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Abstract. This paper investigates the physical and chem-

ical characteristics of aerosols at ground level at a site

heavily impacted by biomass burning. The site is located

near Porto Velho, Rondônia, in the southwestern part of the

Brazilian Amazon rainforest, and was selected for the de-

ployment of a large suite of instruments, among them an

Aerosol Chemical Speciation Monitor. Our measurements

were made during the South American Biomass Burning

Analysis (SAMBBA) field experiment, which consisted of

a combination of aircraft and ground-based measurements

over Brazil, aimed to investigate the impacts of biomass

burning emissions on climate, air quality, and numerical

weather prediction over South America. The campaign took

place during the dry season and the transition to the wet sea-

son in September/October 2012.

During most of the campaign, the site was impacted by

regional biomass burning pollution (average CO mixing ra-

tio of 0.6 ppm), occasionally superimposed by intense (up

to 2 ppm of CO), freshly emitted biomass burning plumes.

Aerosol number concentrations ranged from∼ 1000 cm−3 to

peaks of up to 35 000 cm−3 (during biomass burning (BB)

events, corresponding to an average submicron mass mean

concentrations of 13.7 µgm−3 and peak concentrations close

to 100 µgm−3. Organic aerosol strongly dominated the sub-

micron non-refractory composition, with an average concen-

tration of 11.4 µgm−3. The inorganic species, NH4, SO4,

NO3, and Cl, were observed, on average, at concentrations

of 0.44, 0.34, 0.19, and 0.01 µgm−3, respectively. Equiv-

alent black carbon (BCe) ranged from 0.2 to 5.5 µgm−3,

with an average concentration of 1.3 µgm−3. During BB

peaks, organics accounted for over 90 % of total mass (sub-

micron non-refractory plus BCe), among the highest values

described in the literature.

We examined the ageing of biomass burning organic

aerosol (BBOA) using the changes in the H : C and O : C

ratios, and found that throughout most of the aerosol pro-

cessing (O : C∼= 0.25 to O : C∼= 0.6), no remarkable change

is observed in the H : C ratio (∼ 1.35). Such a result con-

trasts strongly with previous observations of chemical ageing

of both urban and Amazonian biogenic aerosols. At higher

levels of processing (O : C> 0.6), the H : C ratio changes

with a H : C/O : C slope of −0.5, possibly due to the de-

velopment of a combination of BB (H : C/O : C slope=

0) and biogenic (H : C/O : C slope=−1) organic aerosol

(OA). An analysis of the 1OA/1CO mass ratios yields

very little enhancement in the OA loading with atmospheric

processing, consistent with previous observations. These

results indicate that negligible secondary organic aerosol

(SOA) formation occurs throughout the observed BB plume
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processing, or that SOA formation is almost entirely bal-

anced by OA volatilization.

Positive matrix factorization (PMF) of the organic aerosol

spectra resulted in three factors: fresh BBOA, aged BBOA,

and low-volatility oxygenated organic aerosol (LV-OOA).

Analysis of the diurnal patterns and correlation with exter-

nal markers indicates that during the first part of the cam-

paign, OA concentrations are impacted by local fire plumes

with some chemical processing occurring in the near-surface

layer. During the second part of the campaign, long-range

transport of BB plumes above the surface layer, as well as

potential SOAs formed aloft, dominates OA concentrations

at our ground-based sampling site.

This manuscript describes the first ground-based deploy-

ment of the aerosol mass spectrometry at a site heavily im-

pacted by biomass burning in the Amazon region, allowing

a deeper understanding of aerosol life cycle in this important

ecosystem.

1 Introduction

The Brazilian Amazon covers an area of 5.5 million km2 and

holds about 100 billion metric tons of carbon (Malhi et al.,

2008). This vast region includes both pristine and human-

impacted areas. In the central Amazon during the wet sea-

son, for example, aerosol median number concentrations of

220 cm−3 and mass concentrations of the order of 1.5 µgm−3

(diameter< 2 µm) have been observed (Pöschl et al., 2010;

Artaxo et al., 2013), which are among the lowest found at any

continental site and are similar to observations over remote

oceans (Andreae, 2007). Conversely, mainly in the southern

and western Amazon, human activities, especially biomass

burning, significantly alter natural conditions (Andreae et al.,

2004; Davidson et al., 2012; Sena et al., 2013; Artaxo et al.,

2013). The expansion of agriculture, logging, and urban ar-

eas has considerably affected the Amazon Basin since the

1950s, and deforestation has eliminated about 17 % of the

original forest area (Ometto et al., 2005; Davidson et al.,

2012). As an important part of the deforestation process, fire

is being extensively used for the preparation of agricultural

fields after a patch of forest has been cut down, for the con-

version of croplands to pasture for cattle grazing, or for pas-

ture maintenance. Given the high amount of precipitation in

the region, ranchers cut down the forest at the end of the wet

season (May–June), let the wood dry until September, and

usually burn it by November.

