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This work provides evidence for the existence of strong seasonality in homogeneous and heterogeneous aerosol
formation in a subtropical region affected by agricultural biomass burning. Acquisitions of aerosol size distribu-
tionsweremade in central São Paulo State between August 2011 and November 2012, using a scanningmobility
particle sizer (SMPS) system.Aerosolswere also collectedusing a high volume impactor for analysis ofmajor ions
in the b0.49 μm size fraction. The SMPS data were grouped into three size fractions: b25 nm, 25–100 nm, and
100–615 nm, which were used to represent the nucleation, Aitken, and lower accumulation mode size ranges,
respectively. Different aerosol types and atmospheric conditions were shown to influence the relative contribu-
tions of the different aerosol size fractions and their interrelationships. The total number concentrations of particles
in the nucleation size range varied between 4.03 × 10−3 and 5.18 × 104 cm−3, concentrations in the Aitken size
range varied between 1.60 × 101 and 3.17 × 104 cm−3, and concentrations in the accumulation size range varied
between 0.00 and 6.67 × 103 cm−3. Distinct seasonal differences in particle formation were observed, with evi-
dence for the preferential occurrence of homogeneous nucleation during the wetter summer months and hetero-
geneous nucleation during the winter when there were strong emissions from biomass burning. Homogeneous
nucleation of newparticleswas inhibited in thewinter, due to the greater surface area of existing aerosols available
for the uptakeof reactive gases. Consequently, the nucleation andAitkenmodeswere favored in thewet (summer)
anddry (winter biomass burning) periods, respectively. The accumulationmode showed peaks in the summerand
winter, which could be explained by hygroscopic particle growth and heterogeneous reactions, respectively.
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1. Introduction

The relevance and role of atmospheric aerosols in the ambient envi-
ronment are scientifically well established. Aerosols affect visibility and
air quality, and have impacts on human health (Singh and Dey, 2012;
Lei and Wuebbles, 2013; Kan et al., 2012). The particles can act as
cloud condensation nuclei and also modify the heat transfer properties
of the atmosphere, with consequent changes in cloud formation pro-
cesses and alteration of rainfall patterns (Rosenfeld et al., 2008). The de-
position of aerosols onto terrestrial and oceanic surfaces can increase
the availability of nutrients and other species, and hence affect the bio-
geochemical cycles of various elements (Andreae and Crutzen, 1997). It
is therefore essential to understand the mechanisms of formation of
aerosols, as well as their subsequent behavior in the environment.

In the atmosphere, the formation of ultrafine particles can proceed
according to either homogeneous or heterogeneous mechanisms. Ho-
mogeneous nucleation occurs when low vapor pressure gas phasemol-
ecules condense to form extremely small new particles, and is favored
by low concentrations of existing particles. Examples of substances
that can undergo homogeneous nucleation processes are sulfuric acid
(H2SO4) and the oxidation products of hydrocarbons released into the
atmosphere fromnatural and anthropogenic sources. In contrast, hetero-
geneous nucleation proceeds by condensation ofmolecules onto existing
small particles, so that the latter grow in size. It is generally accepted that
nucleation mode particles originate from homogeneous nucleation,
while Aitken mode particles originate from the growth of nucleation
mode particles by heterogeneous nucleation (Kulmala, 2003).

The aerosols observed in the atmosphere are the result of earlier
emissions and/or in situ formation and growth, and the particles are
eventually removed by deposition (Kulmala et al., 2004; Holmes,
2007; Allen et al., 2010). Secondary aerosols are formed by nucleation
through a number of different mechanisms. The formation rates of
new particles have been explained using the processes of ion-induced
nucleation, binary nucleation (involving water and sulfuric acid), and
ternary nucleation (sulfuric acid–ammonia–water) (Kulmala et al.,
2000; Hegg et al., 1990; Korhonen et al., 1999; Laakso et al., 2002;
Kulmala et al., 2013). Ternary nucleation yields thermodynamically sta-
ble clusters 1–3 nm in size. These particles growdue to coagulationwith
other particles, or by condensation of gas phase species, at a rate that is
dependent on factors includingparticle size, chemical composition, con-
centration, and temperature (Vuollekoski et al., 2010). Studies of the
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smallest nucleation mode particles have been restricted to a few re-
gions. For example, Kulmala et al. (2013) observed aerosol nucleation
in a remote forest in Finland, using new analytical tools. However, infor-
mation is lacking concerning the mechanisms of aerosol nucleation in
many global regions.

