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Abstract
Human activities can change the concentration, chemical composition, and properties of
atmospheric particulate matter (PM). A quantitative understanding of human impacts on PM is
essential for accurate modeling of anthropogenic climate forcing and for regulating air quality.
The tropical forests of Amazonia play a critical role in the regional and global climates.
Urbanization and deforestation in the region have intensified in the last decades, and yet a
quantitative knowledge on the impacts of these activities on PM is scarce. This thesis presents
field measurements of submicron PM concentration, composition and optical properties in
central Amazonia, with a focus on delineating the anthropogenic impact on the observed
quantities. Emphasis is given to organic material, the dominant PM component in the region.
The primary site of the studies was located 70 km to the west of Manaus, a city of over
two million people in the heart of the Brazilian Amazon. Datasets were collected during the wet
and dry seasons of 2014 as part of the GoAmazon2014/5 experiment. The main datasets were
obtained by a high-resolution time-of-flight aerosol mass spectrometer (AMS), and additional
data from a large suite of instrumentation were employed in the analyses. Positive-matrix
factorization (PMF) of organic mass spectra allowed for the classification of the organic PM into
its component classes.
During the wet season, the effects of the Manaus urban plume were investigated. Fuzzy
c-means clustering (FCM) was applied to concentrations of pollution indicators and identified
four clusters, which represented distinct background and polluted conditions. When crossed with
the AMS and PMF results, increases of up to 200% in PM mass concentrations for polluted
compared to background conditions were identified, corresponding to average concentrations as
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high as 3 µg m-3 and as low as 1 µg m-3, respectively. The pollution-induced changes in the
composition of secondary organic PM1 suggested (i) a shift in pathways of organic PM
production from HO2- to NO-dominant, and (ii) an acceleration of the atmospheric processing of
organic PM. Nitrogen oxides were indicated to play a critical role in both processes.
In another study, the influences of the Manaus plume on the pathway of PM production
from isoprene epoxydiols (IEPOX) were investigated in detail. The “IEPOX-SOA” factor served
as a surrogate for IEPOX-derived PM. This factor had a bi-variate dependence on sulfate and
NOy, which was reasoned through the chemical mechanism. For an approximately fixed sulfate
concentration, a change in NOy concentrations from 0.5 to 2 ppb was associated with a decrease
in IEPOX-SOA factor loadings of two- to three-fold. It was found that the Manaus pollution
plume elevated concentrations of NOy more significantly than of sulfate over background. It was
therefore concluded that the suppressing effects of increased NO often prevailed over the
enhancing effects of increased sulfate on the production of IEPOX-derived PM in the region.
During the dry season, the importance of biomass burning increased, and the final study
focused on quantifying the anthropogenic contributions to light-absorbing organic PM (brown
carbon, BrC). Optical properties were determined from aethalometer measurements. The
relationships of the absorption coefficient of BrC at 370 nm with AMS-measured quantities
suggested that BrC absorption was associated with less oxidized and nitrogen-containing organic
compounds, and that atmospheric processing caused bleaching of the BrC. Estimates of the
effective mass absorption efficiencies associated with each class of organic PM (i.e., PMF factor)
were obtained through multi-variate linear regression. Together, urban and biomass burning
emissions were estimated to contribute on average to 90% of the absorption by organic PM,
while they contributed to about 40% of organic PM mass concentrations.
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PART I:
BACKGROUND AND
MOTIVATION

1

1 Introduction
1.1

Relevance of atmospheric particulate matter
Atmospheric particulate matter (PM) is relevant for climate, human health, and visibility

(Figure 1-1). Also known as aerosol particles, PM can influence the planet’s radiative budget
both directly, by absorbing and scattering incoming solar radiation, and indirectly, by interacting
with clouds and thereby changing their properties (Ramanathan et al., 2001; Kaufman et al.,
2002). These effects remain the largest uncertainty in estimates of climate radiative forcing
(Figure 1-1a; IPCC, 2013). Particulate matter may have adverse effects on human health as they
can be inhaled and deposited in the respiratory tract (Nel, 2005; Pope III and Dockery, 2006;
Lelieveld et al., 2015). Air pollution by PM2.5 (particles with a diameter < 2.5 µm) was estimated
to be the single largest cause of global deaths in the period of 2005 to 2015 (Figure 1-1b;
Landrigan et al., 2018). Finally, PM can reduce visibility by absorbing and scattering light
(Charlson, 1969). Particles in the submicron diameter range are the most effective in reducing
visibility on a mass-normalized basis (Seinfeld and Pandis, 2006). Illustrative examples of
visibility reduction are shown in Figure 1-1c for Beijing, China (on the left), and Manaus, Brazil
(on the right).
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(a) Climate

(b) Human health

(c) Visibility

Figure 1-1. Illustrative summary of the relevant effects of PM on (a) climate, (b) human
health, and (c) visibility. Panel a was directly adopted from IPCC, 2013. Panel b was adapted
from Landrigan et al., 2018. Panel c shows Beijing, China, on the left (source: CNN, 2015), and
Manaus, Brazil, on the right (source: ACrítica, 2017).

Organic PM comprises a substantial portion of the total submicron PM mass, reaching
90% in tropical forested areas (Kanakidou et al., 2005; Jimenez et al., 2009). The organic
component can be further categorized into primary organic aerosol (POA) and secondary organic
aerosol (SOA). These categories are also known as primary organic material (POM) and
secondary organic material (SOM), and this terminology is also employed in other parts of this
thesis. POA consists of particles that are directly emitted to the atmosphere, which have
relatively larger importance in regions affected by anthropogenic emissions (Zhang et al., 2007;
Jimenez et al., 2009). Representing the dominant fraction (50 to 85%) of the submicron organic
3

PM on a global basis, SOA is produced by the atmospheric oxidation of volatile organic
compounds (VOCs) emitted as part of natural and human activities (Zhang et al., 2007; De
Gouw and Jimenez, 2009; Hallquist et al., 2009; Jimenez et al., 2009; Glasius and Goldstein,
2016). The mass of organic carbon emitted as VOCs is estimated as an order of magnitude larger
than that emitted as primary particles (Goldstein and Galbally, 2007). Yet, the production
processes of SOA are complex and poorly understood (Tsigaridis et al., 2014).

1.2
1.2.1

Anthropogenic influences on organic PM
Overview
Human activities have wide-ranging and uncertain effects on the mass concentrations and

properties of organic PM. Besides directly contributing to the atmospheric PM burden through
POA emissions, human activities can also alter SOA production through emissions of oxidants
and precursor gases that can further react in the atmosphere. Depending on the source of the
precursor compounds, SOA can be classified as biogenic or anthropogenic, although definitions
may become arguable when biogenic and anthropogenic emissions interact (Carlton et al., 2010;
Rollins et al., 2012). Volatile organic compounds emitted from vegetation such as isoprene and
terpenes constitute the main source of biogenic SOA, whereas VOCs emitted by fossil fuel
combustion and biomass burning such as long-chain alkenes and aromatics are important
precursors to anthropogenic SOA. Globally, biogenic VOCs account for two-thirds of the nonmethane VOC emissions, which contributes to the large importance of biogenic SOA in the
atmosphere (Guenther et al., 2006; Guenther et al., 2012). The effects of interactions between
biogenic and anthropogenic emissions on SOA production are not well understood.
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Several field observations and modeling studies have suggested that biogenic SOA
concentrations are enhanced by anthropogenic emissions (Hoyle et al., 2011; Huang et al., 2014
and references therein). Field studies aiming to investigate biogenic-anthropogenic interactions
have mostly taken place at mid-latitudes of the Northern Hemisphere. In the northeastern USA,
de Gouw et al. (2005) showed that organic PM concentrations correlated well with
anthropogenic tracers (acetylene and alkyl nitrates) but were higher than what would be expected
solely from anthropogenic precursors using traditional yields. In the southeastern U.S., fineparticle water-soluble organic compounds (a surrogate for SOA) had better correlations with
anthropogenic VOCs and CO rather than with biogenic VOCs, although carbon radioisotope
analysis determined that 80% of the carbon mass present in the particle phase had a modern
origin (Weber et al., 2007). In the same area, Goldstein et al. (2009) found that the spatial and
temporal patterns of aerosol optical thickness from satellite observations were consistent with the
distribution of biogenic VOC emissions. More recently, ground observations also showed that
anthropogenic NOx and sulfate correlated well with concentrations of different organic PM
components measured in the region during summertime (Lu Xu et al., 2015). Taken together,
these observations in the Southeastern USA suggested that SOA was mainly produced from
biogenic VOCs but modulated by anthropogenic emissions of NOx and SO2. In the western U.S.,
ground and aircraft measurements observed the highest enhancements in organic PM
concentrations when air masses were dominated by anthropogenic emissions in the presence of a
high concentration of biogenic VOCs (Setyan et al., 2012; Shilling et al., 2013). In Sweden, a
comparison of measurements from two closely located urban and rural sites provided evidence
that the contribution of anthropogenically-enhanced biogenic SOA to the observed organic PM
mass concentration could be about 50 to 60% (Szidat et al., 2009).
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Modeling results have shown that while 20-30% of the SOA increase since pre-industrial
times may be produced from anthropogenic VOCs, the vast majority of the increase is
contributed by enhancements in biogenic SOA production by anthropogenic emissions
(Tsigaridis et al., 2006; Hoyle et al., 2009). Other modeling studies have estimated that 50-70%
of the total biogenic SOA mass concentration in several locations is anthropogenically-controlled
(Carlton et al., 2010; Heald et al., 2011; Spracklen et al., 2011). This means that concentrations
of biogenic SOA could be reduced by more than a half solely by curbing anthropogenic
emissions such as reactive hydrocarbons, NOx, SO2 and POA. Furthermore, the absolute mass of
organic PM present in the atmosphere remains largely underestimated by models (Tsigaridis et
al., 2014). Mass enhancements caused by poorly understood interactions of biogenic and
anthropogenic emissions may be a critical factor in these results (Hoyle et al., 2011).
1.2.2

