the target values of PM2.5

(25 μg m−3) at 78%, the PM10-bound benzo(a)pyrene (1 ng m−3)
at 53%, the annual limit for NO2 (40 μg m−3) at 20% of the sites. At
all the stations the long-term objective for ozone for the protection
of human health (ARPAV, 2012) was critically breached. According
to data published by the European Environment Agency in the Vene-
to, at least 10–15 premature deaths per year per 10,000 population
are attributable to PM2.5 pollution (de Leeuw and Horálek, 2009). It
is therefore urgently necessary to find quick and effective solutions
to reduce the population's exposure to harmful air pollutants.

Following the popular Venetian tradition, large piles of wood
and branches are burned on the eve of Epiphany, the night of January
5th–6th . This event, called “Panevin”, “vècia” or “pìroła-pàroła” and
probably deriving from pre-Christian rites, marks the beginning of the
new year and it is celebrated regularly all over the region. In the past
small piles of wood were prepared in front of the farmhouses, recently
many local authorities, parishes and various local associations have
been organizing the event. The real number of fires in Veneto is un-
known, but it is reasonable to assume that about thousand piles are
burnt every year. The tradition is particularly strong in the provinces
of Treviso and Venice (Fig. 1).

Piles can be large in size (up to 10 m high and 4 m wide) and are
made of various wooden materials, from dry branches to green under-
brush weeds, from hardwood to chipboard and old wooden objects,
many of which may be painted, varnished or contain metal or plastic
components. In most of the Veneto, the 2013 fires started on January
5th at 18:00 local time and ended at about midnight, when the flames
died out. Because these fires are poorly controlled, the organic material
easily pyrolyzes and large amounts of soot are produced.

3. Materials and methods

3.1. Sampling

A set of 122 daily samples (38 PM2.5 and 84 PM10) was collected
simultaneously from January 4th to 7th 2013 at 32 sites in the Veneto
categorized as rural (RUR, 3 sites), suburban (SUB, 6), urban back-
grounds (URB, 14), industrial (IND, 5) and traffic hot-spots (TRA, 4).
The sampling campaign covered 6 provinces: Belluno (BL), Treviso
(TV), Vicenza (VI), Venice (VE), Padova (PD) and Rovigo (RO). At least
one site was selected as an urban background in the capital of each
province, namely sites 4, 9, 12, 17, 22 and 30 located in Belluno, Treviso,
Vicenza, Venice-Mestre, Padova and Rovigo, respectively. The siteswere
identified by a number, the initials for the province and their category.
The map of selected sites is shown in Fig. 1, while Table 1 summarizes
some of sites' characteristics. Sites are included in the monitoring net-
work of the Veneto Agency for the Environmental Control (ARPAV)
and were carefully placed in areas representative of each category. For
example, urban background sites are broadly representative of city-
wide levels of air pollutants, rural background stations are not directly
influenced by roadswith traffic and/or urban and industrial settlements.
Since the event being studied is bynature occasional, unpredictable, and
outside the authorities' control, it is impossible to know the number of
fires and whether or not they were lit in the vicinity of the sampling
sites. Furthermore, it is not obvious that inside the cities more fires
were burnt than in suburban or rural areas. The purpose of this study
is to describe the episode on a large regional scale and therefore the
sampling sites should be considered representing a portion of territory
rather than a specific category.

3.2. Experimental

Samplings (24-h starting at 0:00 local time) were carried out ac-
cording to the EN 14907:2005 (CEN, 2005a) and EN 12341:1998
(CEN, 1998) standards for PM2.5 and PM10, respectively, using
47 mm Ø quartz fiber filters (Whatman QMA, GE Healthcare). PMx

masses were measured gravimetrically after conditioning at 20 ± 1 °C
and 50 ± 5% relative humidity for 48 h. Some samples were also tested
automatically using samplers based on the beta gauge method. Valida-
tion experiments were conducted on the gravimetric and automatic
procedures before the sampling campaign. In addition, several tests
were also performed routinely (at least 1 test everyweek) to keep a con-
stant check on the automatic samplers. Pairs of filters were measured
with both methods and the results were checked to ensure they were



Fig. 1. Study area. Provinces of Veneto: BL = Belluno; TV = Treviso; VI = Vicenza; VE = Venice; PD = Padova; RO = Rovigo. Major cities of the Po Valley used for the MLRA are also
shown: BO = Bologna; MO = Modena; MI = Milan.
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within the variation margins imposed by the technical protocols
adopted in UNI EN 12341:2001. There was a generally good agree-
ment between the two methods. Each sampled filter was punched
in 3 circular subsamples (diameter: 16 mm), that were stored in
the dark at −20 °C to prevent any photochemical reactions, evapo-
rative losses or biological processes.

The first subsample was analyzed to quantify the total carbon
(TC) content using a Shimadzu (Japan) TOC-V CPH coupled with a
SSM-5000Amodule. TCwas quantified by a catalyzed oxidative conver-
sion to CO2 at 900 °C, then analyzed with a NDIR detector. Anhydrous
D(+)glucose (Carlo Erba, ACS)was used as a standard to test the linear-
ity and calibrate the instrumental responses. The quality and accuracy of
the quantitative analyses were checked by analyzing the NIST SRM
1649a. A 6.4% relative uncertainty was estimated for this method in
accordance with the UNI ISO 3534-1 norm.

The second subsample was ultrasonically extracted with 20 mL
MilliQ water (Millipore, USA) in capped vials maintained in the ultra-
sonic bath for 20 min at a temperature b30 °C to avoid evaporation or
nitrate artifact formation. Resulting solutions were then filtered using
0.45 μm PTFE membranes and injected into two ion chromatographic
systems using conductivity detection (Metrohm, Switzerland) to quan-
tify the concentrations of five anions (F−, Cl−, NO3

−, PO4
3−, SO4

2−) and
five cations (Na+, NH4

+, K+, Mg2+, Ca2+). Anions were separated on a
Metrosep A Supp 7-250/4.0 column applying a isocratic eluent flow
(0.8 mL min−1) of 360 mM Na2CO3 (Sigma-Aldrich, ACS ≥ 99.8%).
Cations were measured using a Metrosep C 3-150/4.0 column and a
1 mL min−1 isocraticflowof 3 mMultrapureHNO3 (Fluka, TraceSELECT,
≥69%). Single-ionic standards were used to test the linearity and cali-
brate the instrumental responses. A routine analytical check was made
by using certified liquid standards (Fluka, TraceCERT) diluted in MilliQ
water. The relative standard deviation of repeated analyses was b5%
for each ion.