Despite the increasing number of studies, understanding of particle
formation and growth is largely limited to modeling exercises, rather
than experimental observations (Holmes, 2007). Most of the available
instrumentation is only able to detect particles larger than 3 nm,
which means that it is difficult to characterize the earlier stages of par-
ticle nucleation. It is possible that a reservoir of undetectable particles
exists at all times in the atmosphere (Holmes, 2007). Furthermore, for
many regions there is little information concerning the chemical com-
position of the finest atmospheric particles, often related to the fact
that chemical methods require aminimum amount of material for anal-
ysis. The lack of chemical data is another limitation to understanding
nucleation processes and the initial growth of particles.

Inmany regionsworldwide, biomass burning is amajor contributor to
the atmospheric aerosol (Ichoku et al., 2012; Zhao et al., 2015; Zhu et al.,
2016). The atmosphere of the region studied here is affected by wide-
spread emissions from the burning of sugar cane, themost important ag-
ricultural crop, which for many years has had a dominant influence on
aerosol chemistry during the winter dry (burning) season (Allen et al.,
2004; Allen et al., 2010; Da Rocha et al., 2005; Urban et al., 2016).

In the present work, continuous measurements of aerosol number
size distributions was used together with determinations of the chemi-
cal composition of the particles andmeteorological parameters in order
to understand themain factors affecting aerosol formation in a subtrop-
ical region affected by emissions from biomass burning and industrial-
ized agriculture.

2. Experimental

2.1. Ground-based measurements

Measurements were made between August 2011 and November
2012 on the campus of São Paulo State University, in a rural location
~4 km southwest of the town of Araraquara (site coordinates: 21° 48′
Fig. 1. Location of the measureme
50.3″ S; 48° 12′ 07.2″ W; 658 m above sea level). Equipment was
installed on the roof of a building at ~5 m above the ground (Fig. 1).
To the south of the site there was a clear fetch of N30 km over sugar
cane plantations. To the northeast were the UNESP campus and the
Araraquara urban area.

The aerosol instrumentation comprised an electrostatic aerosol clas-
sifier (TSI Model 3080L) connected to a condensation particle counter
(TSI Model 3775), operated in scanning mobility particle sizer (SMPS)
configuration. Ambient aerosols were conveyed directly to the SMPS
inlet through a short (60 cm) length of 8 mm i.d. copper tubing. Particle
number concentrations in the size range 14.6–615.3 nm (selected using
an impactor attached to the inlet of the instrument) were continuously
recorded as 2-minute averages (acquired every 10 min). In the follow-
ing discussion, the terms “nucleation”, “Aitken”, and “accumulation”
refer to particles with diameters b25 nm, 25–100 nm, and 100–
615.3 nm, respectively.

Seasonal differences in particle number concentrations were deter-
mined for the period starting in the winter of 2011 (dry period) and
ending in the spring of 2012 (at the start of the rainy period). The sea-
sons considered were: winter 2011 (August 11 to September 23);
spring 2011 (September 23 to December 22); summer 2011/2012 (De-
cember 22, 2011 to March 20, 2012); autumn 2012 (March 20 to June
20); winter 2012 (June 20 to September 22); spring 2012 (September
22 to November 31).

2.2. Bulk aerosol sampling

Bulk aerosols were collected on a fortnightly basis using a high-
volume sampler (Model TE-5000, Tisch Environmental), operated at a
flow rate of 1140 L min−1, onto glass fiber filters (Whatman,
25.2 × 20.2 cm). The filters were used as received,without any pretreat-
ment. Size-resolved samples for chemical analysis were collected using
a six-stage (including backupfilter) cascade impactor, with aerodynam-
ic cutoffs for the individual stages of 7.2, 3.0, 1.5, 0.95, and 0.49 μm. The
exposed filters were folded in half, wrapped in aluminum foil, and
stored in plastic bags at 22 °C for no longer than threemonths, until an-
alyzed. In this work, only the fraction corresponding to particles in the
size range b 0.49 μm was used.
nt site (A) in São Paulo State.
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2.3. Measurements of NO2 and O3