A number of studies in the last few years have focused on

the role of aerosol particles in cloud development and sup-

pression in the Amazon (Andreae et al., 2004; Koren et al.,

2004, 2005; Feingold et al., 2005; Lin et al., 2006; Zhang

et al., 2009). These studies have shown that, given the com-

bination of low cloud condensation nuclei (CCN) concen-

trations and high water vapor, the pristine Amazonian at-

mosphere is very sensitive to aerosol concentration changes,

with significant impacts on cloud development and invigora-

tion. Furthermore, biomass burning plumes have been shown

to decrease the amount of global photosynthetically available

radiation at different canopy levels, affecting sensible and

latent heat fluxes at the surface, and the net ecosystem ex-

change (Yamasoe et al., 2006; Oliveira et al., 2007; Doughty

et al., 2010). It has been suggested, however, that the impact

of this decrease in PAR on vegetation productivity may be

offset to some degree by increases in diffuse PAR, which in-

creases photosynthetic activity (e.g., Mercado et al., 2009).

The effects of such fires have been observed over millions

of square kilometers, covering large areas of South America,

even far from the Amazon region (Artaxo et al., 1988; An-

dreae et al., 2001; Artaxo et al., 2002; Andreae et al., 2004;

Freitas et al., 2005; Andreae et al., 2012).

The South American Biomass Burning Analysis

(SAMBBA) is an international research project for the

investigation of the impacts of biomass burning emissions

on climate, air quality, and numerical weather prediction

over South America. SAMBBA consists of a combination

of measurements and modeling activities for assessing the

role of biomass burning and biogenic emissions in the Earth

System. The project involved a combination of aircraft

measurements over Brazil, using the BAe-146 research

aircraft from the Facility for Airborne Atmospheric Mea-

surements (FAAM), along with ground-based measurements

near Porto Velho, Rondônia. The campaign took place

during the dry season and the transition to the wet season

in September/October 2012. This manuscript focuses on the

ground-based measurements.

Several instruments were deployed at the ground-based

sampling site, including trace gas monitors and instrumen-

tation for the physical and chemical characterization of

aerosol, among them an Aerosol Chemical Speciation Moni-

tor (ACSM, Aerodyne Research Inc.). The ACSM is a com-

pact version of the widely used Aerosol Mass Spectrometer

(AMS, Aerodyne Research Inc.) (Jayne et al., 2000; Cana-

garatna et al., 2007). In the last decade, a number of studies

have applied aerosol mass spectrometry for biomass burn-

ing aerosol characterization across a wide range of envi-

ronments and burning materials (Capes et al., 2008; Aiken

et al., 2010; Cubison et al., 2011; Lack et al., 2013, and

references therein). However, Amazonian biomass burning

aerosols were only recently, during SAMBBA, characterized

using aerosol mass spectrometry. These measurements pro-

vide an interesting contrast to the results from the wet sea-

son in the central Amazon, during the Amazonian Aerosol

Characterization Experiment 2008 (AMAZE-08), which re-

ported during clean periods an average non-refractory sub-

micron mass concentration of 0.6 µgm−3, 91 % organic and

7 % sulfate, with an average oxygen-to-carbon (O : C) ratio

of 0.42 (Chen et al., 2009).

Atmos. Chem. Phys., 14, 12069–12083, 2014 www.atmos-chem-phys.net/14/12069/2014/
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Figure 1. Map of Brazil indicating the Amazon region (in green)

and detailed view of the city of Porto Velho and the sampling site.

Here, the changes in the atmospheric composition in an

area subject to anthropogenic emissions in the western Ama-

zon will be analyzed under the scope of aerosol mass spec-

trometry with the aim of better understanding the aerosol life

cycle and its physical and chemical properties.

2 Experimental

The data reported here focus on the period from 13 to 30

September 2012, comprising the transition period from the

dry to the wet season. In the following sections, a description

of the site and instrumentation is provided.

2.1 Site description

The sampling site (8.69◦ S, 63.87◦W) is located about 5 km

north (usually upwind) of Porto Velho, a city in the state of

Rondônia with 485 000 inhabitants (Fig. 1). The whole re-

gion has been subject to land use change since the 1980s. The

instrumentation was housed in an air conditioned container

placed on the border of a 150 m radius grassland clearance

at the southwest corner of 2000 ha of dense forest belonging

to a reservation. The road that connects Porto Velho to the

reservation cuts through large pasture areas and a handful of

local businesses. No vehicular access is permitted within the

reservation.

Aerosol measurements were performed 5 m a.g.l., roughly

4 m away from dense forest. Diffusion dryers maintained

sampled air under relatively dry conditions (RH< 50 %). An

inlet with 50 % aerodynamic cutoff at 2.5 µm for our flow

conditions was used for sampling.

2.2 Instrumentation

The aerosol size distribution in the range of 10–430 nm was

measured using an SMPS (Scanning Mobility Particle Sizer,

TSI, model 3936) composed of an electrostatic classifier

(TSI, model 3080) along with a CPC (Condensation Parti-

cle Counter, TSI, model 3772). Coarse-mode particle number

size distributions were measured using an OPC (Optical Par-

ticle Counter, Grimm, model 1.109). Carbon monoxide mea-

surements were performed using a Picarro analyzer, model

G2301. An Aethalometer (Magee Scientific, model AE30)

provided equivalent black carbon (BCe) mass concentrations

throughout the campaign, which was corrected for filter load-

ing and multiple scattering effects according to Arnott et al.

(2005) and Schmid et al. (2006) using aerosol light scattering

measured using an Ecotech Aurora 3000 Nephelometer.