Mechanisms
There are several mechanisms, known to date, through which organic PM can be altered

by anthropogenic influences in the atmosphere. Herein, mechanisms driven by (i) particle mass
concentration and composition are described in sections 1.2.2.1 through 1.2.2.3, and (ii) gaseous
emissions and their interaction with the particle phase are described in sections 1.2.2.4 and
1.2.2.5.
1.2.2.1 Gas-to-particle partitioning
Gas-to-particle partitioning is a fundamental process in SOA production (Pankow, 1994;
Odum et al., 1996). The basic theory is that gas-phase oxidation of VOCs leads to products of
lower volatility which can condense on pre-existing particles at gas-phase concentrations below
their saturation vapor pressures. According to partitioning theory and Raoult’s law, any process
that increases the mass concentrations of PM can, in principle, increase SOA yields by allowing
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for further solubilization of VOCs. Anthropogenic emissions can therefore alter the organic PM
by increasing the primary and secondary particle burden. This possibility is, however, limited by
the solubility characteristics of the involved species, such that modeled enhancements in SOA as
predicted solely by this mechanism are generally overestimated (Carlton et al., 2010; P. Liu et
al., 2016; Song et al., 2016; Song et al., 2007; Asa-Awuku et al., 2009). Anthropogenic POA can
include soot, which is mainly elemental carbon, and other materials generated in combustion
(e.g. vehicle exhaust and meat cooking) which usually include large chain (C18-C40)
hydrocarbons (linear, cyclic, and branched) with a non-negligible oxygen content (Behera and
Sharma, 2010). Anthropogenic SOA is typically composed by shorter chain (< C15) highly
functionalized molecules (Baltensperger et al., 2005). The overall uptake of BVOC oxidation
products by these compounds will depend on their miscibility and activity coefficients. Larger
uptake is expected for anthropogenic SOA, which is more oxidized and therefore more similar to
BVOC oxidation products (Hoyle et al., 2011).
1.2.2.2 Particle water
Recent studies have also highlighted the importance of particle water as a medium for
SOA formation (Parikh et al., 2011; Carlton and Turpin, 2013). Water can also influence
partitioning by favoring the uptake of more polar compounds and driving the re-volatilization of
less polar species (Seinfeld and Pankow, 2003). The particle liquid water content is a
combination of water uptake by organic and inorganic compounds. For organic compounds,
evidence suggests that there is not a significant difference in water uptake by SOA from biogenic
and anthropogenic precursors (Baltensperger et al., 2005; Prenni et al., 2007). Most of the water
uptake, however, is expected to come from inorganic compounds (Petters and Kreidenweis,
2007). In the Southeastern USA, it has been proposed that high anthropogenic sulfate
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concentrations lead to enhanced particle water content, which then drives the partitioning of
water soluble organic compounds into the particle phase and may promote further aqueous phase
processing (Carlton and Turpin, 2013). Therefore, gas-to-particle partitioning depends on the
chemical and physical properties of both the gas-phase and particle-phase species, including
water. The relationships between these properties and the resulting SOA yields remain poorly
characterized.
1.2.2.3 Particle acidity
Particle acidity has been recognized as a major player in many mechanisms of SOA
production through laboratory studies, although its relevance in atmospheric conditions remains
to be thoroughly quantified. Anthropogenic activities can increase the acidity of PM by
providing the gaseous precursors SO2 and NOx that are oxidized in the atmosphere to form
sulfuric and nitric acid in the particle phase. Jang et al. (2002) demonstrated that acidic particle
surfaces could lead to large enhancements in SOA mass. These enhancements have been
attributed to several acid-catalyzed heterogeneous reactions of organic carbonyl species,
including hydration, polymerization, aldol condensation, and formation of hemiacetal, acetal,
and esters (Jang et al., 2002; Kroll and Seinfeld, 2008). This acidity effect is larger for precursor
species of higher volatility such as isoprene, since a reduction in the volatility of their products is
more significant than for the products of precursors such as alpha-pinene and limonene, which
are naturally less volatile (Kroll and Seinfeld, 2008, and references therein).
The reactive uptake of isoprene epoxydiols (IEPOX) has been shown to increase with
increasing particle acidity (Gaston et al., 2014; Kuwata et al., 2015; Liu et al., 2015). The
proposed mechanism involves the acid-catalyzed ring opening of the IEPOX molecule (Paulot et
al., 2009; Surratt et al., 2010) and the subsequent addition of available nucleophiles, such as
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water to produce tetrols or sulfate to produce organosulfates as well as their oligomers (Surratt et
al., 2010; Lin et al., 2014; Nguyen et al., 2014). It is challenging to separate the roles of acidity
from the roles of sulfate and associated increased particle volume in experiments, since these
variables are tightly related. Marais et al. (2016) used a chemical transport model to predict
IEPOX-SOA mass concentration for the southeastern USA and attributed the correlation
between sulfate and IEPOX-SOA to the acidity and particle volume provided by sulfate, which
both favor IEPOX uptake.
The importance of acidity in the production of SOA has been demonstrated for VOC
precursors other than isoprene. SOA yields from alpha-pinene ozonolysis were observed to
increase in the presence of acidic seeds, with increased production of low-volatility oligomers
(Gao et al., 2004). Substantial uptake of pinonaldehyde and biogenic olefins onto acidic
ammonium sulfate seed was observed and tied to formation of oligomers and organosulfates in
the particle phase (Liggio and Li, 2006; Liggio et al., 2007). Moreover, the partitioning of
gaseous nitrate compounds into the particle phase, resulting in increased concentrations of
nitrogen-containing species, was demonstrated to be favored by acidity (Han et al., 2016).
Because many of these laboratory experiments are done under highly acidic and/or low RH
conditions, their implications for the real atmosphere remains to be quantified. There are many
difficulties, however, in assessing acidity levels in field studies (see Appendix E for further
details).
1.2.2.4 NOx
Nitrogen oxides (NOx = NO + NO2) have been demonstrated to affect organic PM
production and composition. Although NOx is emitted naturally by soils and lightning, those
contributions are usually dwarfed by anthropogenic emissions. While NOx concentrations in
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remote tropical forests are usually below 100 ppt, in urban regions they can range from 10 ppb to
1ppm (Bakwin et al., 1990; Seinfeld and Pandis, 2006). Anthropogenic NOx is emitted from
high-temperature combustion of fossil fuels (transportation and power plants) and from
combustion of biomass. Most tropospheric NOx is emitted as NO, and rapid photochemical
conversion to NO2 leads to chemical equilibrium within a few minutes (Seinfeld and Pandis,
2006).
Nitrogen oxides are known to affect SOA production in complex ways, and the nonlinear
relationships between NOx and SOA yields remain poorly understood. NOx can influence VOC
oxidation in three main ways: (1) by regulating distinct reaction pathways which lead to different
products with different potentials for SOA production, (2) by affecting the concentrations of
tropospheric O3 and hydroxyl radical (OH), which in turn are important oxidants in the
production of SOA, and (3) by promoting nitrate radical chemistry, which also leads to SOA
production. These three possibilities are detailed below.
The atmospheric degradation of VOCs starts with the formation of an alkyl or substituted
alkyl radical (R˙), such as hydroxyalkyl or nitrooxyalkyl radicals. This first step happens through
reactions of the VOC with oxidants such as OH radicals, O3, and nitrate radicals, or through
photodissociation (Figure 1-2). Subsequently, the alkyl radicals react in the troposphere to
produce peroxy radicals (RO2˙). Anthropogenic emissions of NO compete with HO2 for peroxy
radicals. The oxidation products from the distinct pathways, having different structures and
functional groups, affect vapor pressures and solubility in the particle phase, consequently
affecting the SOA yields and properties. When NOx concentrations are low (“low- NOx”
conditions), RO2 predominantly reacts with HO2, leading to the production of hydroperxydes,
carboxylic acids, and peroxyacids. Reactions with RO2, leading to production of alcohols and
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carbonyls are also important, especially for high VOC concentrations. These products are usually
less volatile compared to their parent species and may therefore partition to the particle phase
(Kroll and Seinfeld, 2008). When NOx concentrations are high (“high-NOx” conditions), NO and
NO2 pathways may dominate the fate of the RO2 radicals, leading to the production of (i) alkoxy
radicals, and (ii) nitrogen-containing organic species, such as organic nitrates and peroxynitrates,
e.g., peroxy acyl nitrates (PAN). The major channel is alkoxy radical formation, and further
reactions of this radical usually lead to higher volatility products (Kroll and Seinfeld, 2008). The
volatility of the organic nitrate species, by contrast, is generally higher, and seems to
significantly depend on the carbon number of the VOC precursor. As detailed below, for small
VOCs such as isoprene and monoterpenes (C5 to C10), products of high-NOx conditions seem to
be volatile and partition less to particle phase, whereas for sesquiterpenes and larger alkanes (C15
or larger) products seem to be significantly less volatile and can efficiently form SOA.

Figure 1-2. Simplified scheme of reactions involved in the atmospheric degradation of
VOCs. Classes of products of shown in boxes. h𝜈 denotes light absorption. Not explicitly shown
is that the carboxylic acids and peroxy acids are formed from reactions of acyl peroxy radicals
(RC(O)O2˙) with HO2 radicals. Adopted from Ziemann and Atkinson (2012).
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Many chamber studies have focused on understanding how the presence of NOx affects
the production of SOA from biogenic VOCs. SOA yields depend not only on the NOx
concentration, but also on the VOC precursor and its concentration, the primary oxidant, the preexisting particle mass, and the reaction time. The VOC/NOx (ppb/ppb) ratio has been a useful
parameter for the comparison of different experiments. Distinct SOA yields have been observed
between regimes of low and high VOC/NOx ratios for photo-oxidation and ozonolysis of several
terpenes (Pandis et al., 1991; Presto et al., 2005; Ng et al., 2007; Han et al., 2016), and photooxidation of isoprene (Kroll et al., 2006; Carlton et al., 2009; Chan et al., 2010; Worton et al.,
2013). In general, the SOA yield from isoprene and monoterpenes seem to (i) increase with
increasing NOx concentrations in “low-NOx” conditions (i.e., high VOC/NOx ratios), (ii)
decrease with increasing NOx in “high-NOx” conditions (i.e., low VOC/NOx ratios), (iii) be
larger for “low-NOx” than “high-NOx” conditions (Pandis et al., 1991; Presto et al., 2005;
Dommen et al., 2006; Kroll et al., 2006; Chan et al., 2010). Optimal values of VOC/NOx lie
between 1 and 10 for isoprene and 10 to 20 for monoterpenes. This observed non-linear behavior
has been corroborated by model simulations of n-octene oxidation in the presence of NOx, which
found an optimal VOC/NOx ratio of about 10 and identified a dominant contribution of
hydroperoxide and nitrate moieties at low and high NOx, respectively (Camredon et al., 2007). In
contrast, SOA yields from sesquiterpenes are correlated with higher NOx concentrations, which
has been attributed to the lower volatility of sesquiterpene nitrates (Hoyle et al., 2011).
A second way that NOx emissions may affect organic PM is through the influence of NOx
on atmospheric concentrations of OH and O3. Nitrogen oxide (NO) reacts with RO2 to produce
HO2, which also reacts with NO, recycling OH (Figure 1-3). At each reaction step of one NO
molecule with a peroxide molecule (HO2 or RO2), one NO2 molecule is produced. NO2 can be
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photolyzed and react with O2 to produce O3. NO therefore acts as a catalyst for OH recycling and
for tropospheric O3 photochemical production. Increased oxidant concentrations present in urban
plumes can react with biogenic VOCs and also promote additional multigenerational chemistry
of semi-volatile and intermediate-volatility species that are emitted as primary particles
(Robinson et al., 2007). Global biogenic SOA is expected to increase in the future atmosphere in
part due to increases in oxidant levels (Tsigaridis and Kanakidou, 2007). A modeling study by
Lane et al. (2008) separated the direct effect of NOx on SOA yields (by changing the branching
ratios of RO2 + NO and RO2 + HO2 pathways) and the indirect effect of NOx on SOA yields by
increasing oxidants. The model suggested that a decrease in NOx emissions in rural NOx-limited
areas would reduce SOA concentrations by reducing oxidant levels, although NOx-dependent
SOA yields would not significantly change. By contrast, VOC-limited urban areas might see an
increase in SOA concentrations due to an increase in oxidants caused by the NOx decrease. For
the Southeast US, the overall predicted effect due to a reduction of 50% in NOx concentrations
was a reduction of 0.5 µg m-3 in SOA. The effects of this highly complex chemistry on organic
PM in other regions of the globe remains to be elucidated.