Continuous measurements of O3 and NOx were carried out using
Thermo Environment 49i and 42i instruments. The data were recorded
every 10 min using a Campbell CR1000 datalogger.
2.4. Detection of agricultural fires

An indication of the intensity of biomass burning in São Paulo State
was obtained from the monthly total number of fire foci detected by
sensors on board the EOS, NOAA, GOES, and MSG satellites (historical
data available at http://sigma.cptec.inpe.br/queimadas). These data pro-
vided an indication of relative fire frequency (not the absolute numbers
of fires). The numbers of fires detected in São Paulo State in the years
2011 and 2012 are shown in Fig. 2.
2.5. Air mass trajectories

Backward air mass trajectories were calculated using the United
States National Oceanic and Atmospheric Administration (NOAA)
HYSPLIT 4 model (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory 4). The 24-h back-trajectories arrived at a height of 500 m above
the ground.
2.6. Meteorological conditions

Themeteorology of the study region is characterized by distinct sea-
sonal differences. Summers are hot (average temperature of 29.6 °C)
with frequent rainfall (average of 234.3 mm) and intense insolation.
In winter, temperatures are lower (average 26.1 °C), precipitation is
low (average of 30.5 mm), and humidity decreases, especially during
the daytime (http://www.cepagri.unicamp.br/). The dry winter condi-
tions favor the build-up of particles in the atmosphere (Allen et al.,
2004). In the case of the intermediate seasons, autumn is usually drier
than spring (average precipitation of 50.1 and 154.4 mm, respectively).

The sampling site on the Araraquara campus of São Paulo State Uni-
versity was situated ~1 km west of the urban limit of Araraquara city,
defined by a highway that runs fromnorthwest to southeast. Air masses
arriving at the site typically pass over sugar cane plantations and cattle
pasture, as well as built-up areas and roads. In the present work, consis-
tent diurnal trends in wind direction were observed for all seasons, al-
though wind speeds were higher in winter and spring (Fig. 3). The
average diurnal trends in the intensity of solar radiation were similar
Fig. 2. Numbers of fire foci detected in São Paulo State for the years 2011 and 2012.
for all seasons, with the exception of autumn 2012, when cloud cover
and humidity were higher (Fig. 3).

In the study region, themain agricultural activity is the cultivation of
sugar cane to produce sugar and ethanol biofuel, with the climatic con-
ditions ensuring high crop productivity. The rainy period (summer) fa-
vors growth of the plants and is when most fertilizer applications are
made, which increases emissions of reduced and oxidized gaseous com-
pounds of nitrogen (Allen et al., 2004; Machado et al., 2008).

The sugar cane is harvested between April and November, using
both mechanized and manual methods. In 2012, 72.60% of the cane
was harvested mechanically (UNICA, 2013). In areas where the manual
technique is employed, the agricultural practice requires previous burn-
ing of the sugar cane straw (outer leaves) in order to eliminate venom-
ous animals and improve the efficiency ofmanual cutting and transport.
The burning practice results in emissions to the atmosphere of large
quantities of gases and particles, and both harvestingmethods are asso-
ciated with substantial emissions of soil dusts (Da Rocha et al., 2003;
Allen et al., 2004).

3. Results and discussion

3.1. Seasonal variability of aerosol number size distributions

During themeasurement period, the total number concentrations of
particles in the nucleation size range varied between 4.03 × 10−3 and
5.18 × 104 cm−3, concentrations in the Aitken size range varied be-
tween 1.60 × 101 and 3.17 × 104 cm−3, and concentrations in the accu-
mulation size range varied between 0.00 and 6.67 × 103 cm−3.

The average aerosol number size distributions determined for the
spring of 2011, the summer of 2011/2012, and the autumn of 2012
showed that the numbers of particles in the nucleation size range
exceeded the number of Aitken mode particles. In contrast, during the
winter periods, the opposite behavior was observed, with the Aitken
mode predominating (Fig. 4).

The number concentrations of nucleation mode particles increased
in the summer, reaching a maximum in 2012. This suggested that con-
ditions during the summer favored the homogeneous nucleation of new
particles. The accumulation mode showed a maximum in the summer
in 2012 and in the winter (2012). The first of these could be explained
by greater hygroscopic particle growth in summer, as reported previ-
ously (Caetano-Silva et al., 2013), and the second by greater particle for-
mation due to heterogeneous reactions in thewinter. Seasonal trends of
the Aitken mode particle number concentrations were less clear, al-
though there was evidence of both summer and winter maximum in
number concentrations.