An Aerosol Chemical Speciation Monitor (ACSM) was

used to provide realtime (30 min resolution) chemically re-

solved mass concentrations of particulate ammonium, ni-

trate, sulfate, chloride, and organic species in the submicron

size range (Ng et al., 2011b). The ACSM efficiently sam-

ples aerosol particles through an aerodynamic lens in the

75–650 nm size range. The focused particle beam is transmit-

ted into a detection chamber where the non-refractory frac-

tion is flash-vaporized on a hot surface (typically 600 ◦C).

Subsequently, the evaporated gas-phase compounds are ion-

ized by electron impact at 70 eV and their spectrum obtained

using a quadrupole mass spectrometer. The chemical specia-

tion is determined via deconvolution of the mass spectra ac-

cording to the method described by Allan et al. (2004). Due

to the high concentration of organics relative to other species,

especially when sampling strongly BB-impacted air masses,

corrections to the instrument chemical assignment were per-

formed (Bae et al., 2007; Akagi et al., 2012).

The mass calibration of the ACSM was performed at the

beginning and at the end of the campaign, with less than

5 % deviation in the obtained calibration factors. The cal-

ibration system consisted of an ultrasonic nebulizer used

for primary aerosol generation, a silica gel diffusion dryer

(custom made), an electrostatic classifier (TSI, model 3080),

and a condensation particle counter (CPC, TSI, Model

3772). The system was used to generate known amounts of

monodisperse 300 nm ammonium nitrate aerosol particles,

as described by Ng et al. (2011b). The number concentra-

tion was varied by diluting the generated aerosol between

approximately 10–1000 cm−3, which corresponds to a mass

concentration of 0.15–15 µgm−3 for nitrate.

www.atmos-chem-phys.net/14/12069/2014/ Atmos. Chem. Phys., 14, 12069–12083, 2014
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Figure 2. Comparison between the sum of the mass concentra-

tions of species measured by the ACSM (assuming a CE of 1) and

Aethalometer (at 880 nm) vs. aerosol volume obtained from SMPS

and time-dependent aerosol density.

The collection efficiency (CE) has been previously re-

ported to range from 0.5 to 1, depending on system setup and

aerosol physical–chemical characteristics (Huffman et al.,

2005; Canagaratna et al., 2007; Matthew et al., 2008; Middle-

brook et al., 2012). Here, the CE was evaluated through the

comparison of the mass concentration of species measured

by the ACSM and Aethalometer (BCe, measured at 880 nm)

with the integrated mass of the SMPS (aerodynamic diameter

upper limit of 620 nm). The density used for each species was

1.78, 1.72, 1.72, 1.52, and 1.77 gcm−3 for sulfate, nitrate,

ammonium, chloride, and BC, respectively (Lide, 1991; Park

et al., 2004). The density of organics was estimated based on

the oxygen-to-carbon (O : C) and hydrogen-to-carbon (H : C)

ratios (Kuwata et al., 2012). The median aerosol density was

calculated to be 1.48 gcm−3, which was 1.21 gcm−3 during

the biomass burning peak. Results of intercomparison sug-

gest that a CE of 1 provides the best fit for the data set pre-

sented here (Fig. 2). Such a CE is in good agreement with the

results of Middlebrook et al. (2012), who suggested an in-

crease in CE in environments dominated by organic aerosols

3 Analysis tools

Aerosol mass spectrometry uses several of the observed

molecular masses to apportion aerosol species as well as dif-

ferent atmospheric processes. Among those, the most impor-

tant are the two dominant oxygen containing ions in the spec-

tra, m/z 44 (mostly CO+2 in ambient data) and m/z 43. The

m/z 43 fragment is mainly C2H3O+ for the more processed

aerosol, and C3H+7 for the freshly emitted, hydrogen-rich or-

ganic aerosol (OA). The ratio of m/z 44 to the total signal in

the component spectrum (defined as f44) and its relationship

to f43 (defined similarly) can be used as a metric for the level

of atmospheric processing (Ng et al., 2010; Morgan et al.,

2010). Conversely, the signal at m/z 60, associated with the

C2H4O+ ion (Schneider et al., 2006; Alfarra et al., 2007),

correlates extremely well with levoglucosan and similar an-

hydrosugar species (mannosan, galactosan) which arise from

the pyrolysis of cellulose. Therefore, the ratio of the mass

fragment at m/z 60 relative to the total OA signal, defined

as f60, is a widely used metric for biomass burning influence

(Capes et al., 2008; Cubison et al., 2011).

The application of factor analysis to the AMS/ACSM

data allows for the identification of several types of or-

ganic aerosol (OA). Normally OA is deconvolved mainly into

hydrocarbon-like OA (HOA) and oxygenated OA (OOA), as

well as other site-specific components (Lanz et al., 2007; Ul-

brich et al., 2009; Ng et al., 2010; Carbone et al., 2013). HOA

and OOA are under most conditions good surrogates for pri-

mary OA (POA) and secondary OA (SOA), respectively (Ng

et al., 2010). OOA can be further deconvolved into semi-

volatile OOA (SV-OOA) and low volatility OOA (LV-OOA)

(Jimenez et al., 2009). Further details on the used factor anal-

ysis, i.e., positive matrix factorization, are given in Sect. 3.1.

Besides OA deconvolution using factor analysis, an inter-

esting approach for understanding OA atmospheric process-

ing was proposed by Heald et al. (2010), via OA mapping

in a van Krevelen diagram (H : C vs. O : C) (Van Krevelen,

1950). In this diagram, OA processing is represented by an

increase in the O : C ratio, and the slope of the ageing line

(concurrent relative change in the O : C and H : C ratios)

may help highlight the type of functional groups formed.