The third subsamplewas ultrasonically extracted for 15 min in 5 mL
of acetonitrile (Sigma-Aldrich, HPLC grade ≥99.9%) and filtered with
0.2 μm porosity PTFE membranes. An aliquot (5 μL) was injected into
a 2695 series Alliance HPLC (Waters, USA) interfaced with a 2475
multi λ fluorescence detector for the determination of eight polycyclic
aromatic hydrocarbons (PAHs) selected from the EPA list for being
mostly in the PM phase: benz(a)anthracene (BaA), chrysene (Chry),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)
pyrene (BaP), indeno(1,2,3-c,d)pyrene (IP), dibenzo(a,h)anthracene
(DBahA) and benzo(g,h,i)perylene (BghiP). HPLC set-up was: RP chro-
matographic column (Supelco, LC-PAH 15 cm × 3 mm, 5 μm) at a tem-
perature of 25 °C, mobile phase consisting in a variable mixture
of ultrapure H2O and acetonitrile at a flow rate of 0.5 mL min−1. A refer-
ence material (PAH mixture, Ultra Scientific) was used to test the
linearity and calibrate the instrumental responses. The analytical quality
was routinely checked by analyzing theNIST SRM1648b. The relative un-
certainty, at 95% confidence level, calculated according to EN 15549:2008
(CEN, 2008), was ±11% for B(a)P; similar uncertainties were calculated
for other PAHs determined with the same technique in accordance with
the ISO 16362:2005 (ISO, 2005). Some additional information about
the adopted analytical methods is provided as SI, Table 1.

The remaining aliquot of the filter was treated with the Supelco
derivatizing solution BSA + TMCS + TMSI 3:2:3 (Sylon BTZ) for
30 min at 70 °C. After 2 min, 1 mL MilliQ water and 1 mL hexane
(Fluka, for residue analysis ≥99%) were added to complete the extrac-
tion and to eliminate the excess of silanizing agent. The hexane fraction



Table 1
Characteristics of the selected sapling sites. ID refers to the site number used in the text. Categorization: RUR = rural background; SUB = suburban background; URB = urban back-
ground; IND = industrial; TRA = traffic hot-spot. Latitude (Nord) and longitude (East) are in WGS84.

ID Province Site name Category Longitude Latitude Daily PM samples Other automatic measurements