The processes of particle nucleation and growth therefore varied
during the course of the year, with the nucleation and Aitken modes
being favored in the wet (summer) and dry (biomass burning) periods,
respectively. Atmospheric conditions during the summer enabled sub-
stantial new particle formation, which was lower during the intermedi-
ate periods (spring and autumn) and was largely replaced by the
growth of existing particles in the winter.

The particle number size distributions obtained for the different sea-
sons are shown in Fig. 5. Previous work has shown that during the win-
ter biomass burning period, large quantities of primary aerosols are
emitted to the atmosphere, while at the same time there are strong
emissions of reactive gases such as HNO3, SO2, NO2, NH3, and organic
acids (Allen et al., 2004; Da Rocha et al., 2005). Thefindings therefore in-
dicate that these primary aerosols, together with any secondary aero-
sols formed, were able to absorb reactive gas phase species, which
then became unavailable for the formation of new particles. This mech-
anism is able to explain the predominance of the Aitken mode in the
aerosol number size distribution in the dry (sugar cane burning) season,
since this mode is known to arise from processes of gas condensation
(Kulmala et al., 2000). In contrast, during summer, the much smaller
quantity of primary aerosols enabled the nucleation of new secondary
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Fig. 3.Meteorological conditions for the different seasons studied: (a) wind direction; (b) wind speed; (c) solar radiation flux; (d) relative humidity.
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particles due to gas phase reactions, because there was a much smaller
surface area of existing aerosols available for gas absorption. The more
humid conditions during the summer should also have favored the nu-
cleation of newparticles (Jaecker-Voirol andMirabel, 1989) and the sta-
bilization of condensed compounds such as NH4NO3(s, aq) or NH4Cl(s, aq)
(Stelson and Seinfeld, 1982; Pio and Harrison, 1987), for which the del-
iquescence relative humidities (at 298 °C) are 61.8 and 80.0%, respec-
tively (Seinfeld and Pandis, 1998). Such conditions often occur during
the daytime in summer, but not in winter.

Fig. 6 shows the ratios of the number concentrations of aerosols in
the three size ranges for the period between August 2011 and Novem-
ber 2012, based on monthly average concentrations, revealing the con-
sistently higher contribution of the nucleation mode particles during
the summer period. Previous work has shown that this could be attrib-
uted to lower concentrations of aerosols in larger size fractions (up to
10 μm) and higher humidity during the rainy season favoring the nucle-
ation of new particles (Da Rocha et al., 2005; Allen et al., 2004;
Caetano-Silva et al., 2013).
Fig. 4. Mean monthly aerosol number concentrations in the nucleation, Aitken, and
accumulation size ranges for the period August 2011–November 2012.
3.2. Diurnal cycles in particle concentrations

Higher average aerosol concentrations were observed at night than
during the day, especially in the case of the smallest particles (Fig. 7).
Possible explanations include: (a) reduced boundary layer depth at
night, leading to the build-up of aerosols within a smaller atmospheric
volume; (b) increased emissions from sugar cane burning, which nor-
mally occurs at night; and (c) growth of aerosols from smaller sizes
into the measurable range.

Overall aerosol number concentrations were higher in the Aitken
mode, compared to the nucleation and accumulationmodes. Higher av-
erage number concentrations of nucleation and accumulation mode
particleswere obtained (throughout theday) for the summerperiod, al-
though this was not observed for the Aitkenmode. The greatest diurnal
variability in number concentrationswas observed for the Aitkenmode,
followed by the accumulation and nucleation mode particles. Nonethe-
less, generally similar diurnal trends were found for all particles sizes
and all seasons.
Fig. 5. Particle number size distributions according to season.



Fig. 6. Monthly ratios of the number concentrations of aerosols in three size ranges. AT:
Aitken; ACC: accumulation; NU: nucleation.