The data obtained during AMAZE-08, for example, cluster

along a line with slope of ∼−1, consistent with simulta-

neous increases in carbonyl and alcohol moieties, either at

separate carbons or due to the addition of carboxylic acid

groups (Heald et al., 2010). Focusing only on the OOA com-

ponent, Ng et al. (2011a) identified that most processing oc-

curred along a line of slope of ∼−0.5. Such a change in

the O : C and H : C ratios would be consistent with several

simple mechanisms, such as the net addition of both COOH

and OH/OOH functional groups without fragmentation (i.e.,

C–C bond cleavage), and/or the addition of COOH groups

with fragmentation.

3.1 Positive matrix factorization

Positive matrix factorization (PMF) is a statistical model that

uses weighted least-square fitting for factor analysis (Paatero

and Tapper, 1994; Paatero, 1997). It uses a bilinear model

X=GF+E, where X is a matrix of the measured values, and

G and F are matrices computed by the model that represent

the scores and loading, respectively. For the ACSM (as well

as AMS) data, each row in X is a mass spectrum measured

at a given time, with the columns representing the signal at

a given m/z. In this case, G represents the time series and F

Atmos. Chem. Phys., 14, 12069–12083, 2014 www.atmos-chem-phys.net/14/12069/2014/
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Figure 3. Diurnal variation of meteorological parameters during the

SAMBBA campaign. The top plot indicates temperature and the

bottom plot relative humidity. Circles represent median values, and

bars represent 10 and 90 percentiles. Data from the National Insti-

tute of Meteorology.

the profile mass spectrum for the p factors computed by the

algorithm. E is the difference between the measured signal

and that reconstructed by the product of G and F and is made

up of the elements eij . The model adjusts G and F in order

to reduce the object function (Q), where

Q=

m∑
i=1

n∑
j=1

(eij/σij )
2, (1)

and σij is the uncertainty for each element in the matrix X.

For AMS measurements in continental regions, where the

sources of inorganic aerosol are well understood, PMF is typ-

ically only performed on the organic aerosol mass spectrum

(e.g., Lanz et al., 2007; Ulbrich et al., 2009) in order to learn

more about the sources and transformation processes of or-

ganic aerosol. The PMF2 program (Paatero, 1997) was used

to analyze these data in robust mode with an outlier distance

of 4 and no model error. The PMF evaluation tool kit (PET)

(Ulbrich et al., 2009) was used to prepare the data and er-

ror estimates, execute PMF, and evaluate the results. Further

details on the PMF analysis procedure can be found in the

Supplement.
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Figure 4. Wind rose from the sampling site during the SAMBBA

campaign. Data from the National Institute of Meteorology.

4 Results and discussion

4.1 Meteorology

During the SAMBBA campaign, comprising the transition

from dry to wet season, median values of temperature in

Porto Velho ranged from 22 ◦C (nighttime) to 35 ◦C (around

14:00 LT) and relative humidity from 90 % (nighttime) down

to 40 % (around 14:00 LT), as depicted in Fig. 3. Precipita-

tion was scarce throughout the campaign, occurring mostly

near the end. The wind rose is depicted in Fig. 4, indicating

a dominant flow from the NW direction, considering wind

direction frequency and intensity, with some important con-

tributions from the SW direction. Possible aerosol sources

associated with prevailing wind directions will be discussed

in Sects. 4.3.

4.2 Aerosol composition

The time series of submicron non-refractory aerosol com-

position, BCe concentration, aerosol number concentration,

average particle diameter, and CO mixing ratio are shown

in Fig. 5. Organic aerosol strongly dominated the submi-

cron non-refractory composition, with an average concen-

tration of 11.4 µgm−3. The inorganic species, NH4, SO4,

NO3, and Cl, were observed, on average, at concentrations of

0.44 µgm−3, 0.34 µgm−3, 0.19 µgm−3, and 0.01 µgm−3, re-

spectively. BCe was observed at an average concentration of

1.30 µgm−3. Aerosol number size distributions were mostly

found in the accumulation mode (average size distribution of

94 nm), with average particle number concentrations around

5 700 cm−3. During most of the campaign, the site was im-

pacted by regional biomass burning pollution (average CO

mixing ratio of 0.6 ppm), occasionally superimposed by in-

tense biomass burning plumes (up to 2 ppm of CO). These

www.atmos-chem-phys.net/14/12069/2014/ Atmos. Chem. Phys., 14, 12069–12083, 2014
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Table 1. Mean values observed during SAMBBA separated be-

tween Phase I (13 to 22 September 2012) and Phase II (22 to 30

September 2012). Non-refractory and BCe concentrations are given

in µgm−3. CO is given in ppmv, aerosol number concentration (N )

in 1000 particles cm−3, and aerosol mean diameter (Dpg) in nm.

Parameter Phase I Phase II

Organics 15.0 4.5

SO4 0.38 0.27

NO3 0.23 0.10

NH4 0.6 0.3

Cl 0.01 NDa

BCe 1.58 0.85

CO 0.67 0.40

N 6.7 4.5

Dpg 105 78

a Below detection limit.

values can be considered typical for the late dry season in

the southern Amazon, as can be seen from the close agree-

ment with measurements made during the Smoke Aerosols,

Clouds, Rainfall, and Climate 2002 (SMOCC-2002) cam-

paign at a pasture site 285 km southeast of Porto Velho

(Chand et al., 2006). BCe peaks that do not coincide with

marked enhancements in non-refractory aerosols and CO are

associated with brickyard emissions, discussed in the Sup-

plement.