1 BL Cencenighe Agordino SUB 11.968 46.350 PM10 –

2 BL Area feltrina SUB 11.905 46.030 PM2.5, PM10 NO, NO2, NOx, O3

3 BL Cesiomaggiore-Busche SUB 11.986 46.042 PM10 Benzene, O3

4 BL Belluno-Centro URB 12.218 46.143 PM2.5, PM10 CO, NO, NO2, NOx, O3,SO2

5 TV Mansué RUR 12.510 45.837 PM2.5 NO, NO2, NOx, O3

6 TV Pieve di Soligo SUB 12.162 45.916 PM10 –

7 TV Vittorio Veneto URB 12.302 45.986 PM10 CO, NO, NO2, NOx, O3,SO2

8 TV Conegliano URB 12.307 45.890 PM2.5 NO, NO2, NOx, O3

9 TV Treviso-Via Lanceri Novara URB 12.238 45.672 PM10 NO, NO2, NOx, O3,SO2

10 TV Treviso-Porta San Tommaso TRA 12.251 45.670 PM10 –

11 VI Schio URB 11.368 45.714 PM10 CO, NO, NO2, NOx, O3,SO2

12 VI Vicenza-Quartiere Italia URB 11.539 45.560 PM2.5 NO, NO2, NOx, O3

13 VI Vicenza-Ferrovieri URB 11.524 45.539 PM10 CO, NO, NO2, NOx, O3

14 VI Vicenza-San Felice TRA 11.533 45.545 PM10 CO, NO, NO2, NOx,SO2

15 VE Portogruaro-Summaga SUB 12.799 45.777 PM10 –

16 VE Portogruaro-Via Manzoni URB 12.854 45.775 PM10 –

17 VE Mestre-Parco Bissuola URB 12.261 45.498 PM2.5, PM10 Benz, NO, NO2, NOx, O3,SO2

18 VE Mestre-Via Beccaria URB 12.221 45.470 PM10 NO, NO2, NOx

19 VE Spinea URB 12.150 45.488 PM10 Benzene, CO, NO, NO2, NOx, O3,SO2

20 VE Malcontenta IND 12.209 45.435 PM2.5, PM10 CO, NO, NO2, NOx, SO2

21 PD Santa Giustina in Colle RUR 11.909 45.594 PM10 CO, NO, NO2, NOx, O3

22 PD Padova-Mandria URB 11.841 45.371 PM2.5 CO, NO, NO2, NOx, O3,SO2

23 PD Rubano-Via Strasburgo URB 11.794 45.429 PM2.5 CO, NO, NO2, NOx, O3,SO2

24 PD Rubano-Via Rossi TRA 11.788 45.426 PM10 CO, NO, NO2, NOx, O3,SO2

25 PD Padova-Industrial 1 IND 11.909 45.395 PM2.5, PM10 CO, NO, NO2, NOx, O3,SO2

26 PD Padova-Industrial 2 IND 11.907 45.415 PM2.5, PM10 CO, NO, NO2, NOx, O3,SO2

27 PD Monselice IND 11.737 45.246 PM10 –

28 RO Badia Polesine RUR 11.554 45.103 PM10 CO, NO, NO2, NOx, O3,SO2

29 RO Trecenta SUB 11.467 45.030 PM10 CO, NO, NO2, NOx, O3,SO2

30 RO Rovigo-Borsea URB 11.790 45.039 PM10 NO, NO2, NOx, O3

31 RO Rovigo-Largo Martiri TRA 11.782 45.074 PM2.5 Benzene, CO, NO, NO2, NOx, O3,SO2

32 RO Porto Viro-Porto Levante IND 12.364 45.049 PM10 Benzene, CO, NO, NO2, NOx, O3,SO2
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was then analyzed on a GC–MS Trace DSQ (Thermo, USA) using a
Restek Rxi-5Sil MS capillary column (30 m × 0.25 mm inner
diameter, 0.25-μm film thickness) to quantify the methyl derivative of
the monosaccharide levoglucosan (1,6-anhydro-β,D-glucopyranose),
which is a well-known marker of hemicellulose pyrolysis (Shafizadeh,
1968; Simoneit, 2002) and is widely used as a BB tracer (e.g., Fine
et al., 2001; Puxbaum et al., 2007; Mazzoleni et al., 2007; Caseiro et al.,
2009). Pure levoglucosan (Sigma-Aldrich, 99%) was used to calibrate
the instrumental responses; sedoheptulose anhydride monohydrate
(Sigma-Aldrich, N99%)was used as an internal standard. The repeatabil-
ity relative standard deviation of levoglucosan determinationwas b12%.

3.3. Automatic measurements

At a number of selected sites, other chemical parameters were auto-
matically determined on an hourly or bihourly basis using standard
methods: EN 14626:2012 for CO (CEN, 2012a); EN 14211:2012 for
NO, NO2, NOx (CEN, 2012b); EN 14212:2012 for SO2 (CEN, 2012c);
EN 14625:2012 for O3 (CEN, 2012d); EN 14662-3:2005 for benzene
(CEN, 2005b); PM10 and PM2.5 were quantified with automatic beta
gauge samplers. A comprehensive list of the parameters measured at
each site is provided in Table 1.

3.4. Meteorological data

Weather data on a regional scale including wind vectors, surface
pressures, Pasquill stability classes, air temperatures at ground and
planetary boundary layer heights were obtained from the GDAS1
archive at the Air Resources Laboratory (NOAA, USA). Details of the
model adopted are reported elsewhere (NCEP, 2013).Maps ofmeteoro-
logical parameters were computed using the web-based ‘archived
model graphics’ on the NOAA/READY website (http://www.ready.
noaa.gov, Rolph, 2013). Forward air mass trajectories were simulated
during the hours affected by the BB episode using the NOAA/ARL
HYSPLIT version 4 model (Draxler and Rolph, 2013) and the NCEP/
NCAR Reanalysis data. The HYSPLIT setup was: 48 h forward trajectory,
starting height at 200 m agl, i.e. within the mixing layer. On a local-
scale, micro-meteorological data (air temperature, solar radiation,
relative humidity, atmospheric pressure, precipitation and the average
speeds of prevailing winds) were recorded by ARPAV as close as possi-
ble to the sampling sites using automatic instruments.
4. Results and discussion

4.1. Weather conditions

Meteorological conditions had a key role in the accumulation/
removal/dispersion of air pollutants during the study period.
GDAS1 data generally showed high pressures (average 1022 hPa in
the plain area), low prevailing wind regimes at ground blowing from
N–NW, typical wintertime air temperatures ranging from ~1 °C at
night-time to ~7 °C in daylight hours and no precipitation events. The
height of the planetary boundary layer, a key parameter defining the
volume of air in the lower troposphere potentially involved in the dilu-
tion of pollutants emitted at ground, never exceeded 250–300 m with
the lowest levels during the night in the southwestern part of the
region. The Pasquill classes, which provide an estimation of the atmo-
spheric stability, were steadily neutral. Meteograms and maps of
winds, surface temperatures, and mixing layer heights are provided as
SI, Figs. 1–4. On a local-scale, weather conditions were confirmed by
experimental data collected near the sampling sites: air temperatures
in the plain were within the normal ranges recorded in January with
daily averages from 2 to 7 °C and atmospheric circulation generally
characterized by slowwinds (daily averages of ~1 m s−1) (SI Figs. 5–6).

All the weather conditions suggested a limited dispersion power of
the atmosphere during the study period and therefore the possible

http://www.ready.noaa.gov)
http://www.ready.noaa.gov)
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Fig. 2. a) Hourly concentrations of PM10 recorded in RUR and URB sites in the provinces of TV and VE and (b) hourly concentrations of benzene in Venice-Mestre (site 17, URB) and Rovigo (site 31, TRA). The hours of folk fire burning are
also highlighted.
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Table 2
Statistics (mean, minimum, maximum) of PM2.5, PM10 and their analyzed components for the whole region. Data are grouped by province.

Date PM(x) F– Cl– NO3
– PO4

3– SO4
2– Na+ NH4

+ K+ Mg2+ Ca2+ Σions TC Levoglucosan BaA Chry BbF BkF BaP DBahA BghiP IP Σ8PAHs

μg m–3 ng m–3

04/01/2013 PM2.5 Mean 56 0.1 0.5 9.8 0.3 1.9 0.5 3.0 1.2 0.1 0.3 18 20 1.6 2.6 4.2 4.6 2.1 5.0 0.3 3.7 3.8 26
Minimum 33 0.1 0.1 2.9 0.2 0.6 0.4 0.7 0.7 0.1 0.3 7 14 0.8 1.6 2.7 2.7 1.2 2.6 0.2 2.1 1.2 15
Maximum 71 0.2 0.8 18.6 0.5 3.3 1.0 6.2 1.8 0.3 0.6 30 29 2.7 4.4 6.1 6.5 3.1 7.5 0.5 5.3 6.4 39

PM10 Mean 64 0.1 0.6 10.8 0.3 2.1 0.5 2.9 1.2 0.1 0.8 19 20 1.1 2.9 4.4 4.5 2.2 4.6 0.6 3.4 4.1 27
Minimum 15 0.1 0.1 0.5 0.2 0.7 0.4 0.1 0.5 0.1 0.3 3 9 0.5 0.7 1.4 2.0 0.9 1.6 0.1 0.3 2.1 10
Maximum 95 0.2 1.9 18.8 0.5 4.2 1.0 6.0 2.3 0.3 3.2 31 33 1.7 8.0 10.7 10.2 5.0 11.5 5.5 7.8 9.1 63