98 M.L. Souza et al. / Atmospheric Research 183 (2017) 94–103
Previous work found that diurnal changes in the depth of the plane-
tary boundary layer of the study regionwere unable to explain themag-
nitude of the differences in aerosol number concentrations observed for
daytime and nighttime periods (Caetano-Silva et al., 2013). The possi-
bility that the diurnal trends observed in the present work were associ-
ated with biomass burning emissions was investigated using data for
periods with or without evidence of major fires. During the period 3–4
June 2012, no fires were detected in the region. However, the ratios be-
tween nighttime maximum and daytime minimum aerosol number
concentrations were similar to those observed during the remainder
of June, when fires were frequently detected (Fig. 8). This suggests
that freshly emitted biomass burning aerosols were not responsible
for the observed diurnal trends, which were therefore probably due to
the hygroscopic growth of existing particles into the detectable size
range, as reported previously by Caetano-Silva et al. (2013).

Therewas evidence of nighttime sources of particles, because peaks in
the number concentrations did not follow the same trend as RH, andwere
Fig. 7. Diurnal variation in aerosol number concentrations according to size fractio
therefore not caused by hygroscopic growth of existing particles into the
detectable size range at higher humidity (Fig. 9). An interesting feature
was that although the concentrations ofNO2 andparticle numbers tended
to follow similar general trends, the peaks observed for the particle num-
bers andNO2were frequently asynchronous, with anNO2 peak preceding
a particle peak by up to several tens of minutes, and vice versa (Fig. 9). In
contrast, synchronous inverse correlationwasobservedbetweenNO2 and
ozone, due to rapid titration of NO. These findings suggest that the aero-
sols and gas phase oxides of nitrogen (NOx) were not necessarily derived
from the same sources, fromwhich it can be inferred that secondary aero-
sol formation caused the observed peaks in particle number concentra-
tions. Given the ubiquitous presence of biogenic and anthropogenic
volatile (or semivolatile) hydrocarbons in the atmosphere of the study re-
gion (Allen et al., 2004), a plausiblemodel describing the observed trends
in particle number concentrations is the formation of condensable species
(such as carbonyls and carboxylic acids) by reactions between hydrocar-
bons and radicals produced during reactions involving ozone and NOx.

The data illustrated in Fig. 9 indicate that particle formation events
mainly (but not exclusively) occurred during the nighttime, as well as
at dawn, when the onset of photochemistry (shown by the increase in
the ozone concentration)was accompanied by substantial peaks in par-
ticle number concentrations. Subsequent to the dawn events, particle
concentrations decreased substantially, especially during the summer
under cleaner atmospheric conditions, indicating depletion of the
main particle precursor compounds (hydrocarbons). Under polluted
conditions, there was almost complete loss of nucleation and Aitken
mode particles during the afternoon, while there was a persistence of
accumulation mode aerosols, which were therefore able to grow by
gas condensation and the aggregation of smaller particles (Fig. 9a).

An important point is that ozone was never fully depleted at night,
and was therefore available to participate in heterogeneous reactions as
well as reactions leading to the formation of radicals capable of reacting
with hydrocarbons in the gas phase. During the winter period, with in-
tense daytime photochemistry associated with the emissions from bio-
mass burning, ozone levels were much higher than during the summer,
and nighttime ozone concentrations rarely decreased to below 10 ppb.
n and season: (a) nucleation mode; (b) Aitken mode; (c) accumulation mode.



Fig. 8. Ratios between nighttime maximum and daytime minimum aerosol number
concentrations for the month of June 2012.
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NO2 concentrations were much lower during the daytime, due to
photochemical HNO3 production (Eqs. 1a and 1b). In addition, turbulent
mixing and expansion of the boundary layer caused by strong insolation
during the daytime has been estimated to dilute the concentrations of
trace components (gases and aerosols) in the lower troposphere of
the study region by approximately 60% (Caetano-Silva et al., 2013;
Urban et al., 2012).

3.3. Anthropogenic and other factors affecting aerosol size distributions

The study region is characterized by the existence of distinct wet
(summer) and dry (winter) seasons, with emissions from biomass
burning mainly occurring during the dry period, while biogenic emis-
sions are higher during the summer (Machado et al., 2008). Emissions
from industrial, urban, and road transport sources remain essentially
constant throughout the year. All of these sources contribute to the
emission of primary particles as well as gases that are precursors to sec-
ondary aerosol species such as sulfate, nitrate, and ammonium (Allen
et al., 2008; Da Rocha et al., 2005).