Figure 1-3. Simplified scheme of tropospheric OH chemistry depicting the role of NOx in
recycling OH and producing O3. h𝜈 denotes light absorption. Adopted from Rohrer et al.
(2014).
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A third way by which NOx emissions can affect organic PM is through the chemistry of
NO3 radicals, since these radicals are directly produced from the reaction of NO2 and O3. NO3
radicals are primarily present in the atmosphere during nighttime because they are photolabile
and react rapidly with NO. Terpene oxidation by NO3 radicals can produce SOA at high yields
(Ng et al., 2008; Fry et al., 2009; Fry et al., 2011; Fry et al., 2014). Organic nitrates are usual
SOA products, although different species may dominate the composition depending on the VOC
precursor, such as pinonaldehyde in the case of α-pinene (Spittler et al., 2006; Fry et al., 2014).
Field measurements have confirmed the importance of NO3 nighttime chemistry for SOA
production in several locations (Surratt et al., 2008; Brown et al., 2009; Rollins et al., 2012; Xu
et al., 2014). In Bakersfield, California, particulate alkyl and multifunctional nitrates represented
about a third of the nighttime increase in organic PM (Rollins et al., 2012). In the Southeast US,
field observations in conjunction with a model estimated that 64% of the nighttime SOA
formation was due to NO3 oxidation of terpenes (80%) and isoprene (20%) (Xu et al., 2014). A
modeling study reported that oxidation by NO3 oxidation during twilight conditions could
account for up to 21% of SOA production on a global basis and 50 to 60% in industrialized
regions (Hoyle et al., 2007).
1.2.2.5 SO2
Sulfur dioxide is predominantly emitted by anthropogenic sources. In continental
background air, SO2 concentrations are typically below 1 ppb, and in the marine boundary layer
they can be as low as 20 ppt. By contrast, SO2 concentrations can reach several hundred parts per
billion in urban areas (Seinfeld and Pandis, 2006). Global sources of SO2 are dominated by fossil
fuel combustion, including point sources such as power plants and mobile sources that use fuel
of high-sulfur content (Seinfeld and Pandis, 2006; Vestreng et al., 2007). In addition, other
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industrial sources such as mining and smelting sites, and the petroleum refining industry are
important. Volcanos as well as biomass burning also contribute a non-negligible fraction of SO2
emissions (Seinfeld and Pandis, 2006; Fioletov et al., 2011).
The conversion of SO2 to sulfate can happen through the gas-phase oxidation of SO2 by
OH or through aqueous phase reactions of SO2 with hydrogen peroxide (H2O2), O3, and other
oxidants. These pathways are presented below. The gas-phase reaction is quite slow, and the
typical lifetime of SO2 against OH radical in the atmosphere is on order of a week, which is
considerably longer than the lifetime of 1 day against dry deposition (Seinfeld and Pandis, 2006).
Aqueous phase reactions of SO2 in cloud droplets are much faster and are usually the dominant
sink for SO2 (Seinfeld and Pandis, 2006). The lower amount of liquid water in aerosol particles
do not favor such reactions, but in RH conditions above 90% aerosol particles can become
important.
▪

Gas phase pathway:
SO2(g) + OH ̇ + M → HOSO2 ̇ + M
HOSO2 ̇ + O2 → HO2 ̇ + SO3
SO3 + H2O + M → H2SO4 + M

▪

Aquous phase pathway:
SO2(g) + H2O ⇌ SO2·H20
SO2·H2O ⇌ H+ + HSO3HSO3- ⇌ H+ + SO32S (IV) + H2O2 (aq) ⇌ H2O + H2SO4
S (IV) + O3 (aq) ⇌ O2 + H2SO4
where S (IV): SO2·H2O, HSO3-, and SO32-
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These reactions lead to the formation of sulfuric acid, thereby contributing to particle
acidity and leading to many follow-on effects described in Section 1.2.2.3, including the
formation of particle organosulfates. Marais et al., 2017 attributed the organic PM decrease in
the past decades in the southeastern USA to a parallel decline in sulfate that drove lower aqueous
volume and acidity, thereby decreasing SOA production. The study suggested that decreasing
anthropogenic SO2 emissions in the southeastern USA may have the important co-benefit of
decreasing sulfate as well as biogenic SOA.
Recent studies have proposed new mechanisms for the reactive uptake of gas phase SO2
and formation of sulfates. Some of these mechanisms involve other anthropogenic species and
may therefore be enhanced in polluted environments. Based on field observations in China and
on laboratory simulations, He et al. (2014) proposed a mechanism that involves reactions of SO2
and NOx on the surface of mineral dust. Xue et al. (2016) investigated sulfate formation
pathways through an observation-based model for conditions found in haze events in Chinese
megacities, including high pH in fog water, high concentrations of NO2, SO2 and PM. They
concluded that the dominant pathway for sulfate formation was through oxidation of S(IV) by
dissolved NO2 combined with heterogeneous reaction of SO2 on the particle surface. These
results suggested that a combination of motor vehicle emissions of NOx and construction site
emissions of dust and Ca2+ provided favorable conditions for the oxidation of SO2 and
consequent production of fine particles that cause haze events in highly polluted environments.
In addition, Shang et al. (2016) proposed a mechanism in which gas phase SO2 may be directly
taken up by organic compounds such as alkenes and unsaturated fatty acids, leading to the
production of organosulfates. These pathways, however, may only be relevant in highly polluted
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regions such as some urban areas of China, where SO2 concentrations often exceed 30 ppb. The
broader importance of these pathways to ambient SOA production remains to be determined.
Sulfur dioxide may also influence the production of organic PM by modulating the
concentration of OH radicals available for oxidation of VOCs. Friedman et al. (2016) subjected
the gas-phase oxidation of α-pinene and β-pinene by OH to SO2 perturbations and found out that
SO2 oxidation by OH may have shifted VOC oxidation pathways by changing the ratio of
OH:HO2 available for reaction. The oxidation products showed a shift in functionalization
toward carbonyl and/or carboxylic acid groups (from alcohol/peroxide groups), consistent with
increasing importance of HO2 as SO2 concentrations increased. In another laboratory study, Liu
et al. (2017) found a non-linear trend in the SOA yields from the photooxidation of cyclohexene
in the presence of NOx with increasing SO2 concentrations. The competition between SO2 + OH
reactions and cyclohexene + OH played an important role in the resulting yields.

1.3

Anthropogenic footprint in Amazonia: urbanization and deforestation
The Amazon forest plays a critical role in the functioning of the global ecosystem. As the

largest tropical forest in the world, Amazonia regulates climate not only regionally but also
globally (Nobre et al., 2009). The forest is also home to the largest biodiversity in the world and
provides a wide range of ecological services. The interactions between biosphere and atmosphere
in the region are pivotal in regulating the atmospheric composition, the hydrological cycle, and
consequently the climate over the basin (Martin et al., 2010a; Pöschl et al., 2010). Specifically,
emissions of VOCs and particles by the vegetation have a crucial role in sustaining atmospheric
PM concentrations, which in turn affect the energy budget and regulate cloud dynamics. Models
of current and future climate need to accurately represent both the natural functioning of the
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forest as well as the perturbations caused by human activities which have intensified in the last
decades (Davidson et al., 2012).
The human footprint in Amazonia can be divided in the trends of urbanization and
deforestation. The city of Manaus is located in central Amazonia and surrounded by mostly
undisturbed forest for a radius larger than 1,500 km. Since the establishment of the free-trade
zone in the city by the military government in the 1960s, with the goal of incentivizing economic
growth and land occupation, Manaus population has grown about 40% per decade. Migration
promoted quick and unplanned urban expansion, and today Manaus metropolitan area has over
2.5 million inhabitants (Figure 1-4; Martin et al., 2017). Emissions of gases and particulate
matter from residential, commercial and industrial activities in the city of Manaus may interact
with the background emissions from the forest and fundamentally alter the natural atmospheric
composition and processes in the region. These possible changes, however, remain to be
elucidated.

Year Area (km2)
1973
1978
1988
1998
2008

91
95
125
194
242

Figure 1-4. Expansion of the urban region of Manaus, Brazil, over four decades.Manaus is
located at (3.1° South, 60.0° West). Figure adapted from Martin et al. (2017).
18

Human activities have converted approximately 15% of the original area of the Brazilian
Amazon into pastures for cattle ranching and agricultural land in the period of 1976 to 2010
(Aragão et al., 2014; Figure 1-5). Most of the deforested area belongs to the states of Pará (PA),
Mato Grosso (MT), and Rondônia (RO), composing what is known as the “arc of deforestation”.
The large variability in deforestation rates during the 1990s and 2000s was followed by a
significant decrease starting in 2005. This decrease was a consequence of governmental policies,
including the expansion of protected areas and a better law enforcement against illegal land
holders and operators (Nepstad et al., 2009). In 2008, during climate treaty negotiations with the
United Nations, Brazil committed to a target of reducing deforestation to 20% of its historical
level (1996-2005; 19,500 km2 year-1) by 2020. This target (3,900 km2 year-1) was approached in
2012 but was not reached, and since then deforestation rates have overall increased.
Deforestation in the Amazon goes hand-in-hand with fires, which are more common during the
dry season from August to October (van Marle et al., 2017). Fires emit gases and large amounts
of particulate matter into the atmosphere, affecting not only climate, but also regional air quality
and human health. Reddington et al. (2015) estimated a decline of 30% in PM concentrations in
the region and a substantial associated decline in premature adult deaths due to the decrease in
fire rates between 2001 and 2012. Biomass burning and its consequences for air quality and
climate has been the subject of several field studies in the Amazon region in the past decades
(Martin et al., 2010a, and references therein). Nevertheless, in face of a constantly changing
landscape in conjunction with the complex influences of fire emissions on PM concentrations
and properties, further focused studies are warranted.
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Figure 1-5. Deforestation rates for the Brazilian Amazon in the last two decades. The
plotted data was obtained from the INPE/PRODES project (INPE, 2018). Inset: pie chart
depicting the fractional contribution to the cumulative deforested area by Brazilian states. PA:
Pará, MT: Mato Grosso, RO: Rondônia, MA: Maranhão, AM: Amazonas, AC: Acre; TO:
Tocantins; RR: Roraima; AP: Amapá.