Given that SAMBBA took place during the end of the dry

season and transition to the wet season, the campaign was

separated into Phase I (13 to 22 September 2012) and Phase

II (22 to 30 September 2012). The mean values observed dur-

ing both phases of SAMBBA are presented in Table 1. The

aerosol composition is shown to be significantly different

during intense biomass burning events. Fig. 6 shows the cor-

relation between fOrg (defined as the fraction of organics rel-

ative to the species detected by the ACSM plus BCe) vs. f60.

The f60 parameter provides a reliable marker for air masses

impacted by fresh and relatively low-processed BB emis-

sions (Cubison et al., 2011); a value of 0.003 is usually ac-

cepted as a reasonable threshold for BB-impacted air masses.

Our results show that during strong impact of biomass burn-

ing (f60 > 0.015), fOrg was above 0.9. This value is consid-

erably higher than previous measurements at other locations,

where fOrg of biomass burning plumes ranged from 0.85 to

0.60 (Artaxo et al., 2013). The large range of fOrg values ob-

served for periods with f60 ≤ 0.01 is attributed to occasional

brickyard emissions affecting the sampling site, as discussed

in the Supplement.

4.2.1 Chemical ageing of the biomass burning

organic aerosol

As the sampling site was located in a region with intense fire

activity, fire spots were distributed both near and far from the

site. In this context, an analysis of changes in chemical com-

position throughout the campaign was carried out. An im-

portant method for the analysis of chemical processing is the

van Krevelen (VK) diagram, i.e., a plot of the O : C vs. H : C

ratios (Van Krevelen, 1950). Whereas high-resolution AMS

allows direct measurement of the element ratios required for

the VK diagram, the unit mass resolution of the ACSM re-

quires these to be estimated. Based on the work of Aiken

et al. (2008) and Ng et al. (2011a), the parameters f44 and

f43 are used to obtain O : C and H : C ratios, respectively.

The f43 and H : C relationship proposed by Ng et al. (2011a)

is limited to OOA only, wherem/z 43 is mainly linked to the

C2H3O+ fragment. Our results, despite including a strong

biomass burning organic aerosol (BBOA) component, indi-

cate an important OOA contribution (f44 is larger than 0.05

at all times). Similarly processed BBOA (DeCarlo et al.,

2010) has shown an excellent agreement between the H : C

ratio estimated from f43 and the directly observed H : C ratio

(Ng et al., 2011a).

The VK diagram of bulk OA measurements during the

SAMBBA campaign is depicted in Fig. 7. During the most

intense biomass burning plume (f60 > 0.03), H : C= 1.35

and O : C= 0.25. In contrast, results from the character-

ization of biogenic aerosol in the Amazon region during

AMAZE-08 (Heald et al., 2010) show a relatively higher

H : C ratio for the less oxidized particles (H : C= 1.6 and

O : C= 0.2). As the f60 marker decreases (indicating both

well processed aerosol and OA from other sources), the ob-

served H : C and O : C ratios tend to agree well with the pro-

cessed biogenic aerosol (H : C= 1.2 and O : C= 0.7) from

AMAZE-08. This agreement can be attributed both to the

fact that aerosols tend to become more chemically similar

with increasing ageing, independent of the initial source of

the material (Jimenez et al., 2009; Ng et al., 2010), and to the

increasing importance of biogenic OA at the sampling site as

the smoke becomes more dilute.

Biogenic organic aerosols have been observed to follow

a clear processing path along a line with a H : C/O : C slope

of −1 in the VK plot (Heald et al., 2010), indicating that for

each oxygen atom added upon oxidation, a hydrogen atom

is lost. This change is consistent with equal increases in car-

bonyl and alcohol moieties, such as carboxylic acid addition.

The biomass burning aerosol in Rondônia, however, shows

a different behavior, with the majority of oxygen-to-carbon

ratio change (from O : C∼= 0.25 to O : C∼= 0.6) accompanied

by only a small change in the H : C ratio. Such processing is

consistent with the replacement of a hydrogen with an al-

cohol group (-OH), for example. For O : C> 0.6, the aver-

age slope changes to −0.5. Such a slope could arise from

an increase in the importance of biogenic aerosol process-

ing (slope=−1) relative to BBOA processing (slope= 0)

and/or a change in the dominating reaction.

As they were derived from an Unit Mass Resolution instru-

ment, the atomic ratios presented here were not directly mea-

sured and thus contain substantial uncertainties compared
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Figure 5. Concentration time series of organics, SO4, NO3 and NH4 (a), BCe and f60 (b), particle number concentration and number-

weighted average diameter (c), and CO mixing ratio (d).

to the references above. Considering a 10 % standard devi-

ation from the f43 to H : C relationship as described by Ng et

al. (2011a) alone, the BBOA slope in the van Krevelen dia-

gram, identified to be 0, would range from −0.5 to 0.5, con-

siderably affecting the conclusions regarding BBOA chemi-

cal processing. Furthermore, recent results, currently under

validation, suggest a significant underestimation of O : C

and H : C ratios from HR-AMS measurements (Canagaratna

et al., 2014). For the data set presented here, O : C and H : C

were be underestimated by 11 and 24 %, respectively. Such a

change, however, does not substantially impact the van Krev-

elen diagram, shown in the Supplement (Fig. S8). Even with

these large uncertainties, the results shown here suggest a

different processing path in the van Krevelen diagram than

previously reported, and certainly justifies a better character-

ization of fast changes in the chemical processing of BBOA

in the Amazon region
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the V-K space from AMAZE-08 as described by Heald et al. (2010).