It has been reported previously that nitrate and sulfate are important
secondary components of the aerosols present in the study region
(Allen et al., 2004; Da Rocha et al., 2005), and that sugar cane burning
is amajor source of gases and particles released to the atmosphere, lead-
ing to the formation of secondary gas phase species such as NO2 and O3

(Oppenheimer et al., 2004; Garcia et al., 2010). Furthermore, the use of
fertilizers in agriculture increases the emissions of nitrogen compounds
from soils, mainly in the form of nitric oxide and ammonia (Machado
et al., 2008). Reactions involving reactive gas phase nitrogen and sulfur
compounds therefore exert an important influence on particle forma-
tion in the study region. During the daytime, production of the hydroxyl
radical and its reactionwith NO2 results in nitric acid formation (Eqs. 1a
Fig. 9.Diurnal trends of particle number concentrations (in three size fractions), NO2, O3, and re
and summer were characterized by high and low ozone levels, respectively.
and 1b), while at night, nitric acid production is initiated by heteroge-
neous reaction between NO2 and O3 in aqueous particles (Eqs. 2a–2c).
Gas phase reactions involving HNO3 and ammonia then provide a
source of new particles (Eq. 3).

O3 þ hν λb320 nmð Þ þH2O→2OH� þ O2 ð1aÞ

NO2 þ OH→HNO3 ð1bÞ

NO2 þ O3→NO3
� þ O2 ð2aÞ

NO2 þNO3
�↔N2O5 ð2bÞ

N2O5 þH2O→2HNO3 ð2cÞ

NH3 gð Þ þHNO3 gð Þ↔NH4NO3 s;aqð Þ ð3Þ

Gas phase reactions of SO2 lead to the formation of condensable sul-
furic acid during the daytime (Eqs. 4a–4c), while aqueous phase reac-
tions predominate at night (Eqs. 5a–5c). The sulfuric acid produced in
these reactions can then react with ammonia, mainly in the aqueous
phase (Eq. 6) (Seinfeld and Pandis, 1998).

Gas phase:

SO2 þ OH�→HOSO2 ð4aÞ

HOSO2 þ O2→HO2 þ SO3 ð4bÞ

SO3 þ 2H2O→H2SO4 þH2O ð4cÞ

Aqueous phase:

SO2 þ O3→SO3 þ O2 ð5aÞ

HSO3− þH2O2↔SO2OOH
− þH2O ð5bÞ

SO2OOH
− þ Hþ→H2SO4 ð5cÞ

Gas phase and aqueous phase:

H2SO4 þ 2NH3→ NH4ð Þ2SO4 ð6Þ

The low deliquescence points of the nitrates and sulfates formed in
these reactions result in rapid hygroscopic growth of aerosols contain-
ing secondary soluble species (Caetano-Silva et al., 2013).

The number size distributions of the aerosols differed according to
season, reflecting the fact that nucleation processes were relatively
more important in the summer, while particle growthwasmore impor-
tant in the winter. In the winter, there wasmore intense biomass burn-
ing and, therefore, higher emissions of gases such as NOx, SO2, and NH3

(especially at night, when the fires are started) as well as primary
lative humidity, on typical days during the winter (a) and summer (b) periods. Thewinter
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aerosols (from combustion and soil resuspension) (Da Rocha et al.,
2003; Machado et al., 2008; Allen et al., 2004). However, the homoge-
neous nucleation of new particles was inhibited in the winter, due to
the greater surface area of existing aerosols available for the uptake of
reactive gases.

According to the proposed model, during the daytime, high insola-
tion and the presence of NOx and volatile organic compounds (VOCs)
that had accumulated in the atmosphere during the nighttime resulted
in photochemical reactions leading to ozone production (Fig. 3). These
conditions favored new particle formation during the summer, when
abundant growth of vegetation results in higher emissions of biogenic
hydrocarbons (aerosol precursors). It has been reported previously
that the concentration of organic species not only affects nucleation ef-
ficiency, but also influences the balance between nucleation and the
growth of existing particles (O'Halloran et al., 2009), in agreement
with the seasonal differences observed in the present work. It is also
known that biomass burning in the study region is an important source
ofmany organic compounds detected in the aerosol (Urban et al., 2016).