1.4

Motivation and Organization of Thesis
Despite substantial advancements in the modeling of organic PM, significant

uncertainties remain. As a major component of the organic PM and a product of complex
mechanisms, SOA carries significant uncertainty. Reported model-measurement disagreements
on SOA concentrations were as large as one to two orders of magnitude (Volkamer et al., 2006;
Heald et al., 2010). Recent improvements in emissions inventories and SOA yields in
conjunction with a better understanding of SOA precursors and updated gas and particle phase
chemistry have helped to decrease, yet not close, the model-measurement gap (Dzepina et al.,
2009; Carlton et al., 2010; Hodzic et al., 2010; Heald et al., 2011; Shrivastava et al., 2011).
Global models still largely underestimate organic PM concentrations, especially in regions
affected by anthropogenic emissions (Goldstein et al., 2009; Tsigaridis et al., 2014).
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Furthermore, anthropogenic emissions from combustion of fossil fuels and biomass may
contribute to the burden of light-absorbing organic PM (i.e., “brown carbon”), which may be a
significant contributor to radiative forcing and yet is not currently included in most models
(Andreae and Gelencsér, 2006; Bond et al., 2011; Laskin et al., 2015).
Tropical regions, and the southern hemisphere more broadly, have been understudied
comparatively to the more economically affluent northern temperate regions, in spite of the
central role of tropical forests in global climate. As population growth is projected to be larger
for tropical regions than elsewhere in the next decades, an understanding of how human
activities are affecting the atmospheric composition over these regions becomes even more
important. Certain parts of Amazonia during the wet season are some of the least disturbed areas
of the globe, and several field campaigns have aimed at understanding the natural aerosol and
cloud life cycles in the forest (ABLE-2B: Harriss et al., 1990; CLAIRE-98: Avissar et al., 2002;
AMAZE-08: Martin et al., 2010b). Studies focusing on anthropogenic perturbations to these
natural cycles, however, are scarcer and warranted. The pollution plume from the city of Manaus
offers a unique setting for the study of urban influences on particulate matter over the region. In
addition, the increased occurrence of fires during the dry season allows for the study of biomass
burning influences.
This thesis aims to advance the scientific understanding and the quantitative knowledge
of anthropogenic influences on the atmospheric particulate matter over Amazonia. The work
presented herein was done in the context of the Observations and Modeling of the Green Ocean
Amazon 2014–2015 (GoAmazon2014/5) experiment (Figure 1-6; Martin et al., 2016). Two
intensive operating periods (IOPs) took place in the environs of Manaus in 2014, one in the wet
season (IOP1: 1 February to 31 March), and another in the dry season (IOP2: 15 August to 15
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October). The thesis is organized accordingly. Part II, corresponding to studies focused on the
wet season, presents investigations on the influence of Manaus urban emissions on the forested
region downwind. Within Part II, Chapter 2 has a broader scope and presents overall changes in
the PM and especially in the organic PM by comparing background and polluted conditions.
Chapter 3 focuses on the chemistry of isoprene epoxydiols (IEPOX) and presents a detailed
investigation on the roles of anthropogenic NO and sulfate in driving the production of IEPOXderived PM in the region. Part III corresponds to the dry season, with Chapter 4 presenting a
study on the influence of biomass burning emissions as well as urban emissions on the organic
PM mass concentrations and optical properties. Finally, Part IV presents the conclusions of the
thesis.
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Figure 1-6. Overview of the GoAmazon2014/5 experiment. (top) Location of all the
GoAmazon2014/5 ground sites as indicated by yellow pins, in the vicinity of Manaus, Brazil (3.1°, -60.0°). Manaus is situated at the confluence of the rivers Negro and Solimões, which
together form the Amazonas river. The “T0” sites were located upwind of Manaus, the “T1” sites
were in the city, and the “T2” and “T3” sites were situated downwind. The left inset shows the
location of the represented domain within South America. The right inset shows the illumination
of Manaus during nighttime for the year of 2010. (bottom left) The Amazon forest as seen from
the top of a research tower at the T0k site. (bottom right) Aerial view of T3, which is the primary
site for the research presented in this thesis. The top panel was adopted from Martin et al. (2016),
and the bottom panels were adopted from Martin et al. (2017).
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PART II: WET SEASON (IOP1)
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2 Urban pollution changes the concentration and composition of
submicron particulate matter in central Amazonia
2.1

Introduction
Secondary organic material (SOM) constitutes a large fraction of the atmospheric particle

burden (Hallquist et al., 2009; Jimenez et al., 2009) and therefore has important effects on the
Earth’s radiation balance, atmospheric visibility, and human health. SOM is a complex mixture
of compounds resulting from many chemical pathways, and the processes underlying the
production of SOM remain poorly understood. Models are especially challenged to accurately
represent production of SOM in regions where there is a mix of biogenic and anthropogenic
emissions (de Gouw et al., 2008; Glasius and Goldstein, 2016; Shrivastava et al., 2017). Possible
shifts in the contributing mechanisms of SOM production between background and polluted
conditions must be understood and quantified for distinct environments on the globe to test and
enable accurate modeling predictions.
Several field observations, mainly in mid-latitudes of the Northern Hemisphere, and
modeling efforts have suggested that the production of SOM from biogenic precursor
compounds becomes more efficient in polluted air (Weber et al., 2007; Goldstein et al., 2009;
Hoyle et al., 2011; Huang et al., 2014; Zhang et al., in press). In the northeastern USA, de Gouw
et al. (2005) showed that organic PM concentrations correlated well with anthropogenic tracers,
yet the concentrations of anthropogenic precursors were insufficient to explain the observed PM.
In the southeastern USA, observations suggested that organic PM was produced mainly from
BVOCs, however modulated by anthropogenic emissions of NOx and SO2 (Weber et al., 2007;
Goldstein et al., 2009). In the western USA, ground and aircraft measurements observed the
highest organic PM increases when air masses having high concentrations of biogenic VOCs
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(BVOCs) intercepted anthropogenic emissions (Setyan et al., 2012; Shilling et al., 2013). A
metastudy for several locations in the USA concluded that downwind urban air had increased
organic PM concentrations due to the photochemical production of SOM (De Gouw and
Jimenez, 2009). In addition, models have estimated that 50 to 70% of the biogenic SOM mass
concentration in several locations is modulated by anthropogenic emissions (Carlton et al., 2010;
Heald et al., 2011; Spracklen et al., 2011). Global-scale modeling studies have estimated an
increase of 20% to 60% in the global annual mean SOM concentration relative to the preindustrial period (Tsigaridis et al., 2006; Hoyle et al., 2009).
Many possible mechanisms may contribute to the effects of anthropogenic emissions on
increased SOM production, including changes in gas-particle partitioning, new particle
production and growth, and particle acidity. Changes in the concentrations of nitrogen oxides,
however, should be regarded as a critical factor (Hoyle et al., 2011 and references therein).
Different NOx regimes favor distinct gas-phase oxidation pathways, leading to different
oxidation products and particle yields, as evidenced in isoprene photo-oxidation (Kroll et al.,
2005, 2006; Hallquist et al., 2009; Worton et al., 2013; Y. Liu et al., 2016a; J. Liu et al., 2016).
For tropical forests, isoprene emissions are especially important in PM production (Martin et al.,
2010a; Chen et al., 2015). Under HO2-dominant conditions (i.e., low NOx), isoprene epoxydiols
(IEPOX) are produced in the gas phase and, through heterogenous reactions involving sulfate,
PM is produced (Paulot et al., 2009; Surratt et al., 2010). Depending on the relative importance
of increased concentrations of sulfate and NOx associated with pollution in a given region, an
enhancement or suppression of IEPOX-derived PM production relative to background conditions
may occur (Lu Xu et al., 2015; de Sá et al., 2017; Chapter 3).
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Amazonia, the largest tropical forest in the world and a large global source of SOM, is
understudied in comparison to northern mid-latitude regions, especially with respect to the
influence of pollution on the SOM lifecycle (Martin et al., 2010a). Manaus, a city of over two
million people in the central Amazon, continuously releases an urban plume into an otherwise
mostly unperturbed region (Kuhn et al., 2010; Martin et al., 2017). The region downwind of
Manaus, especially in the wet season in the absence of regional fires (Artaxo et al., 2013), offers
a natural laboratory for the investigation of biogenic-anthropogenic interactions and the resulting
consequences for the amount and composition of PM in the region. As part of GoAmazon2014/5,
de Sá et al. (2017) (Chapter 3) demonstrated that PM derived from IEPOX generally decreased
under polluted compared to background conditions downwind of Manaus. Nitrogen oxides in the
pollution plume played a key role by suppressing the production of isoprene
hydroxyhydroperoxides (Y. Liu et al., 2016a), leading to a decrease in the production of gas
phase IEPOX and consequently of IEPOX-derived PM (de Sá et al., 2017).
The present study investigates the influences of urban pollution on the concentration and
composition of fine particles in central Amazonia, focusing on organic PM and its several
component classes. The analysis employs data sets collected during the first Intensive Operating
Period (IOP1) of the GoAmazon2014/5 experiment (Martin et al., 2016), corresponding to the
wet season during the period of February 1 to March 31, 2014. Chapter 4 presents the results for
IOP2, corresponding to the dry season period of August 15 to October 15, when biomass burning
emissions were prevalent (de Sá et al., in preparation). Herein, positive-matrix factorization
(PMF) of organic mass spectra measured by aerosol mass spectrometry (AMS) in conjunction
with a clustering analysis of pollution indicators by Fuzzy c-means are employed to investigate
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the changes in particle concentration and composition associated with the influence of urban
pollution downwind of Manaus.

2.2
2.2.1

Methodology
Site description
The primary site of this study, named “T3” (3.2133 °S, 60.5987 °W), was located 70 km

to the west of Manaus, Brazil, in central Amazonia (Martin et al., 2016; Figure 2-1). The site was
situated in a pasture of 2.5 km × 2 km surrounded by forest. Auxiliary sites “T0a” and “T0t”,
served as references for background conditions in relation to T3. Site T0a (2.1466 °S,
59.0050 °W) refers to the Amazonian Tall Tower Observatory (ATTO; Andreae et al., 2015),
located 150 km to the northeast of Manaus. Site T0t (2.5946°S, 60.2093°W) was situated 60 km
to the north-northwest of Manaus in the Cuieiras Biological Reserve (“ZF2”) and refers to tower
“TT34”, established in 2008 for the AMAZE-08 experiment (Martin et al., 2010b). The T0 sites
were typically upwind of Manaus, with only occasional transport of pollution to these sites
(Andreae et al., 2015; Chen et al., 2015). Auxiliary site “T2” served as a reference for polluted
conditions. This site was located just across the Rio Negro (3.1392°S, 60.1315°W), 8 km from
the southwestern edge of Manaus and typically downwind of urban emissions during the
daytime.
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Figure 2-1. Location of the GoAmazon2014/5 sites relevant for this study. Manaus is the
lighter area in lower center of figure, at the meeting of the Rivers Negro (upper left) and
Solimões (lower left). Underlying image: Google Earth.