The impact of plume ageing on SOA production has been

studied previously. Recent laboratory measurements have

shown significant SOA yields from oxidation of volatile

products of biomass burning under low-NOx conditions (Yee

et al., 2013). Ambient measurements, however, have pro-

duced conflicting results, ranging from net OA enhancement

(DeCarlo et al., 2008; De Gouw and Jimenez, 2009) to no net

OA production (Capes et al., 2008; Cubison et al., 2011) and

even to a net OA decrease (Akagi et al., 2012; Jolleys et al.,

2012).

Table 2. Parameters of the three log-normal fits shown in

Fig. 9. The parameters Ni , σi and D̄i refer to mode num-

ber concentration, mean geometric diameter, and geometric stan-

dard deviation, respectively, for a given aerosol diameter D as
Ni√

2π logσi
e−(logD−logD̄i )

2/2log(σi )
2
.

Mode Ni σi D̄i

Nucleation 948 2.50 14.2

Aitken 4071 1.78 98.1

Accumulation 1063 1.48 179.1
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Figure 8. 1OA/1CO mass ratios vs. O : C ratio.

Figure 8 depicts the 1OA/1CO mass ratio for a given

O : C ratio. For the calculation of1CO, we chose the lowest

CO mixing ratio observed throughout the campaign, 240 ppb,

as background. Phase-specific backgrounds were calculated

as 290 ppb and 240 ppb ppb for phase I and II, respectively, a

difference less than 10 % of average CO level, thus with lit-

tle impact in 1OA/1CO mass ratios. Conversely, the low-

est concentration of OA was only 0.2 µgm−3, thus we chose

zero as background. High values of 1OA/1CO , charac-

teristic of biogenic air masses, are observed for f60 < 0.008.

The values in this range should be viewed with caution as

they correspond to data with low 1CO, and are thus subject

to large uncertainty related to the CO background subtrac-

tion. This aside, 1OA/1CO is fairly constant around 0.03,

indicating no net OA production tendencies from biomass

burning emissions.

4.2.2 Aerosol size distribution

A script was developed to fit one to three lognormal modes to

the measured particle number size distributions in the range

10–430 nm, based on the approach of Hussein et al. (2005).

Aitken (∼ 30–120 nm) and accumulation (∼ 70–280 nm)
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modes dominated the particle number concentration in 98 %

of the observed size spectra, with average concentrations

of 2000± 2300 and 1500± 1600 cm−3, respectively. These

values are comparable to previous measurements during the

SMOCC-2002 campaign at the pasture site mentioned above

and by aircraft over smoke-impacted areas in Rondônia

(Rissler et al., 2006; Chand et al., 2006). The high number

concentration variability reflects the diversity of BB plume

ages and dilution levels reaching the site.

Figure 9 shows the average size distribution with gaussian

fits for nucleation, Aitken, and accumulation modes, as well

as average size distributions observed for a given O : C ra-

tio. Despite a strong change in the O : C ratio and overall

aerosol number concentration, decreasing from 20 000 cm−3

(0.2< O : C< 0.3) to 3 900 cm−3 (0.6< O : C< 0.7), the

size distributions depict either a single accumulation mode

or a superposition of Aitken and accumulation modes. Simi-

lar types of aerosol size distributions have also been observed

at a forest site in the central Amazon during the dry season

under the influence of aged biomass burning plumes (Artaxo

et al., 2013). The measurements from BB-dominated peri-

ods during two previous campaigns in the Amazon, SMOCC-

2002 (Rissler et al., 2006) and CLAIRE-2001 (Rissler et al.,

2004) also showed similar size distributions. In the latter

study, the geometric mean diameters of the Aitken and ac-

cumulation modes were around 70 and 140 nm, respectively,

slightly smaller than the values of 98 and 179 nm observed

here. The parameters retrieved from a Gaussian fit for each

mode of the campaign-averaged size distribution are given in

Table 2.

4.3 PMF analysis

The number of PMF factors was selected based on the total

sum of squares of the scaled residuals, the analysis of tem-

poral series of the different factors with gas-phase and BCe

data, diurnal cycles, and the mass spectra. Details of the PMF

analysis procedure is given in the Supplement. Three factors

were identified: fresh biomass burning organic aerosol (fresh

BBOA), aged BBOA, and low-volatility oxygenated organic

aerosol (LV-OOA). The mass spectra of the three factors are

depicted in Fig. 10 and the mass contribution time series of

the factors in Fig. 11. The enhancement of the fresh BBOA

factor, and to some extent the aged BBOA factor, correlates

well with aerosol loading peaks, whereas LV-OOA presents

persistent regional pollution behavior.