05/01/2013 PM2.5 Mean 83 0.1 0.8 12.8 0.3 2.7 0.5 4.3 1.6 0.1 0.3 23 31 1.8 4.9 7.1 7.1 3.2 7.7 0.5 5.5 6.3 42
Minimum 30 0.1 0.1 3.1 0.2 0.6 0.4 0.6 0.9 0.1 0.3 7 15 0.9 1.8 3.3 3.5 1.5 3.0 0.2 2.7 2.4 19
Maximum 134 0.2 1.6 19.3 0.5 4.1 1.0 6.3 2.3 0.3 0.6 33 55 2.9 12.2 12.4 11.2 5.0 13.3 0.8 8.8 10.6 72

PM10 Mean 99 0.1 1.1 13.9 0.3 3.3 0.5 4.1 1.8 0.1 0.6 27 35 2.2 4.9 8.2 7.3 3.3 8.0 0.5 5.7 6.8 45
Minimum 6 0.1 0.1 0.2 0.2 0.3 0.4 0.1 b0.1 0.1 0.3 2 4 0.8 0.6 0.7 0.9 0.5 1.0 0.2 0.8 0.4 5
Maximum 166 0.2 2.2 19.6 0.5 7.4 1.0 6.3 2.8 0.3 2.6 53 64 3.7 11.4 20.1 13.2 6.2 16.6 0.9 10.3 12.9 91

06/01/2013 PM2.5 Mean 149 0.1 2.2 15.3 0.3 3.7 0.5 5.5 2.6 0.1 0.3 31 60 3.0 9.1 14.0 10.9 4.7 11.2 0.7 7.8 8.6 67
Minimum 22 0.1 0.1 1.8 0.2 0.3 0.4 0.2 0.5 0.1 0.3 4 11 1.1 1.1 2.1 2.5 1.2 2.6 0.2 2.1 1.0 13
Maximum 263 0.2 6.1 23.3 0.5 7.3 1.0 9.8 4.0 0.3 0.6 49 113 6.3 24.3 24.2 19.7 8.1 22.1 1.2 12.9 16.2 129

PM10 Mean 177 0.1 2.6 16.4 0.3 4.9 0.6 5.7 2.9 0.2 0.6 35 70 3.5 9.8 16.9 11.7 4.9 12.0 0.7 8.0 9.7 74
Minimum 14 0.1 0.1 0.2 0.2 0.6 0.4 0.1 0.2 0.1 0.3 5 6 0.2 0.9 1.4 1.6 0.8 1.7 0.1 1.4 0.7 9
Maximum 313 0.3 5.7 24.0 0.5 9.4 1.0 9.5 5.1 0.3 2.3 63 131 8.3 22.5 37.4 21.5 8.9 23.3 1.3 14.2 18.1 143

07/01/2013 PM2.5 Mean 68 0.1 0.7 10.5 0.3 2.5 0.6 3.8 1.2 0.1 0.3 20 25 1.0 2.4 4.4 4.3 1.9 4.1 0.3 3.3 3.8 24
Minimum 26 b0.1 0.1 3.1 0.2 0.6 0.4 0.7 0.5 b0.1 0.3 6 13 0.4 1.1 2.1 2.5 1.0 1.8 0.1 2.0 2.2 14
Maximum 115 0.2 1.7 16.7 1.0 4.5 1.6 6.3 2.1 0.3 0.6 32 46 1.7 5.0 9.2 7.4 3.0 6.8 0.4 4.9 6.0 43

PM10 Mean 80 0.1 1.3 12.4 0.3 3.0 0.7 4.3 1.2 0.1 0.5 24 26 1.2 2.5 4.5 4.2 1.9 3.9 0.4 3.2 3.8 24
Minimum 20 0.1 0.1 0.4 0.2 0.7 0.4 0.1 0.3 0.1 0.3 5 7 0.3 0.3 0.6 1.7 0.8 1.1 0.1 0.1 1.4 11
Maximum 144 0.2 4.9 18.2 0.5 4.8 1.9 6.8 2.1 0.3 1.9 38 48 2.2 6.0 10.0 8.2 3.5 8.0 2.4 5.8 6.7 49
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accumulation of pollutants emitted by the burning fires. The prevalence
of light winds from the N–NW also indicated a southward slow move-
ment of polluted air masses. In most sites the relative humidity
exceeded 90% (SI Fig. 7), creating favorable conditions for the formation
of secondary ammonium nitrate (Squizzato et al., 2013).

Some additional parameters were also recorded to account for po-
tential photo-, thermo-, and chemical oxidation in the atmosphere of
organic compounds, such as PAHs (Arey and Atkinson, 2003) and
levoglucosan (Hennigan et al., 2010): temperatures were relatively
low, solar radiation reached hourly peaks of 330 W m−2, O3 and NO2

levels never exceeded 60 μg m−3 (SI Figs. 8 and 9). On this basis, the
processes leading to the destruction and oxidation of PM-bound
organics were estimated to be negligible during the study period.
4.2. Short-term effects

The effects of the fires became evident shortly after the piles were lit.
Fig. 2a shows the hourly concentrations of PM10 recorded in RUR and
URB sites in the TV and VE districts. The rapid increase in the PM levels
on January 5th at 19:00was evident,with values reaching~700 μg m−3,
i.e. up to 7 times above the levels recorded before the episode and ~18
times higher than the annual average concentration. The PM10 concen-
trations remained very high for almost a day (~20 h), until January 6th
at 15:00, when they dropped to levels similar to those recorded before
the fires were lit.

Automatic samplings have also measured significant increases in
benzene in conjunction with the event (Fig. 2b): concentrations of
Fig. 3.Daily distributions of PM2.5, PM10 and PM10-bound compounds recorded in the 6 province
are the medians, whiskers are the non-outlier ranges; dots are outliers. Note that box-plots o
nitrate, sulfate and ammonium.
30 μg m−3 were recorded in Venice-Mestre, i.e. 7 times the levels com-
monly recorded in January. This benzene production from biomass
combustions has been reported by numerous authors: e.g., Koppmann
et al., 2005; Muhle et al., 2007; Akagi et al., 2011; Lewis et al., 2013. It
is worth noting that the levels of benzene measured in Venice-Mestre
were recorded in the hours immediately after the fire event (simulta-
neously with the PM10 peaks), whereas the highest values measured
in Rovigo (approximately 60 km SW) were observed on January 7th
at around 7:00, i.e. about 12 h after thefires. Although there is noofficial
census of the fires, and virtually any town, village, parish, farmhouse or
single house can burn their own fire, without any control by the author-
ities, it is well known that this tradition is very strong in the VE and TV
districts. So, we can reasonably assume that the peak in Rovigo was the
result of the dispersion of benzene produced in the districts of Venice
and Treviso, located upwind in the north-east, where more fires were
probably lit. This is consistent with the hypothesized movement of air
masses southwards due to the slow winds recorded and provides a
first important indication on the pollutant dispersion. Increases in
other gaseous pollutants measured (CO, NOx, SO2, ozone) were not so
evident (data provided as SI, Figs. 8–11).
4.3. Overview on PM2.5 and PM10 pollution