In thewet summer season, high emissions of ammonia have been at-
tributed to the addition of nitrogen fertilizers to humid soils (Machado
et al., 2008). The ammonia released from soils could therefore react
with acidic species to form condensable salts, hence providing a source
of new particles during the daytime. This is most likely to involve the
formation of ammonium sulfate, for which partitioning to the gas
phase is negligible, rather than volatile salts such as ammonium nitrate
or ammoniumchloride, and is supported by the substantial quantities of
sulfate detected in the bulk aerosol (Fig. 10). At night, when relative hu-
midity increased, both nucleation and particle growth were observed,
with similar intensities.

In the dry season, only a weak daytime nucleation mode was ob-
served and aerosol formation was dominated by the growth of existing
particles. This could be explained by the greater quantities of aerosols of
all sizes,which favored the incorporation of gas phase compoundswith-
in the existing particles, so that only low concentrations of gases were
available for the nucleation of new particles. Given the high emissions
of nitrogen oxides at night, mainly from biomass burning as well as
fromvehicles, substantial nighttimeproduction of nitric acid is expected
from the heterogeneous hydrolysis of N2O5 initiated by NO3 radicals
(Eqs. 2a–2c) (Vrekoussis et al., 2006). This provides a source of
nitrate-containing aerosols, which can then grow in size due to the up-
take of water and the condensation of semi-volatile organic compounds
derived from the same sources (Nøjgaard et al., 2012).

3.4. Chemical analysis of soluble ions

The concentrations of soluble ionic speciesmeasured in the collected
aerosols are shown in Fig. 10. It can be clearly seen that the concentra-
tions of potassium, calcium, nitrate, and sulfate were highest during
Fig. 10. Concentrations of the ions potassium, calcium, nitrate, sulfate, and ammonium in
particles with average diameter b 0.49 μm.
the sugar cane harvest period, although seasonal differences were
greater for K+ and Ca2+ (primary emissions from biomass burning
and soil resuspension, respectively) than for NO3

− and SO4
2− (secondary

reaction products).
Previous measurements in the study region have shown that the

levels of potassium salts in the aerosols increase substantially in the
dry season, especially in particles smaller than 1 μm (Da Rocha et al.,
2005). Potassium salts have been found to act as active centers for aero-
sol growth, even in regions distant from recent biomass burning, such as
remote areas of Amazonia, resulting in particle growth at the expense of
new particle nucleation (Pöhlker et al., 2012). It is therefore likely that
similar processes occurred in the present case and contributed to the re-
moval of volatile acidic species that might otherwise have participated
in aerosol nucleation.

The influence of sugar cane fires on the concentrations of the major
species K+, NO3

−, and SO4
2− in the aerosol (b0.49 μm size fraction) can

be illustrated using the concentrationsmeasured on two days in August
2012, during thewinter. On the first day (08–09/08/2012), therewere 7
fire foci detected in the municipalities of Porto Ferreira and São Simão,
100 km upwind of the Araraquara site in a northeasterly direction
(Fig. 11a). In contrast, no fires were detected upwind of the site on
29–30/08/2012 (Fig. 11b), when air masses arrived from a southerly di-
rection. The concentration of K+ measured on the day influenced by
biomass burning was around four times higher, compared to the non-
impacted day, while the concentrations of NO3

− and SO4
2− were around

2-fold higher on the impacted day (Fig. 12).
3.5. Influence of relative humidity

The influence of relative humidity (RH) on particle formation due to
nucleation or condensation can be illustrated by the particle number
size distributions obtained for two periods in August 2012 (Fig. 13).
During the first period (05/08/2012, 20:50–05:00), RH was high, in
the range 69.6–89.4%, and total particle numbers were low. During
this period, there was clear evidence of the formation of new secondary
particles, with a pronounced nucleation mode in the size distribution
(Fig. 13a). In contrast, during the second period (08/08/2012, 20:50–
05:00), RHwas low and varied in the range 43.6–59.8%, particle number
concentrationswere higher, and the size distribution showed that aero-
sol formation was dominated by growth processes, with no evidence of
a nucleation mode (Fig. 13b).