Table 3 presents a correlation analysis of the factors ob-

tained from the PMF of the ground-based data with the AMS

spectra database (Ulbrich et al., 2009, 2013), the SAMBBA

airborne AMS sampling biomass burning plumes in Rondô-

nia from flight B737 (see Supplement), and the time se-

ries correlation of CO, BCe, sulfate, and nitrate. The fresh

BBOA factor spectrum correlates well with the AMS mea-

surements directly above (900 m altitude) a large fire in

Rondônia (Pearson= 0.96) as well as 1 h downwind of the
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Figure 9. Top: average aerosol size distribution observed at ground

level during SAMBBA. The average particle number concentra-

tion and diameter were 5 800 cm−3 and 94.4 nm, respectively. Log-

normal fit parameters are shown in Table 2. Middle: solid lines

show the average number size distribution based on different O :

C ranges. The dashed lines indicate size distribution centroid for

fresh (130 nm) and aged aerosol (110 nm). Bottom: solid lines

show the average volume size distribution based on different O : C

ranges. The dashed lines indicate size distribution centroid for fresh

(278 nm) and aged aerosol (267 nm).

fire (Pearson= 0.94). The correlation decreases somewhat

for the airborne measurements and moderately (3 h) down-

wind (Pearson= 0.74). In contrast, aged BBOA correlates

poorly with the spectrum obtained directly above the fire
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Table 3. Correlation analysis of the OA factors relative to their spectra and time series. Airborne AMS refers to the aircraft component of

SAMBBA (see Supplement).

Reference spectrum/ Pearson correlation

Specie Fresh BBOA Aged BBOA LV-OOA

Airborne AMS (flight B737) 900 m above a fire 0.96 0.55 0.37

1 h downwind 0.94 0.73 0.59

3 h downwind 0.74 0.86 0.80

AMS database LV-OOA (Ng et al., 2011a) 0.56 0.97 0.98

SV-OOA (Ng et al., 2011a) 0.86 0.83 0.66

OOA (Ng et al., 2011a) 0.60 0.98 0.97

BBOA (Ng et al., 2011a) 0.98 0.72 0.58

HOA (Ng et al., 2011a) 0.76 0.44 0.23

Time series CO (ppmv) 0.90 0.51 0.53

Nitrate (µgm−3) 0.86 0.61 0.56

Sulfate (µgm−3) 0.50 0.63 0.51

BCe (µgm−3) 0.68 0.66 0.40
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Figure 10. Mass spectra in fraction of signal of PMF factors, fresh

BBOA, aged BBOA, and LV-OOA.

(Pearson= 0.55), and much better with the 3 h downwind

spectrum (Pearson= 0.86), indicating that this factor would

represent BB aerosol processed only for a time longer than

3 h. Similarly, the correlation of LV-OOA with the airborne

AMS data improves with increasing plume processing time.

The fact that LV-OOA correlates only moderately well with

the OA spectrum obtained 3 h downwind of the fire (Pear-

son= 0.80) suggests that the BBOA shows a LV-OOA chem-

ical signature somewhat more slowly than an aged BBOA

signature.

Comparison with the AMS mass spectra database shows

that the fresh BBOA factor correlates extremely well with the

database BBOA (Pearson= 0.98), whereas aged BBOA cor-

relates with database OOA (Pearson= 0.98), as well as with

database LV-OOA (Pearson= 0.97). Similarly, the LV-OOA

factor correlates extremely well with the database LV-OOA

and database OOA (Pearson= 0.98 and 0.97, respectively).

The CO time series yields a high correlation coefficient

with the fresh BBOA factor (Pearson= 0.90), as both signals

are related to strong biomass burning events. Whereas nitrate

correlates well with fresh BBOA, indicating that biomass

burning is the dominant source of this species, sulfate does

not yield a high correlation with any of the resolved fac-

tors. Similarly, BCe correlates only moderately well with the

BBOA factors, indicating that other sources, e.g., brickyards,

might play an important role controlling its atmospheric con-

centration at the sampling site (see Supplement).

Figure 12 depicts the diurnal variation of the mass contri-

bution of each factor, split into Phase I (13 to 22 Septem-

ber 2012) and Phase II (22 to 30 September 2012). During

Phase I, the fresh and aged BBOA factors present a diurnal

variation with higher concentrations during nighttime. This

behavior is associated with a boundary layer height decrease

during nighttime trapping freshly emitted smoke plumes.

Conversely, the LV-OOA factor is enhanced considerably in

the mid-afternoon along with O3 concentrations (not shown

here) suggesting that it is partially driven by an active photo-

chemistry, despite the lack of observation of an intermediate

factor, such as semi-volatile OOA (Jimenez et al., 2009).

During Phase II, with increased precipitation in the study

region, both BBOA factors have much lower ambient con-

centrations than during Phase I. Furthermore, the aged

BBOA and LV-OOA factors show a different diurnal pat-

tern from that observed during Phase I, indicating a clear
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Figure 11. Organic aerosol loading time series with color-coded

contributions of identified PMF factors.

loading enhancement during the first morning hours, consis-

tent with entrainment from aloft into the near-surface layer

as the boundary layer grows.

The relatively high loadings of the LV-OOA during Phase

II, as well as its temporal correlation with the aged BBOA

factor, suggests that an important component of this fac-

tor originates from highly processed biomass burning smoke

transported aloft. Whereas the LV-OOA factor certainly en-

compasses highly processed pollution, it can not be excluded

that it might also contain other sorts of chemically similar

organic aerosols subsiding to near-surface levels. These may

include, for example, the secondary aerosols previously ob-

served to form at 2–4 km altitude in the northern Amazon

(Krejci et al., 2003, 2005; Ekman et al., 2008). The potential

contribution of other sources to the LV-OOA factor, which

strongly dominates the aerosol concentration during the on-

set of the wet season in Rondônia, remains unclear and de-

mands further studies.