2.2.2

Aerosol mass spectrometry
Characterization of the atmospheric PM was obtained using a High-Resolution Time-of-

Flight Aerosol Mass Spectrometer (hereafter AMS; Aerodyne, Inc., Billerica, Massachusetts,
USA; DeCarlo et al., 2006; Canagaratna et al., 2007). Mass concentrations of non-refractory PM
components, namely organic, sulfate, ammonium, nitrate, and chloride were measured. Detailed
aspects of the AMS operation in GoAmazon2014/5 are presented in Appendix A. In brief, the
instrument was housed within a temperature-controlled research container, and the inlet to the
instrument sampled from 5 m above ground level. Ambient measurements for this study were
obtained every other 4 min. The other 4 min were used for analysis of output from an oxidation
flow reactor as presented in Palm et al. (2018).
Data analysis was performed using SQUIRREL (1.56D) and PIKA (1.14G) of the AMS
software suite (Sueper and collaborators; DeCarlo et al., 2006). PM mass concentrations were
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obtained from “V-mode” data. The choice of ions to fit was aided by “W-mode” data, which
were collected for one of every five days. “Sulfate” and “nitrate” concentrations reported by the
AMS may include contributions from both organic and inorganic species (Farmer et al., 2010;
Liao et al., 2015). Organic and inorganic nitrate concentrations were estimated based on the ratio
of NO2+ to NO+ signal intensity, as described in Appendix A (Fry et al., 2009; Farmer et al.,
2010; Fry et al., 2013). The organic elemental ratios, O:C and H:C, were calculated following the
methods of Canagaratna et al. (2015).

2.2.3

Auxiliary measurements and datasets
In complement to the AMS data set, the analysis herein incorporated auxiliary gas and

particle measurements from T3 (Martin et al., 2016). Mass concentrations of molecular and
tracer organic species in the gas and particle phases were measured by a Semi-Volatile Thermal
Desorption Aerosol Gas Chromatograph (SV-TAG) at a time resolution of one hour (IsaacmanVanWertz et al., 2016). The instrument collected gas and particle samples, followed by thermal
desorption, derivatization, and gas chromatography coupled to mass spectrometry (Isaacman et
al., 2014). A summary of operational details for GoAmazon2014/5 is presented in Appendix B,
and the main account is presented in Isaacman-VanWertz et al. (2016). Concentrations of
volatile organic compounds (VOCs) were measured by a Proton-Transfer-Reaction Time-ofFlight Mass Spectrometer (PTR-ToF-MS; Y. Liu et al., 2016a).
Additional data sets used in the analysis were collected at the T3 site by instruments
housed in the research container of the Mobile Aerosol Observing System (MAOS) of the ARM
Climate Research Facility (ACRF) operated by the USA Department of Energy (Mather and
Voyles, 2013; Martin et al., 2016). A temperature-controlled inlet was mounted at 10 m above
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ground level. Measurements of nitrogen oxides were made using a chemiluminescence-based
instrument (Air Quality Design). The raw NOy measurements (10-s resolution) were averaged
across 30-min intervals to dampen the influence of brief local events. Further details of the NOy
measurements are presented in Appendix B. In addition, ozone concentrations were measured by
an ultraviolet photometric analyzer (Thermo Fisher, model 49i, Ozone Analyzer). Particle
number concentrations were measured by a Condensation Particle Counter (TSI, model 3772).
Black carbon (BC) concentrations were measured both by a 7-wavelength aethalometer (Magee
Scientific, model AE-31) and a Single Particle Soot Photometer (SP2; Droplet Measurement
Techniques). The two black carbon datasets differed by a factor of up to three in absolute mass
concentrations, which may be due to issues associated with filter-based optical measurements, as
well documented in other studies (Subramanian et al., 2007; Cappa et al., 2008; Lack et al.,
2008). The two datasets, however, agreed well in the temporal trend. The analysis herein for BC
is thus restricted to the temporal trends. Wind direction, solar irradiance, and precipitation rate
were measured by the ARM Mobile Facility (AMF-1), which was also part of the ACRF.
Additional measurements from T0a, T0t, and T2 were also used in the analysis. At T2,
non-refractory particle composition and concentration were measured by an Aerosol Chemical
Speciation Monitor (ACSM; Brito et al., in preparation). ACSM measurements were also made
at T0a during the wet season of 2015 (Carbone et al., in preparation). Further datasets collected
by AMS at T0t during the wet season of 2008 (AMAZE-08 campaign) were used in the analysis
(Chen et al., 2009;Schneider et al., 2011). AMS measurements made onboard the G-1 aircraft of
the ARM Aerial Facility (AAF) during IOP1 also supported the analysis herein (Shilling et al.,
2018).
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2.2.4

Air mass backtrajectories and associated precipitation rates
Simulations of two-day backward air mass trajectories, starting at 100 m above T3, were

made using HYSPLIT4 (Draxler and Hess, 1998a). Input meteorological data were obtained
from the Global Data Assimilation System (GDAS), provided by the NOAA Air Resources
Laboratory (ARL), on a regular grid of 0.5° × 0.5°, 18 pressure levels, and 3-h intervals.
Trajectory steps were calculated for every 12 min.
Information on precipitation along the trajectories was obtained from the S-band radar of
the System for Amazon Protection (SIPAM) in Manaus (Machado et al., 2014). The radar had a
beam width of 1.8°, and it scanned 17 elevation angles every 12 min. Data were recorded to a
range of 240 km at 500-m gate spacing. The reflectivity fields were quality controlled to remove
non-meteorological echo and calibrated against the satellite precipitation radar of the Tropical
Rainfall Measuring Mission and Global Precipitation Measurement (TRMM-GPM; Kummerow
et al., 1998; Hou et al., 2014). Ground clutter was used to analyze the stability of the calibration.
The data were gridded at 2 km × 2 km in the horizontal and 0.5 km in the vertical using the
NCAR Radx software. The reflectivity at 2.5 km in altitude was converted to rain rates based on
the data sets of a Joss-Waldvogel disdrometer (Joss and Waldvogel, 1967), located at T3, 70 km
downwind of the radar.

2.3
2.3.1

Results and discussion
Fine-mode PM composition
The time series of mass concentrations of PM1 species at T3 during the wet season of

2014 are plotted in Figure 2-2a. Organic material dominated the composition, contributing 79 ±
7% (average ± one standard deviation), followed by sulfate (13 ± 5%). The plotted standard
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deviation represents the variability across the time series. Average non-refractory (NR) PM1
mass concentrations and compositions at T3 as well as at three other sites in the region are
represented in Figure 2-2b. The two T0 sites corresponded to predominantly background
conditions. By contrast, the T2 site represented conditions just downwind of Manaus, and
depending on wind direction experienced fresh Manaus pollution or background air. The
comparison in Figure 2-2b demonstrates that the organic component consistently constituted
70% to 80% of NR-PM1 across sites in this region in the wet season, for both background and
polluted conditions, in line with previous observations (Chen et al., 2009; Martin et al., 2010a).

Figure 2-2. Overview of PM1 composition during the wet season at T3 and other sites. (a)
Mass concentrations of PM1 species at T3 during the wet season of 2014 (IOP1). Non-refractory
(NR) PM1 species of organic, sulfate, ammonium, nitrate, and chloride were measured by the
AMS. Mass concentrations of black carbon were obtained by scaling aethalometer measurements
by a factor of 2 based on the range of 1 to 3 for the comparison of SP2 to aethalometer
measurements. The temporal trend of the two instruments agreed well. (b) Comparison of the
summed mass concentrations of non-refractory PM1 species (top) and the mass fractions of these
species (bottom) at T3 and three other regional sites. T0a-2015 refers to measurements in the wet
season of 2015 at the ATTO location (Andreae et al., 2015). T0t-2008 refers to the AMAZE-08
experiment, which took place in the wet season of 2008 at the TT34 location (Chen et al., 2015).
T2-2014 refers to measurements made during IOP1 at a site 8 km downwind of Manaus, just
across the Black River (“Rio Negro) (Cirino et al., 2018). Measurements at T0a in 2015 and at
T2 in 2014 were made by an ACSM, and measurements at T0t in 2008 and at T3 in 2014 were
made by an AMS. Concentrations were adjusted to standard temperature (273.15 K) and pressure
(105 Pa). Bars represent means and whiskers represent the standard deviation of measurements.
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Even as the relative composition was similar across all sites, there were differences in the
absolute mass concentrations (Figure 2-2b, top panel). The NR-PM1 mass concentrations at the
T0 sites upwind of Manaus were approximately 1 μg m-3. The concentrations at the T2 site just
downwind of Manaus were more than three times higher on average (3.3 μg m-3). Average
concentrations at the T3 site (1.7 μg m-3), several hours downwind of Manaus, were lower
compared to those at T2. This relative progression from T0, to T2, and then to T3 can be
understood as a first-order quantification of the overall effect of Manaus emissions in increasing
the airborne PM burden in the downwind region.
The diel trends of organic and sulfate mass concentrations across the four sites are shown
in Figure 2-3. Lines represent means, solid markers show medians, and boxes span interquartile
ranges. Organic mass concentrations and associated variability were higher at the T3 site
compared to the T0 sites, markedly so in the afternoon hours. The greater variability at T3 is in
line with a time-varying influence of Manaus emissions. This influence waxes and wanes with
small northerly or southerly shifts of the trade winds as well as other changes in regional
circulation tied to daily meteorology (Cirino et al., 2018). The higher afternoon mass
concentrations at T3 can be attributed to a combination of (i) an oxidant-rich, sunlight-fed plume
that increases the production rate of secondary PM and (ii) faster near-surface winds during the
day that transport PM from Manaus to T3 with less loss by deposition and dispersion compared
to more-stagnant air at night. Among all sites, the T2 observations had both the highest average
organic mass concentrations and the largest variability. These characteristics of the T2 dataset
can be explained by a combination of (i) the proximity of the site to Manaus, (ii) the rapid and
180° changes in wind direction caused by the intersection of the trade winds with a local river
breeze (dos Santos et al., 2014), and (iii) possible contributions of emissions from brick kilns,
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located mostly southwest of the site, especially during night time (Martin et al., 2016; Cirino et
al., 2018).

Figure 2-3. Diel patterns of the mass concentrations of organic (top, green) and sulfate
(bottom, red) species during the wet season at four different sites (cf. Fig. 2-2 and Fig. 2-1).
Mass concentrations were corrected to standard temperature and pressure (273.15 K and 105 Pa).
Local time is (UTC - 4 h). Lines represent means, solid markers show medians, and boxes span
interquartile ranges. The ordinate scale for the T2 panel differs from the other three panels.
Concentrations were adjusted to standard temperature (273.15 K) and pressure (105 Pa).