It is unlikely that NO2 chemistry contributed to the formation of nu-
cleation mode particles on 05/08/2012, since homogeneous nucleation
involving gas phase NO2 is driven by photochemistry (Eqs. 1a–1b)
(Miyakawa et al., 2007). At night, heterogeneous processes within
aqueous aerosols are mainly responsible for the formation of nitrate
and sulfate in the aerosol phase (Eqs. 2a–2c, 5a–5c).

Nonetheless, it has been reported that nucleation of new particles is
not restricted to the daytime, and can occur at night under low conden-
sation sink conditions (Lee et al., 2008). Rissler et al. (2006) observed
higher concentrations of nucleation mode aerosols at night, compared
to the daytime, in Amazonia, where there are strong emissions of bio-
genic hydrocarbons. Lee et al. (2008) suggested that in addition to
weak condensation sinks, the presence of organic compounds could
be one factor contributing to nighttime nucleation, together with
lower temperatures. A possible explanation for the particle nucleation
observed here at night is therefore the conversion of (semi) volatile or-
ganic compounds to less volatile water-soluble forms by reactions in-
volving ozone or nitrate radicals (Lee et al., 2016; Alves et al., 2016).

Brown et al. (2006) suggested that an abundance of nitrogen and
sulfur oxides in polluted atmospheres could lead to nighttime sulfuric
acid production by reactions involving the NO3 radical and SO2. It has
also been proposed that heterogeneous aqueous phase processes
might occur in very small particles (Lee et al., 2008), enabling growth
into the size range measured in the present work.



Fig. 11.Airmass back-trajectories andwind roses for days (a)when the sampling sitewasdownwind offire foci (08–09/08/2012), and (b)whennofire fociweredetectedupwind (29–30/
08/2012).

101M.L. Souza et al. / Atmospheric Research 183 (2017) 94–103
It can be concluded from the above discussion that a low population
of existing particles and/or highwater vapor availability favored the for-
mation of newparticles, and that the possible reactions involved includ-
ed sulfuric acid formation and/or the conversion of hydrocarbons to
more soluble compounds.

During the summer, the particle size distributionswere indicative of
nucleation both at night (RH N47.2%) and during the daytime (RH
N25.7%), while a peak centered at around 80 nmshowed that condensa-
tion processesweremore intense at night than during the daytime. Typ-
ical daytime and nighttime size distributions obtained in February 2012
are illustrated in Fig. 13(c) and (d).
In winter, during the daytime (when RH was below 27.3%), only
condensational aerosol growth was observed, as illustrated in Fig. 13
(e) for two daytime periods in August 2012. This could be attributed
to the existence of a high total aerosol surface area available for the con-
densation of gas phase species, favoring this process rather than the nu-
cleation of new particles.

4. Conclusions

The findings presented in this work enable the proposal of a plau-
sible model to explain the observed trends in particle number



Fig. 12. Concentrations of K+, NO3
−, and SO4

2− on days when the sampling site was
downwind of fire foci (08–09/08/2012), and when no fire foci were detected upwind
(29–30/08/2012).
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concentrations. This is based on the formation of condensable spe-
cies resulting from reactions between hydrocarbons and radicals
produced during reactions involving ozone and NOx. According to
Fig. 13. Aerosol number size distributions measured at the Araraquara sampling site for two p
presence of nucleation and Aitken modes); (b) 20:50–05:00 08/08/2012 (RH = 43.6–59.8%
(c) and nighttime (d) in summer (February 2012), showing the presence of particles in bot
2012), showing the presence of an Aitken mode alone. The shaded areas indicate the standard
this model, during the daytime, high insolation and the presence of
NOx and volatile organic compounds (VOCs) accumulated in the at-
mosphere during the nighttime led to photochemical reactions and
ozone production. These conditions favored new particle formation
during the summer, associated with a relatively small population of
existing particles and high emissions of biogenic hydrocarbons as
aerosol precursors. In contrast, during the winter, aerosol formation
involved the condensational growth of existing particles, due to the
rapid scavenging of reactive gas phase species. Strong emissions
from biomass burning in the winter contributed to seasonal differ-
ences characterized by preferential occurrence of heterogeneous nu-
cleation during the winter and homogeneous nucleation during the
summer, associated with particles in the Aitken and nucleation size
ranges, respectively.
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; presence of Aitken mode only). Aerosol number size distributions during the daytime
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