Table 2 summarizes some statistics (mean, minimum, maxi-
mum) of the compounds analyzed for the whole region, while the
daily distributions of PM2.5 and PM10 recorded all over the study
area are shown as boxplots in Fig. 3. On a regional-scale, PM2.5
s investigated in this study. Boxes represent the 25–75 percentile ranges, the internal lines
f January 6 are highlighted with a texture. SIA = secondary inorganic aerosol, i.e. sum of
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concentrations varied between 22 and 263 μg m−3 with the lowest
level in the districts of BL (range 22–46 μg m−3) and the highest in
TV (42–263 μg m−3). Similarly, PM10 levels ranged from 6 to
313 μg m−3 with the highest concentrations in the provinces of
VE and TV and the lowest in BL. Results also show an evident in-
crease in the levels of both PM2.5 and PM10 on January 6th, with
concentrations up to 4 times higher than those on January 4th. By
applying the nonparametric Kruskal–Wallis analysis of variance
by ranks, the increase in PM2.5 and PM10 during the study period
was generally significant (p b 0.05) for January 6th in all provinces
except BL, where no significant differences were found. The tradi-
tion of burning Epiphany fires is less widespread in mountain com-
munities and the effects are consequently lower. The pollution
event was recorded in the lowlands (VE, TV), while no significantly
abnormal concentrations were found in the alpine valleys of the
province of BL, located upwind from TV and VE.

Masiol et al. (2013) recently reported that PM10 and PAH air pollu-
tion is quasi-uniformly in the Veneto and showed that the levels of
these pollutants correlate well at most sites and in particular in the
urban and suburban background sites of this study with other similar
sites and demonstrated that PMx levels have similar patterns in most
of the Po Valley. Based on this evidence, a preliminary investigation
was carried out to see if PMx levels followed similar spatial variations
over the whole Po Valley. This was done by correlating PM2.5 and
PM10 concentrations measured in the Veneto and in various other
sites in the neighboring regions of the Po Valley (Lombardy, Emilia-
Romagna, Friuli-Venezia Giulia). For the purpose of this study, the
data considered covered the cold season (November 2012–February
2013, ~120 days), but outliers, including the period of study, were re-
moved. The results (SI Table 4) reveal significant (p b 0.05) correlations
between urban and suburban background sites used in this study and
other similar sites and demonstrate that PMx levels have similar pat-
terns in most of the Po Valley. The increases in the levels of PM2.5 and
PM10 during the episode were then assessed by reconstructing the
values of atmospheric particulate matter without the lighting of fires.
The estimation was performed for the province capitals or, if not avail-
able, for other major cities through a multiple linear regression analysis
(MLRA) using each time the PMx data of a city in Veneto as dependent
variable and PMx data of some similar stations located in neighboring
regions not affected by the pollution episode as independent variables.
The sites used as independent variables for PM2.5 include urban back-
grounds in major cities of the Po Valley (Bologna, Modena, Milan) plus
a site in the BL province, which was not affected by the episode. For
PM10, another site in the city of Udine was added. Results are given
as SI Fig. 12 and show that the increases in PM2.5 concentrations
(ΔPM2.5) in the major cities of Veneto on January 6th were as follows
(increase ± MLRA standard error): Conegliano (site 8, URB, 105 ±
13 μg m−3); Vicenza (site 12, URB, 91 ± 12 μg m−3); Venice-Mestre
(site 17, URB, 235 ± 48 μg m−3); Padova (site 22, URB, 148 ±
16 μg m−3); Rovigo (site 31, TRA, 158 ± 13 μg m−3). The increases
in PM10 (ΔPM10) were: Treviso (site 9, TV, 152 ± 20 μg m−3), Vicenza
(site 14, TRA, 66 ± 10 μg m−3), Venice-Mestre (site 18, URB, 202 ±
17 μg m−3), Padova (134 ± 27 μg m−3) and Rovigo (site 30, URB,
113 ± 12 μg m−3).

Although the sampling sites are not the same for PM10 and PM2.5, SI
Fig. 12 also suggests that the increases in particulate matter pollution
were generally higher for the fine fraction than for PM10. As expected,
the greatest increases were recorded in the provinces of TV and VE.
The ΔPMx values estimated for January 4th were around zero at all the
sites, while the highest ΔPMx levels were always found on January
6th, followed by January 5th. On January 7th, the ΔPMx values were
low again (~0) at many sites, showing that the effect of the pollution
had almost disappeared, whereas in Venice-Mestre and Padova the
ΔPMx remained significantly elevated. A more complete discussion on
the dispersion of pollutants over the days following the event is provid-
ed further on.
4.4. Chemical speciation

Results of the PM10 chemical speciation are given as boxplots in
Fig. 3, while Table 2 summarizes some statistics (mean,minimum,max-
imum) for the whole region. The chemical compositions of PM2.5 show
very similar patterns. In the BL province, which was not affected by the
pollution episode, TC was themain PM componentwith concentrations
varying from 11 to 21 μg m−3 (47–53% of the total particulate mass)
and from 4 to 23 μg m−3 (34–66%) in PM2.5 and PM10 samples, respec-
tively. The sums of the inorganic ions analyzed in both fractions were in
the range 4–12 μg m−3 (19–30%) and 2–12 μg m−3 (20–37%), respec-
tively, and mainly consisted of nitrate, sulfate and ammonium.
Levoglucosan and K+ were in the range 0.4–1.3 μg m−3 and 0.5–
1.1 μg m−3 in PM2.5 and PM10, respectively. BaP varied from 2.6 to
8.1 ng m−3 and the sum of all analyzed PAH congeners (Σ8PAHs)
ranged from 13 to 40 ng m−3. As for the particulate matter, no signifi-
cant build-up of TC, ions and BB tracers was recorded in the province
of BL during the episode. In contrast, a slight decrease of the concentra-
tions of the PM components was noted precisely on January 6th.