The diel trends of the sulfate mass concentrations were in large part similar to those of
the organic mass concentrations. One distinction in the case of sulfate, however, is that the
variability at the T0 sites is similar to that at the T3 site. The explanation is that the background
sources of sulfate, including not only in-basin emissions but also out-of-basin long-range
transport, are variable and significant enough to make the variability at the background sites
similar to that at the T3 site (Chapter 3; de Sá et al., 2017).
Overall, the organic PM1 at T3 was highly oxidized, as indicated by the position of gray
markers in the plot of Figure 2-4. By contrast, the blue markers represent the dataset collected at
T2 during the same period. The datasets encompass all times of days and all conditions at both
sites. Datasets from background sites collected in different years are shown in Figure 2-5. Points
to the upper left represent more oxidized material, and points to the lower right represent less
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oxidized material (Ng et al., 2011a). The comparison depicted in Figure 2-4 illustrates the effects
of the plume over the 4 h of transport from T2 to T3 (Cirino et al., 2018). The plot suggests that
the enhanced oxidative cycle associated with higher OH and O3 concentrations in the pollution
plume might cause (i) the production of highly oxidized SOM, from both biogenic and
anthropogenic precursors including aromatic compounds (Chhabra et al., 2011; Lambe et al.,
2011), and (ii) the accelerated oxidative processing of pre-existing organic PM by OH and O3
(Martin et al., 2017). The implication is that the emissions from Manaus can significantly affect
the mechanisms that produce or modify fine-mode PM over the tropical forest.

Figure 2-4. Scatter plot of the AMS signal fraction at m/z 44 (f44) against that at m/z 43 (f43)
for T2 and T3 during the wet season of 2014 (IOP1). Solid squares represent median values,
and whiskers represent 10 and 90 percentiles. Dashed lines delineate the region where worldwide
measurements of ambient organic PM1 commonly lie (Ng et al., 2011a).
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Figure 2-5. Scatter plot of the AMS signal fraction at m/z 44 (f44) against that at m/z 43 (f43)
at auxiliary sites in other years. Green and yellow markers correspond to measurements made
by two different AMS instruments at T0t in the wet season of 2008 during the AMAZE-08
campaign (Chen et al., 2009; Schneider et al., 2011). Red markers correspond to measurements
made at the T0a (ATTO) by an ACSM during the wet season of 2015. A correction factor of 0.75
was applied to the f44 values of the ACSM based on calibrations with standards. Solid squares
represent median values, and whiskers represent 10 and 90 percentiles. The plot shows a
significant variability between the observations of 2008 and 2015 for the two background sites.
An explanation of the differences is not attempted herein and warrants further investigation
through longer-term continuous measurements.

2.3.2

Characterization of organic PM by positive-matrix factorization
Positive-matrix factorization was applied to the time series of the organic component of

the high-resolution “V mode” mass spectra (IM Ulbrich et al., 2009). Diagnostics of the PMF
analysis are presented in Appendix C. Herein, “factor profile” and “factor loading” refer to the
mathematical products of the multivariate statistical analysis, whereas “mass spectrum” and
“mass concentration” refer to direct measurements.
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A six-factor solution was obtained based both on the numerical diagnostics of the PMF
algorithm and the judged scientific meaningfulness of the resolved factors (Appendix C). The
factor profiles, diel trends of the factor loadings, and the time series of the factor loadings and
other related measurements are plotted in Figures 2-6a, 2-6b, and 2-6c, respectively. The inset of
Figure 2-6a shows the mean fractional loading contribution of each factor during the analysis
period. The correlations of factor loadings with co-located measurements of gas- and particlephase species are shown in Figure 2-7.
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Figure 2-6. Results of the PMF analysis on the time series of AMS organic mass spectra
collected at T3. (a) Mass spectral profile of each factor represented at unit mass resolution. The
inset shows the mean fractional loading of each factor. (b) Diel trends for the loadings of each
PMF factor. Local time is (UTC - 4 h). Lines represent means, solid markers show medians, and
boxes span interquartile ranges. (c) Time series of the factor loadings (left axis) and other related
measurements at T3 (right axis). Methyl-butyl-tricarboxylic acid is abbreviated as MBTCA.
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Figure 2-7. Column plot of Pearson R correlations between the loading of each PMF factor
and values of selected measurements at T3. Abbreviations include tricarballylic acid (TCA),
methyl-butyl-tricarboxylic acid (MBTCA), methyl vinyl ketone (MVK), methacrolein (MACR),
and isoprene hydroxyhydroperoxides (ISOPOOH). SV-TAG measurements refer to particlephase concentrations. Isomers could not be distinguished by PTR-ToF-MS measurements; C8
and C9 aromatics include the xylene and trimethylbenzene isomers, respectively.

The scientific interpretation of each factor was based on a combination of (i) the
characteristics of the factor profile (i.e., “mass spectrum”), as referenced to a worldwide database
of AMS spectra and PMF analyses (IM Ulbrich et al., 2009; I. Ulbrich et al., 2009a, 2009b), and
(ii) the temporal correlations between the factor loading and other co-located measurements.
Three factors interpreted as primary emissions of organic PM were resolved: an anthropogenic40

dominated factor (hereafter, “ADOA”), a biomass burning factor (“BBOA”), and a fossil-fuel
hydrocarbon-like factor (“HOA”). Three factors interpreted as secondary production and
processing were resolved: a more-oxidized oxygenated factor (“MO-OOA”), a less-oxidized
oxygenated factor (“LO-OOA”), and an isoprene epoxydiols-derived factor (“IEPOX-SOA”).

Table 2-1. Characteristics of the PMF factors derived from the AMS datasets. Listed are
signal fractions fCO2+ at nominal m/z 44 and oxygen-to-carbon (O:C) and hydrogen-to-carbon
(H:C) ratios. Values and associated uncertainties were calculated by running PMF in “bootstrap
mode” (IM Ulbrich et al., 2009). Elemental ratios were calibrated by the “improved-ambient”
method, which has an estimated uncertainty of 12% for O:C and 4% for H:C (Canagaratna et al.,
2015).
PMF factor

fCO2+

O:C

H:C

MO-OOA

0.25 ± 0.01

1.09 ± 0.17

1.27 ± 0.12

LO-OOA

0.14 ± 0.02

0.72 ± 0.10

1.49 ± 0.07

IEPOX-SOA

0.17 ± 0.01

0.93 ± 0.10

1.39 ± 0.07

ADOA

0.11 ± 0.01

0.40 ± 0.05

1.63 ± 0.02

BBOA

0.123 ± 0.004

0.61 ± 0.08

1.57 ± 0.04

HOA

0.048 ± 0.006

0.18 ± 0.02

1.94 ± 0.02

The HOA factor profile had characteristic ions of C4H7+ and C4H9+ at nominal values of
m/z 55 and 57, respectively (Figure 2-6a). It had an oxygen-to-carbon (O:C) ratio of 0.18 ± 0.02,
the lowest among the six factors (Table 2-1). In line with the AMS PMF literature, the HOA
factor represents a class of primary hydrocarbon-like organic compounds that are typically
associated with traffic emissions (Zhang et al., 2005). In the present study, the HOA factor
loadings accounted for 6% of the organic mass concentrations on average (Figure 2-6a, inset). As
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a point of comparison, the average in the southeastern USA typically varies from 9% to 15% (L.
Xu et al., 2015). The lower relative contribution of 6% in this study might in part be due to a
larger relative role of secondary production in the environment of a tropical forest. In addition,
the distance from Manaus to the T3 site might allow time for substantial vertical mixing,
dilution, and subsequent evaporation of primary emissions into entrained background air
(Robinson et al., 2007; Shilling et al., 2018; Liu et al., accepted). Finally, the possible differences
in emission profiles associated with different types of regional economic development between
the Brazilian Amazon and USA (e.g., fleet density, fuel matrix, industry, and so forth) should
also be considered. The HOA factor loading decreased during the day, which can be explained
by the growth of the planetary boundary layer (PBL) and the subsequent dilution of the
concentrations of primary emissions (Figure 2-6b). The time series of HOA factor loading did
not correlate well (R < 0.5) with any of the co-located measurements at T3 (Figure 2-7). It is
plotted alongside the time series of NOy concentration in Figure 2-6c.
The BBOA factor profile was characterized by distinct peaks of C2H4O2+ (m/z 60) and
C3H5O2+ (m/z 73), as shown in Figure 2-6a. These peaks can be attributed to levoglucosan and
other anhydrous sugars that result from biomass pyrolysis (Schneider et al., 2006; Cubison et al.,
2011). Correlations of the factor loadings with the mass concentrations of levoglucosan and
vanillin (R > 0.8) measured by SV-TAG corroborate the association with biomass burning
(Figure 2-6c). The BBOA factor of this study had an O:C ratio of 0.61 ± 0.08 (Table 2-1), which
is consistent with large contributions from levoglucosan (O:C of 0.83) and similar sugars. The
factor loading on average accounted for 9% of the organic PM1 mass concentration (Figure 2-6a,
inset). This result is consistent with the low incidence of fires in the Amazon during the wet
season (Martin et al., 2016). The BBOA factor loading typically decreased during the day
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(Figure 2-6b), which is suggestive of the dilution of local sources during the development of the
PBL rather than long-range transport. Emissions from local fires around T3, including trash and
tree burning, as well as from wood-fueled brick kilns along the road from Manaus to T3 might
have contributed to this factor.
The ADOA factor profile, distinguished prominently by the C7H7+ ion at m/z 91, also had
characteristic ions of C4H7+ at m/z 55 and C3H5+ at m/z 41 (Figure 2-6a). A peak at m/z 91 can
arise from many sources, including biogenic and anthropogenic emissions (Ng et al., 2011b). In
itself, m/z 91 therefore does not serve as a tracer for a specific source or process without
consideration of the atmospheric context. Factors having a characteristic m/z 91 peak (usually
labeled “91fac”) typically have been associated with biogenic emissions (Robinson et al., 2011;
Budisulistiorini et al., 2015; Chen et al., 2015; Riva et al., 2016b). The ADOA factor profile of
this study, however, more strongly resembles the mass spectra previously reported for PM
emissions from cooking activities (Lanz et al., 2007; Mohr et al., 2012) than those from “91fac”
(Figure 2-8). The ratio of m/z 55 to m/z 57 of the ADOA factor was 4.1. This ratio lies in the
range of 2 to 10 reported for several factors representing primary cooking emissions and is well
above the range of 0.8 to 1.4 reported for factors associated with traffic emissions, i.e., HOA
(Mohr et al., 2012 and references therein; Hu et al., 2016b). Even though the ADOA factor
profile has a large contribution from non-oxygenated ions, similar to HOA and consistent with a
dominance by primary emissions, it also contains considerable signal from oxygenated ions,
resulting in a relatively higher O:C of 0.40 ± 0.05 (Table 2-1). This result emphasizes that a
characteristic marker ion C7H7+ at m/z 91 does not directly imply either biogenic or
anthropogenic origin, and the interpretation of a PMF factor with such marker should also
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strongly rely on the atmospheric context of the measurements, including the correlations of the
factor loadings with external measurements and the diel behavior.

Figure 2-8. Comparison of the ADOA factor profile from the present study to factors found
in three other field studies. High similarity was observed for the ADOA of this study to a factor
representing cooking emissions (COA) at an urban background site in Barcelona, Spain (Mohr et
al., 2012), and to a factor representing a cooking source (COA) tied to restaurants in an urban
background site in Zurich, Switzerland (Lanz et al., 2007). By contrast, a lower similarity was
found with the “91fac” factor from Robinson et al. (2011) found in the Borneo forest, a
predominantly biogenic site.