5 Conclusions

We have characterized the physical and chemical properties

of aerosols at a site heavily impacted by biomass burning in

the southwest Brazilian Amazon during the SAMBBA field

experiment. The sampling site is located 5 km north, and usu-

ally upwind, of the city of Porto Velho, Rondônia. The data

reported here focus on the period from 13 to 30 Septem-

ber 2012, comprising the transition period from the dry to

the wet season.

During most of the campaign, the site was impacted

by regional biomass burning pollution (average CO mix-

ing ratio of 0.6 ppm), occasionally superimposed with in-

tense biomass burning plumes (up to 2 ppm of CO). Realtime

chemical characterization has shown that organic aerosol

strongly dominated the submicron non-refractory composi-

tion, with an average concentration of 11.4 µgm−3. The in-
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Figure 12. Diurnal variation of the three factors identified through

PMF: fresh BBOA, aged BBOA, and LV-OOA. Phase I refers to the

period between 13 to 22 September 2012 and Phase II from 22 to

30 September 2012.

organic species, NH4, SO4, NO3, and Cl, were observed with

concentrations of 0.44 µgm−3, 0.34 µgm−3, 0.19 µgm−3,

and 0.01 µgm−3, respectively. Our results indicate that dur-

ing strong impact of fresh biomass burning (f60 > 0.015),

the fraction of organics relative to the other species measured

by the ACSM plus BCe was above 0.9, a value considerably

higher than previous measurements at other locations.

The aerosol number size distributions showed a pro-

nounced accumulation mode (with a peak at 118 nm and a ge-

ometric mean diameter of 94 nm) and the average particle

number was 5 700 cm−3. The average aerosol size distribu-

tion was studied as a function of the O : C ratio, a surro-

gate for atmospheric processing. Despite a strong change in

the O : C ratio and the overall aerosol number concentra-

tion as a function of ageing, decreasing from 20 000 cm−3

(0.2< O : C< 0.3) down to 3 900 cm−3 (0.6< O : C< 0.7),

the size distributions did not change much. They can be rep-

resented by either a single accumulation mode or a superpo-

sition of Aitken and accumulation modes.

Chemical processing during aerosol ageing has been stud-

ied as well using a VK diagram, i.e., a plot of the O : C vs.

the H : C ratio. During the peak of a fresh BB plume event

(f60 > 0.03), we observed H : C= 1.35 and O : C= 0.25,

which is a relatively lower H : C ratio than has been previ-

ously reported for Amazonian biogenic aerosols (H : C= 1.6
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and O : C= 0.2). As the BBOA is processed, the H : C and

O : C ratios move towards values closer to previous mea-

surements that had been made under strong biogenic influ-

ences. This is probably due to both a chemical convergence

in the course of ageing and an increasing contribution of bio-

genic aerosols in older air masses. Whereas biogenic organic

aerosols have been shown to follow a clear processing path

along a line with a slope of −1 in the VK diagram, the OA

observed here shows a different behavior, where the major-

ity of aerosol processing (from O : C∼= 0.25 to O : C∼= 0.6)

is accompanied by only a small change in the H : C ra-

tio. Such processing is consistent with the replacement of

a hydrogen with an alcohol group (-OH), for example. For

O : C> 0.6, the average slope changes to−0.5. Such a slope

could arise from an increase in the contribution of biogenic

aerosol processing (slope=−1) together with BBOA pro-

cessing (slope= 0), and/or a change in the reaction mech-

anisms. In case of the latter, it could represent the replace-

ment of a –CH2 group with a –COOH group due to the ad-

dition of a carboxylic acid group to the site of a C–C bond

cleavage. Another possibility, expected under low-NOx con-

ditions, would arise from formation of peroxides through the

addition of one OOH group, one OH group, and one C=O

group, or the addition of one OOH group and one COOH

group. The impact of plume ageing on SOA production was

also investigated. Our results indicate no observable net OA

production with atmospheric processing at the SAMBBA

ground site.

Positive matrix factorization of the organic aerosol spec-

tra yielded three factors: fresh BBOA, aged BBOA, and

LV-OOA. The enhancement of the fresh BBOA factor, and

to some extent the aged BBOA factor, correlates well with

peaks in aerosol loading, whereas LV-OOA suggests a persis-

tent regional background. The CO time series shows a high

correlation with the fresh BBOA factor (Pearson= 0.90) as

both signals are related to strong biomass burning events.

The nitrate concentration yields a high correlation with fresh

BBOA factor as well, thus showing that biomass burning

events are the dominant source of this specie. Unlike CO,

sulfate and BCe correlate only moderately well with BBOA

factors, indicating that other sources might play an important

role controlling their atmospheric concentration at the sam-

pling site. Analysis of the diurnal patterns and correlation

with external markers indicate that during the first part of the

campaign, the OA concentrations are strongly dominated by

nearby fire plumes, with chemical processing occurring in

the near-surface boundary layer. During the second part of

the campaign, long-range transport of BB plumes above the

boundary layer has a strong influence on the OA concentra-

tions at our ground-based sampling site.

The Supplement related to this article is available online

at doi:10.5194/acp-14-12069-2014-supplement.
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