In all the remaining provinces affected by the event, the mass con-
centrations of TC, K+, Cl−, PAHs and levoglucosan were very high
between January 5th and 6th. In particular, the highest values of TC
were attained in the province of Venice (peak of 131 μg m−3), K+

(5.1 μg m−3), Cl− (6.1 μg m−3), levoglucosan (8 μg m−3), BaP
(23 ng m−3) and Σ8PAHs (143 ng m−3). As shown in Fig. 3, during
the episode, in the provinces of TV and VE the most relevant increases
in TC, K+, Cl−, levoglucosan and PAH concentrations were observed,
whereas the province of RO recorded the highest levels of secondary in-
organic aerosol (SIA) components, i.e. the sum of nitrate, sulfate and
ammonium.

The effects of the episode on the major PM components were iden-
tified by applying the Kruskal–Wallis analysis of variance to the whole
PM10 dataset for the sites in the Po Valley (except for the province of
BL). TC, K+, Cl−, levoglucosan, Σ8PAHs and SIAwere significantly higher
(p b 0.05) on January 6th than on the other days. Despite the apparent
increase in all BB tracers during the episode, the relative percentages of
themajor PM components did not differ markedly during the study pe-
riod, however, as it emerged from the analyses of the average chemical
compositions of both PM10 and PM2.5 (Fig. 4 and SI Fig. 13, respectively).
The unaccounted masses were obtained as the difference in concentra-
tion between the experimentally measured PMx and the sum of the
chemical component analyzed. Other TC components were then com-
puted as the difference between the concentrations of TC and the sum
of levoglucosan and Σ8PAHs. Other ions include F−, Cl−, PO4

3−, Na+,
Mg2+ and Ca2+.

TC was generally themain component of PM2.5 during the study pe-
riod in all the provinces (SI Fig. 13), with percentages ranging from 27%
to 53% (average 37%), followed by nitrate (6%–26%, average 15%), am-
monium (2%–9%, average 5%) and sulfate (2%–5%, average 3%); SIA
thus accounted for 10%–39%, average 24%. These values appear in line
with those reported elsewhere for the Po Valley, e.g., Lombardy
(Lonati et al., 2007; Perrone et al., 2012), Piedmont (Piazzalunga et al.,
2013) and Veneto (Squizzato et al., 2012). From a spatial point of
view, TC generally accounted for the highest proportion of PM2.5 in
the province of BL (47%), followed by VE (40%), TV (37%), PD and RO
(34%) and VI (33%). SIA compounds followed the order: VI (30%) N RO
(29%) N VE (26%) N PD (25%) N TV (17%) N BL (15%). Results clearly in-
dicate that the TC content in PM2.5 decreases slightly from themountain
valleys to the Po Valley floor and from the coastal to the continental
environments.

As for the chemical composition of PM10, results were similar to
those of PM2.5 (Fig. 4). TC was generally the main PM10 constituent in
the study period in all the provinces, with percentages ranging from
24% to 47% (average 35%), followed by SIA (11%–37%, average 21%),
with the following components: NO3

− (7%–25%, average 14%); NH4
+

(2%–8%, average 4%); SO4
2− (2%–5%, average 3%). Results seem similar



BL

TV

BL

VE

PD

RO

Fig. 4. Average chemical compositions of PM2.5 in Veneto. Main pie charts refer to the PM2.5 bulk composition and include: total carbon (black); nitrate (green); sulfate (yellow); ammo-
nium (red); K+ (violet); others ions, i.e. F−, Cl−, PO4

3−, Na+, Mg2+ and Ca2+. Secondary pie charts refer to the total carbon component and include: levoglucosan (pink); Σ8PAHs
(dark blue) and other TC components computed as the difference between TC and the sum of levoglucosan and Σ8PAHs concentrations. Note that no data are available for January 6 in
the province of VE.

557M. Masiol et al. / Science of the Total Environment 473–474 (2014) 549–564
to PM2.5 in terms of spatial distribution,with TCgenerally accounting for
themost PM10 in the province of BL (43%), followed by VE and TV (37%),
PD (35%), RO and VI (29%). SIA followed the order: RO (31%) N VI
(26%) N PD (23%) N VE (17%) N TV and BL (15%).

In fact, the SIA components increased unexpectedly during the study
period, as no concurrent rises in the levels of the precursor gases (NO,
NO2, NOx and SO2) were detected during the event, even though these
are reportedly often emitted during open and domestic BB (Akagi
et al., 2011). A possible explanation should be sought in the SIA nucle-
ation mechanisms. Kleeman et al. (1999) reported that the particle
mass distributions from various wood smoke sources have a single
mode that peaks at approximately 100–200 nm and these primary par-
ticles are expected to increase their hygroscopic properties with aging
(Martin et al., 2013). Soot emitted from the fires, as well as other
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Fig. 5. Average PAH profiles (percent contribution of each analyzed congener to Σ8PAHs). Data refer to both PM2.5 and PM10 samples and are grouped by provinces and days.
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combustion by-products, could act as condensation nuclei resulting in
particles coated with sulfate and nitrate secondary aerosols. This as-
sumption is further supported by the subsequent source apportionment
analysis.

4.5. PAHs

PAHs are mainly produced by incomplete combustion and pyrolysis
of organic material and are human carcinogens graded as known (BaP),
probable (DBahA) or possible (BaA, Chry, BbF, BkF, IP) (IARC, 2010). They
reached worrying levels during the event: on January 6th BaP reached
the highest concentration of 23.3 and 21.1 ng m−3 in the provinces of
VE and TV, while the Σ8PAHs levels were 143 and 129 ng m−3. Fig. 5
shows the PAH profiles (percent contribution of each congener
analyzed to Σ8PAHs). The profiles generally show very similar percent-
ages of congeners between the provinces, as recently reported in other
studies on theVeneto (Masiol et al., 2013). Themost abundant congener
on a regional scale was chrysene (18%), followed by BaP, BbBF (17%), IP
(15%), BghiP (13%), BaA (11%) and DBahA (1%). In the province of BL,
which was not affected by the event, the profiles maintained constant
proportions during the study period. In contrast, significant increases
in the percentages of the two lighter congeners (BaA and Chry)were re-
corded in all the other provinces,with increases of up to 8% for chrysene
and up to 5% for BaA from January 4th to January 6th. These results seem
to confirmpreviousfindings in Veneto identifying the lighter PM-bound
congeners as being emitted by domestic heating, including wood com-
bustion (Masiol et al., 2012).