The ADOA factor loading on average accounted for 13% of the organic PM1 mass
concentration (Figure 2-6a, inset). The factor loading decreased as the PBL developed during the
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day, consistent with dominant non-photochemical, primary sources (Figure 2-6b). Furthermore,
there were increases, albeit small, in factor loading at 12:00 and 18:00 (local time), suggestive of
breakfast-time and lunch-time cooking activities in Manaus based on a transport time of 4 to 6 h
between the city and the T3 site (Martin et al., 2016). Manaus typically has four rush-hour
periods each day from 6:30 to 8:00, 12:00 to 13:30, 16:30 to 18:30, and 21:00 to 22:00. Traffic
peaking at these hours may therefore also have contributed to the ADOA factor. Correlations
between factor loading and external measurements exceeded R = 0.5 for many anthropogenic
markers, including concentrations of aromatics (e.g., benzene, toluene, and C8 and C9 species),
carbon monoxide, particle count, and NOy (Figure 2-6c, Figure 2-7). Contributions from
secondary processes cannot be ruled out, and it is possible that PM production from
anthropogenic VOCs might have also been captured in this factor. Overall, the ADOA factor was
interpreted in the present study as an indicator of anthropogenic influence associated with several
sources in Manaus, most importantly cooking and possibly traffic emissions.
The IEPOX-SOA factor profile had marker ions of C4H5+ (m/z 53) and C5H6O+ (m/z 82)
(Figure 2-6a; Lin et al., 2012; Hu et al., 2015; de Sá et al., 2017). It had an O:C ratio of 0.9 ±
0.10 (Table 2-1). The factor loading on average accounted for 17% of the organic PM1 mass
concentration (Figure 2-6a, inset). There were high correlations (R > 0.8) between factor
loadings and concentrations of C5-alkenetriols and 2-methyltetrols, which are markers of
IEPOX-derived PM, produced by the photo-oxidation of isoprene under HO2-dominant
conditions (Surratt et al., 2010; Lin et al., 2012; Figure 2-6c). The increase in factor loading
during daytime was consistent with a photochemical source (Figure 2-6b). There were also
correlations between factor loadings and concentrations of sulfate and some acids, such as
tricarballylic acid (TCA; Figure 2-7), in agreement with the association of IEPOX-derived PM
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and sulfate/acidity observed in other studies (Budisulistiorini et al., 2013; Nguyen et al., 2014;
Kuwata et al., 2015). Overall, this factor was therefore interpreted as representative of PM
produced from isoprene photo-oxidation under HO2-dominant conditions. The effects of urban
pollution on the loadings of this factor are the focus of Chapter 3 (de Sá et al., 2017).
The two remaining factors, LO-OOA and MO-OOA, were also associated with secondary
atmospheric processes. The LO-OOA and MO-OOA factors had O:C ratios of 0.72 ± 0.10 and
1.09 ± 0.17, respectively. The LO-OOA factor was characterized by the greatest ratio of signal
intensity of the C2H3O+ ion (m/z 43) to that of the CO2+ ion (m/z 44) (Figure 2-6a) compared to
all other factors. This factor is usually attributed to lower-generation, less-oxidized, highervolatility secondary organic PM (Jimenez et al., 2009). By comparison, the MO-OOA factor
profile had the strongest CO2+ (m/z 44) peak among all factors (Figure 2-6a). This factor is
usually attributed to higher-generation, more-oxidized, less-volatile secondary organic PM or
extensively oxidized primary PM of any type that has resided in the atmosphere for several days
or more (Jimenez et al., 2009).
The LO-OOA factor loading on average accounted for 25% of the organic PM1 mass
concentration (Figure 2-6a, inset). The factor loading correlated better with the estimated
concentrations of inorganic nitrate than with organic or total nitrate (Appendix A) describes
these estimates). This result is consistent with the interpretation of the higher volatility associated
with this factor (Jimenez et al., 2009; Zhang et al., 2011). The factor loading also correlated (R >
0.7) with the concentrations of 2-methylglyceric acid and methyl-butyl-tricarboxylic acid
(MBTCA), which are products of isoprene and monoterpene oxidation, respectively, under NOdominant conditions (Figure 2-6c; Figure 2-7). The factor loading increased starting at 9:00
(local time) and peaked in the afternoon hours (Figure 2-6b). This diel trend, tied to the sunlight
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cycle, tracked the typical daily emission patterns of isoprene and monoterpenes from the
surrounding forest (Yáñez-Serrano et al., 2015). The absence of a sharp decline at sunset and the
higher variability at nighttime may also indicate a contribution by terpene ozonolysis. For these
several reasons, the LO-OOA factor was interpreted herein as secondary organic PM produced
mostly within several hours of observations by many possible pathways, including (i) the photooxidation of isoprene along non-IEPOX pathways, (ii) the photo-oxidation of terpenes and other
biogenic VOCs along both HO2- and NO-dominant reaction pathways, (iii) the ozonolysis of
terpenes, and (iv) the possible production of SOM from anthropogenic emissions from Manaus.
The MO-OOA factor loading on average accounted for 30% of the organic PM1 mass
concentration (Figure 2-6a, inset). The factor loading correlated (R > 0.7) with the mass
concentrations of several particle-phase carboxylic acids as well as the concentrations of sulfate,
ammonium, and ozone (Figure 2-7). The time series of malic acid and ozone concentrations are
shown alongside the MO-OOA factor loadings in Figure 2-6c. Malic acid is a highly oxidized
compound (O:C of 1.25), which may have many different sources (Röhrl and Lammel, 2002; van
Pinxteren et al., 2014). The MO-OOA factor loading increased starting at 8:00 (local time;
sunrise was at 6:00) and peaked between 10:00 and 16:00, with a large variability in the factor
loadings in the afternoon hours among different days (Figure 2-6b). The afternoon increase and
day-to-day variability were consistent with strong but variable photochemical processing leading
to further oxidation of organic PM during the day, depending on daily weather. The high O:C of
1.09 ± 0.17 could also be indicative of production of PM from aromatic compounds emitted from
Manaus (Chhabra et al., 2011; Lambe et al., 2011). Overall, this factor was interpreted to
represent highly oxidized PM from multiple processes. Species initially associated with HOA,
BBOA, ADOA, IEPOX-SOA, and LO-OOA factors may converge after sufficient atmospheric
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oxidation to become represented by the MO-OOA factor (Jimenez et al., 2009; Palm et al.,
2018).

2.3.3

Shifts in PM with anthropogenic influences

2.3.3.1 Cluster analysis
To further investigate changes in the concentration and composition of PM associated
with anthropogenic influences, a Fuzzy c-means (FCM) algorithm was applied to the time series
of concentrations of particle number, NOy, ozone, black carbon, and sulfate measurements at the
T3 site (Bezdek et al., 1984). The analysis was fully independent of the PMF results. For each
point in time, these concentrations represented the spatial coordinates of the data point. As
discussed below, four clusters were identified. Based on measures of spatial similarity, the
clustering algorithm attributed to each data point a degree of membership relative to each of the
four clusters (Appendix D).
The scope of the clustering analysis was restricted to afternoon time points for which tenhour airmass backtrajectories did not intersect significant precipitation and for which solar
irradiance at T3 averaged over the previous 4 h was higher than 200 W m-2 (Appendix D). This
scope aimed at capturing fair-weather conditions and thereby minimizing the role of otherwise
confounding processes, such as boundary layer dynamics and wet deposition. The elimination of
trajectories having precipitation, however, should not be regarded as fully accurate given the
uncertainties in the HYSPLIT trajectories. The scoped dataset spanned 24 afternoons.
Four clusters were identified based on minimization of the FCM objective function as
well as a subjective assessment of meaningful interpretation of the set of clusters (Appendix D).
The FCM algorithm returned a matrix containing the degrees of membership (ranging from 0 to
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1) to each of the four clusters (columns) for each point in time (rows). For any given time point
(i.e., row), the sum of its degrees of membership to clusters (i.e., sum across columns) was
always unity, by definition. A collection of examples, representing 37% of the analyzed data
points by FCM, is shown in Figure 2-9a. For times predominantly associated with only one
cluster (e.g., Feb 9 and Feb 10), the corresponding air mass backtrajectories are plotted in Figure
2-10. The FCM algorithm also returned the coordinates of cluster centroids, which are listed in
Table 2-2.

Figure 2-9. Results of the cluster analysis by Fuzzy c-means (FCM) for afternoon periods
(12:00 to 16:00 h) presented by several case studies. (a) Degree of membership in each of the
four clusters. The sum of degrees of membership across all clusters is unity. Background
conditions are abbreviated as “Bkgd”, and polluted conditions are abbreviated as “Pol”. (b)
Pollution indicators: concentrations of NOy, O3, black carbon (BC), and particle number count
are plotted. (c) PM1 mass concentrations for organic, sulfate, nitrate, and ammonium species. (d)
Fractional contribution of each factor to total organic PM1.

49

Table 2-2. Coordinates of cluster centroids for input variables, AMS species
concentrations, and PMF factor loadings. Table entries for AMS species and PMF factors are
plotted in Figure 2-13. The AMS species concentrations (except for sulfate) and PMF factor
loadings were not used as input variables in the FCM clustering analysis. Calculations of cluster
centroids and standard deviation are described in Appendix D.
Clusters
(centroid ± standard deviation)

Species
Bkgd-1

Bkgd-2

Pol-1

Pol-2

Particle number (cm-3)

714 ± 694

1117 ± 1073

2636 ± 1405

6697 ± 2187

NOy (ppb)

0.64 ± 0.27

0.95 ± 0.39

1.2 ± 0.46

2.2 ± 0.66

O3 (ppb)

13.5 ± 3.2

16.7 ± 5.6

26.2 ± 4.9

36.2 ± 6.2

Black carbon (µg m-3)

0.05 ± 0.05

0.16 ± 0.08

0.21 ± 0.09

0.18 ± 0.08

Sulfate (µg m-3)

0.15 ± 0.07

0.36 ± 0.08

0.44 ± 0.10

0.57 ± 0.16

Organic

0.96 ± 0.54

2.0 ± 0.6

2.5 ± 0.7

2.6 ± 0.2

Ammonium

0.05 ± 0.03

0.12 ± 0.03

0.15 ± 0.04

0.21 ± 0.07

Nitrate

0.03 ± 0.02

0.07 ± 0.03

0.10 ± 0.04

0.12 ± 0.03

Chloride

0.007 ± 0.002

0.011 ± 0.004

0.009 ± 0.003

0.007 ± 0.002

MO-OOA

0.29 ± 0.20

0.83 ± 0.26

1.13 ± 0.24

1.13 ± 0.23

LO-OOA

0.38 ± 0.23

0.41 ± 0.30

0.62 ± 0.36

0.77 ± 0.29

IEPOX-SOA

0.18 ± 0.13

0.49 ± 0.27

0.43 ± 0.29

0.29 ± 0.15

ADOA

0.044 ± 0.056

0.086 ± 0.091

0.19 ± 0.12

0.32 ± 0.15

BBOA

0.028 ± 0.032

0.054 ± 0.059

0.081 ± 0.068

0.063 ± 0.056

HOA

0.017 ± 0.028

0.027 ± 0.030

0.039 ± 0.033

0.040 ± 0.029

Input variables

AMS species
concentrations (µg m-3)

PMF factor loadings
(µg m-3)
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Figure 2-10. Air mass backtrajectories associated with the four clusters of the FCM
analysis. The backtrajectories include times shown in the case studies of Figure 2-9. Trajectories
were calculated using HYSPLIT 4 in steps of 12 min for ten hours (Draxler and Hess, 1998b).