4.6. PMx source apportionment

To detect the main PMx sources on a regional level, the PM2.5 and
PM10 datasets were used as input for two Varimax rotated factor analy-
ses. The datasets include 8 variables (the main compounds analyzed)
and 38 and 84 cases, respectively, (samples collected at all sites and
on all days). Since levoglucosan and PAHs form part of the TC, they
have a non-linearly independent relationship, so a new TC variable
was computed for use in the factor analysis by subtracting the masses
of these organic species. The results were very similar and are shown
in Table 3. Two factors with eigenvalues N1 were extracted for both
PM2.5 and PM10 explaining 90% and92%of the total variance, respective-
ly. The first factor (49% and 55% of the total variance, respectively)
mainly links (loadings N0.6) Cl−, K+, TC, levoglucosan and Σ8PAHs
and secondarily (loadings 0.4–0.6) SO4

2−: It clearly reflects the typical
BB fingerprint. Since nitrates, sulfates and ammonium are also emitted
as primary species from wood combustion (e.g., McDonald et al.,
2000), their moderate positive loadings in this factor are not surprising.
However, it was reported that those ions are not the major compounds
in wood smoke and their importance as primary species from wood
combustion is limited compared to the carbon species (Schmidl et al.,
2008). Moreover, as hygroscopic properties of wood burning emissions
increase with aging (e.g., Heringa et al., 2011; Martin et al., 2013), there
Table 3
Results of the Varimax rotated factor analyses on PM2.5 (left) and PM10 (right) datasets.
Most significant factor loading (N0.6) are in bold, loadings ranging from 0.4 to 0.6 are in
italic.

PM2.5 Factor 1 Factor 2 PM10 Factor 1 Factor 2

Cl− 0.75 0.54 Cl− 0.77 0.45
NO3

− 0.22 0.94 NO3
− 0.27 0.93

SO4
2− 0.38 0.82 SO4

2− 0.58 0.75
NH4

+ 0.25 0.95 NH4
+ 0.20 0.97

K+ 0.81 0.55 K+ 0.85 0.45
TC 0.87 0.41 TC 0.92 0.35
Levoglucosan 0.89 0.12 Levoglucosan 0.91 0.20
Σ8PAHs 0.94 0.23 Σ8PAHs 0.96 0.16
Total var. (%) 49 41 Total var. (%) 55 37
Cum. var. (%) 49 90 Cum. var. (%) 55 92
may be an uptake of inorganic salts on pre-existing soot particles when
particles become more oxidized. This was particularly evident for
sulfates and sulfuric acid, which commonly coated the soot particles
(e.g., Adachi and Buseck, 2008; Adachi et al., 2010). The second factor
(41% and 37%, respectively) is composed mainly of SIA components
(NO3

−, SO4
2−, NH4

+) and associated with the formation of ammonium
sulfate and ammonium nitrate starting from well known precursor
gases, i.e. NH3, SO2 and NOx. The presence of significant loadings of
potassium in this factor can be accounted for by the formation of
mixed salts through heterogeneous reactions: this is particularly evi-
dent during brown-haze events, where K-rich particles are recognized
as one of the most abundant inorganic aerosol constituents (Li et al.,
2010) and are regarded as tracers of biomass burning emissions (Reid
et al., 2005; Adachi and Buseck, 2008). The moderate positive loadings
of TC and Σ8PAHs in this factor may be due to the secondary organic
aerosol condensation on salt particles (e.g., Hallquist et al., 2009) and
the subsequent uptake of semi-volatile organic compounds, such as
PAHs, driven by the dilution effect (Lipsky and Robinson, 2006;
Donahue et al., 2006). Then the source contributions to the PM10 mass
was quantified by applying a MLRA, using PM10 as the dependent vari-
able and the absolute factor scores as independent variables. This source
apportionmentmethod is described elsewhere (Thurston and Spengler,
1985). A very high coefficient of adjusted multiple determination
(R2

adj = 0.97) was obtained between the measured and modeled
PM10 data, demonstrating the applicability of the analysis. Results
arranged by province and day are shown in Fig. 6. Results for BL confirm
that no differences in PM10 compositionwere detectable during the pol-
lution event. The direct effects of BB emissions were mainly evident for
VE and TV: the daily increases in BB mass in VE were +27 μg m−3 and
+118 μg m−3 for January 5th and 6th, respectively, while in TV they
were +84 and +37 μg m−3. Increases in BB for VI, PD and RO were
only seen on January 6th (+35, +85 and +74 μg m−3, respectively).
The other source was dominant in RO and VI throughout the study
period and moderate to large increases in its mass on January 6th
were observed in all the provinces, except for VE. Results confirm that
direct BB emissions were the main sources responsible for much of
the particulate mass in TV and VE, where more fires were burned,
whereas secondary components accounted for most of PM masses in
the other provinces.

4.7. Relationships linking the chemical species

Although factor analyses clearly show a component linked to the BB
emissions, the relationships between their tracers were investigated in
more detail: the scatterplots in Fig. 7 show pairs of relationships be-
tween the main components of factor 1 and factor 2 in both PM2.5 and
PM10 samples. The coefficients of determination (R sq) describing how
well the regression lines or curves fit the set of data are also provided
in Fig. 7 and demonstrate the goodness of the fits. All the BB tracers
showed strong linear or exponential relationships with one another
and with the PM masses.

Although the highest values of all the chemical species in factor 1
(left) were recorded on January 5th and 6th (triangles and dots, respec-
tively), it is noteworthy that their ratios remained almost constant
throughout the study period. This result was already apparent from
the chemical speciation (Fig. 4 and SI Fig. 13) and confirms that the av-
erage relative chemical composition of the PMwas not modified by the
emissions from thefires. Another intriguingfinding is that no significant
changes in the relationship between the chemical species were seen in
the whole region during the pollution episode, showing that the aver-
age composition of PMx in the Veneto is almost constant and uniform
both on the days affected by the pollution event and on the previous
ones.

The ratios between the SIA components (upper right) are also
shown in Fig. 7 and highlight the significant relationship between
ammonium and the sulfate + nitrate equivalents (R sq = 0.93). Since
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Fig. 7. Pairs of scatter plots between PMx, TC and biomass burning tracers. Data of PMx, TC, K+ and levoglucosan are in μg m−3, Σ8PAHs in ng m−3, ammonium and sulfate + nitrate in
neq m−3. Squares refer to samples collected on January 4th, triangles on January 5th, dots on January 6th and crosses on January 7th. R sq is the squared coefficient of determination
obtained for the fitted curves.
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ammonium is recognized as the main limiting ion for SIA generation
(Erisman and Schaap, 2004) and the regression slope was ~1, these
results indicate that NH4

+ almost completely neutralizes SO4
2− and

NO3
− throughout the region.

4.8. Pollutant dispersion and its effects in the Po Valley

Due to the weather conditions during the event, i.e. the no rainfall,
slow winds and low mixing heights, the effect of the fires could be
expected to be recorded in the neighboring regions too. The levels of
PM2.5 and PM10measured at 51 and 133 sites, respectively in theVeneto
(16 and 41 sites, respectively), Lombardy (13 and 35), Emilia Romagna
(22 and 42) and Friuli Venezia Giulia (none and 15) were used to ascer-
tain the pollutant dispersion and its effects in the Po Valley. Data were
provided by the local environmental agencies, obtained fromboth auto-
matic and manual sampling stations. Since the sole purpose of this data
processing was to describe the extent of the pollution episode's effects
on air quality over a very wide area, no distinction was drawn for the
site categories. An exhaustive list of the sampling stations used is
given in SI Tables 2 and 3. Data were then spatially interpolated
using the inverse distance weighting method (IDW, power: 2, n. of
points: 5) method and the results are shown in Fig. 8 (PM10) and SI
Fig. 14 (PM2.5).

Maps for January 4th show relatively uniform concentrations of both
PM2.5 and PM10 throughout the Po Valley, with slightly higher values
measured over the Milan metropolitan area and some provinces of
Veneto (TV, VE, PD, VR): PM2.5 concentrations ranged between 60 and
80 μg m−3 and PM10 between 80 and 100 μg m−3. The effect of the
fires was clearly apparent on January 5th, when evident increases in
PMx levels were recorded over the TV and VE provinces (PM2.5 and
PM10 levels N 100 μg m−3). In the other areas of the Po Valley, PMx

concentrations remained similar to the previous day. On January 6th
the pollution event reached the highest levels, in boththe extent and
concentrations: PM2.5 reached 263 μg m−3 in the TV province and
levels above 100 μg m−3 in large part of the Veneto and in the northern
areas of Emilia-Romagna. Similarly, PM10 reached the highest con-
centrations in Marcon, a village between the VE and TV provinces
(316 μg m−3), Venice-Mestre (313 μg m−3) and Treviso (273 μg m−3).
PM10 data are also available for the Friuli Venezia Giulia region, where
very high values were measured at the stations closer to the Veneto,
e.g. Brugnera (264 μg m−3). PM10 concentrations above 100 μg m−3

were also measured in Lombardy. On January 7th, a general marked



Fig. 8. Results of the spatial interpolation for PM10.
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decrease in the concentrationswas observed, although PM2.5 levels above
100 μg m−3 were recorded in the province of VR and PM10 levels be-
tween 100 and 200 μg m−3 in the provinces of VE, PD and TV and on
the border between Veneto and Lombardy.

Finally, the HYSPLITmodel was used to simulate the potential trans-
port pathway of the pollution event. The 48 h forward simulationswere
computed every 2 h from January 5th at 18:00 UTC to January 6th at
15:00 UTC, i.e. the period with the highest hourly PM10 levels. Results
are given in SI Fig. 15 as a frequency plot and show that the most
frequent trajectories moved to the south-east. This shows that the
decrease in the levels of particulate air pollution after the episode
could be due to the advection of the polluted air masses towards the
Adriatic Sea: on January 7th, the PM2.5 and PM10 returned to low levels
in most of the Veneto Region.
5. Conclusions

Awidespread and intense air pollution event in the eastern Po Valley
was monitored and the main results can be summarized as follows:

• The effects of folk fires were recorded shortly after the piles were lit
and caused a very sharp increase in PM10 concentrations for a ~20 h
period, then concentrations fell to the levels recorded before the
fires were lit;

• The pollution event was only detected in the lowlands, while the
lighting of fires did not generate abnormal concentrations in the
alpine valleys;

• The increased levels of PM2.5 and PM10 pollution due to the fires were
estimated in major cities using a multiple linear regression analysis.

image of Fig.�8
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Results show increases of daily particulate matter ranging from 90 to
235 μg m−3 of PM2.5 and from 65 to 200 μg m−3 of PM10 in the
lowland territories on January 6th;

• Multivariate source apportionment revealed that biomass burning
was a dominant PM source over all the region, mainly in VE and TV
provinces;

• PM, total carbon, PAHs and the biomass burning tracers correlated
very well throughout the territory and most of the sampling stations
showed very similar ratios even they were located in environments
of different category. It can be concluded that the biomass burning
pollution affected similarly all the lowland parts of the region;

• As expected, the concentrations of typical biomass burning tracers sig-
nificantly increased at all sites of the Po Valley on January 6th, but a
significant simultaneous increase in secondary inorganic components
has been detected. Emissions of primary soot particles and byproducts
of wood combustion during the event probably acted as condensation
nuclei for secondary processes. That is why the episode contributed to
raising of PMx levels both directly and indirectly, by providing con-
densation nuclei for the formation of ammonium nitrate and ammo-
nium sulfate aerosols.

• Pollutant dispersion during the study period was assessed by analyz-
ing the PM2.5 and PM10 concentrations at various sites in the Po Valley.
Results show that the effects of the episode were recorded in most of
northern Italy and forward trajectory analysis also showed that the
pollution plume moved towards the Adriatic Sea.
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