Two clusters of data were interpreted as “background” and labeled “Bkgd-1” and “Bkgd2”. They were characterized by NOy < 1 ppb, ozone < 20 ppb, and particle number < 1200 cm-3
(Table 2-2; Figure 2-9). The two clusters differed especially in that Bkgd-2 had significantly
larger concentrations of sulfate and black carbon. A comparison of the datasets of Feb 13
(predominantly Bkgd-1) and Feb 16 (predominantly Bkgd-2) in Figure 2-9 highlights these
differences. Concentrations of sulfate and black carbon were 0.15 and 0.10 µg m-3, respectively,
on Feb 13, compared to 0.40 and 0.15 µg m-3 on Feb 16. The backtrajectories associated with
Bkgd-1 had both northeasterly and southeasterly components. The wind fields, out of line with
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the trade winds, may suggest passage through recent weather systems and may imply wet
deposition, which in turn might explain lower gas and particle concentrations (Table 2-2). These
recent weather systems might not have been excluded from the scoped dataset because of
inaccuracies in the intersections of the backtrajectories with precipitation data, as discussed
above, or because they were more distant than captured by the 10-h backtrajectories. Consistent
with this hypothesis, the centroid value calculated for the 4-h averaged solar irradiance at T3 was
lower for Bkgd-1 (400 W m-2) compared to the other clusters (600 W m-2), suggesting an
association of Bkgd-1 with overcast conditions. By comparison, the backtrajectories associated
with Bkgd-2 were predominantly from the northeast, coming from the direction of the T0t and
T0a sites (Figure 2-10), in line with the dominant trade winds of the wet season. The air masses
of Bkgd-2 may have experienced less wet deposition and may represent more extensive
atmospheric oxidation than those of Bkgd-1. They may also have carried PM contributions from
out-of-basin sources, which would be consistent with the higher sulfate and black carbon
concentrations of Bkgd-2 compared to Bkgd-1 (Chen et al., 2009; Pöhlker et al., 2017).
Two other clusters were interpreted as “polluted” and labeled “Pol-1” and “Pol-2”. They
were characterized by concentrations of NOy > 1 ppb, ozone > 20 ppb, and particle number >
1200 cm-3 (Table 2-2; Figure 2-9). The dataset of the afternoon of Mar 9 illustrates a shift in
dominance from Pol-2 to Pol-1 (Figure 2-9). Although Pol-1 and Pol-2 both have high
concentrations of sulfate and other pollutants, they differ in the extent of those high
concentrations. The explanation may be that these clusters represent different source regions.
Pol-1 may be associated with emissions from the northern region of Manaus, and Pol-2 may be
associated with emissions from the southern region of Manaus. Industry, power production, and
oil refineries are concentrated in the southeastern region of Manaus (Figure 2-11; Medeiros et al.,
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2017). Population density and commercial activity are concentrated in the southwestern portion
of the city where downtown is located (Figure 2-11). Aircraft observations show that
concentrations of sulfate as well as other pollutants are higher in the urban outflow from the
southern compared to the northern region of Manaus (Figure 2-12). Directional plots of SO2 and
particle number concentrations observed at the T2 site further demonstrate the heterogeneity in
Manaus emissions (Figure 2-12). This hypothesis of a geographical difference in source regions
qualitatively aligns with the differences in backtrajectories characteristic of times dominated by
Pol-1 and Pol-2 (Figure 2-10). This interpretation does imply, however, that the backtrajectories
may have a 20° inaccuracy. Such inaccuracy is reasonable for the application of HYSPLIT
modeling in this region given (i) the absence of surface weather stations and (ii) the relatively
large scale of input wind fields (i.e., 50 km) compared to the scale of modeling (i.e., 70 km from
T3 to Manaus and a city cross section of 20 km).

Figure 2-11. Map of Manaus city depicting population density as well as main avenues and
representative locations of industry, restaurants, and other businesses. Population density
data are from the 2010 census by the Brazilian Institute of Geography and Statistics (IBGE,
2010).
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Figure 2-12. Measurements showing the geographical heterogeneity of emissions from
Manaus. On the top row, concentrations of sulfate (red) and particle number (white) measured
onboard the G-1 aircraft on (a) March 19 and (b) Mar 21. On the bottom row, rose plots of mean
(c) sulfate mass concentrations and (d) particle number concentrations observed at T2 during
IOP1. The angles represent wind direction, the radial scale (0 to 5 m s-1) represents wind speed,
and the color scale represents the concentrations. The interactions of emissions from Manaus
with the daily river breeze is complex, and the detailed interpretation of the data sets is not fully
attempted herein. Of importance, the river breeze terminates well below 500 m based on the G-1
flights so that the complexities of the river breeze largely do not affect the measurements at T3
because most pollution is lofted above the river breeze before reaching T3 (Medeiros et al.,
2017). These surface-level plots, although complicated by the river breeze, demonstrate
the heterogeneity of Manaus emissions.
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2.3.3.2 Comparison of PM among clusters
The characteristic PM composition associated with each cluster was determined by
calculating the centroid coordinates of the clusters for the AMS species and PMF factors
(Appendix D). The centroid coordinate of a cluster for a given variable is defined as a weighted
mean of that variable across all points in time, where the weight is the degree of membership of
each data point to that cluster. A comparison of PM1 concentrations and compositions for the
four clusters is shown in Figure 2-13. Values are listed in Table 2-2.

Figure 2-13. Characteristic PM composition of the FCM clusters as represented by
coordinates of cluster centroids. (a) Mass concentrations of AMS species characteristic of
each cluster. (b) PMF factor loadings characteristic of each cluster. Calculations are presented in
more detail in the Supplementary Material (Appendix D). Values plotted are shown in Table 2-2.
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The NR-PM1 mass concentrations increased by 25% to 200% in clusters Pol-1 and Pol-2
compared to clusters Bkgd-1 and Bkgd-2 (Figure 2-13a). Increases in sulfate and associated
ammonium concentrations had a smaller yet non-negligible role in the increased PM1 mass
concentrations. Sources of sulfate other than Manaus sustain relatively high concentrations in the
Amazon basin, as represented by the Bkgd-2 cluster (Chen et al., 2009; de Sá et al., 2017).
Compared to these regional background concentrations (i.e., Bkgd-2 cluster), the increases in
sulfate concentrations were significant only for air masses associated with the heavily
industrialized and densely populated southern region of Manaus (i.e., Pol-2 cluster).
With respect to the composition of the organic PM, Figure 2-13b shows that the Bkgd-1
cluster had large contribution from the LO-OOA factor. By comparison, the Bkgd-2 cluster had
larger contributions from the MO-OOA and IEPOX-SOA factors. A comparison of 13 Feb and
16 Feb of 2014 (Figure 2-9d) illustrates these findings. The low mass concentrations and the
dominant contribution by the LO-OOA factor suggest that the Bkgd-1 cluster may represent
conditions under which secondary organic PM was produced within recent hours through photooxidation of VOCs emitted by the forest and subsequent condensation of secondary organic
material. The low sulfate concentrations for Bkgd-1 may rationalize the absence of a significant
contribution by the IEPOX-SOA factor. Isoprene photo-oxidation may have contributed to PM
production by pathways other than IEPOX uptake (Krechmer et al., 2015; Riva et al., 2016b). By
comparison, for Bkgd-2, the higher mass concentrations and the greater contributions by IEPOXSOA and MO-OOA factors suggest that this cluster may represent conditions under which
secondary organic PM was a combination of material produced both on that day as well as on
previous days. During transport, the organic PM may have undergone extensive atmospheric
oxidation by a combination of surface and condensed-phase chemistry, including cloud water
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processes (Carlton et al., 2006; Ervens et al., 2011; Hoyle et al., 2011; Perraud et al., 2012).
Concentrations and composition of the Bkgd-2 cluster may therefore represent an extensive
geographical footprint.
The organic PM concentration and composition associated with the Pol-1 and Pol-2
clusters were distinct from those of the Bkgd-1 and Bkgd-2 clusters (Figure 2-13). The mass
concentrations of organic PM were greater by 25% to 150% for Pol-1 and Pol-2. According to
the PMF factors (Figure 2-13b), the larger part of this increase in organic PM between the
background and polluted clusters was tied to the production of secondary organic PM, although
primary emissions also contributed significantly. By comparison, for both Bkgd-1 and Bkgd-2
clusters, contributions by primary emissions were negligible, as indicated by the low summed
contribution of factors of primary origin (i.e., ADOA, BBOA, and HOA) to the organic PM1 (<
10%). For Pol-1 and Pol-2, the ADOA factor loading on average accounted for 10% of the
organic mass concentration at T3, serving as a strong marker of Manaus pollution. A comparison
of 9 Feb and 9 Mar with 13 Feb and 16 Feb illustrates these findings (Figure 2-9d).
In regard to secondary organic PM, the IEPOX-SOA factor loading decreased by almost
50% under polluted compared to background conditions. de Sá et al. (2017) attributed this
decrease to the suppression of IEPOX production by elevated NO concentrations. This
suppression typically outweighed possible enhancements in IEPOX uptake and subsequent PM
production because of elevated sulfate concentrations. By contrast, the LO-OOA and MO-OOA
factor loadings increased by 50% to 100% under polluted conditions. These increases exceeded
the decrease in IEPOX-SOA factor loadings, resulting in a net increase of around 100% in mass
concentration of secondary organic PM (Figure 2-13).
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The shifts in the processes governing the production of secondary organic PM because of
increased NOx, OH, and O3 concentrations characteristic of the pollution plume were complex
and non-linear (Figure 2-14a). Overall, the oxidation pathways were driven faster. The relatively
high fCO2+ values and O:C ratios of all factors (Table 2-1), including those associated with
primary emissions, compared to typical values at other locations worldwide (Canagaratna et al.,
2015), corroborate this interpretation. Ozone concentrations in the plume increase by 200 to 300
%, and hydroxyl radical concentrations increased by 250% or more (Liu et al., accepted). As
HO2-dominant pathways were inhibited, NO-dominant pathways became active. Increased
oxidant concentrations may also have promoted additional multigenerational chemistry of semior intermediate-volatility species (Robinson et al., 2007). Oxidation of VOCs by aqueous-phase
reactions, including in-cloud processing, and oxidation of biomass burning emissions may also
have played roles to varying degrees on different days (Carlton et al., 2006; Ervens et al., 2011;
Hoyle et al., 2011; Perraud et al., 2012). In addition, when primary and secondary PM mass
concentrations increased, further uptake of oxidized semi-volatile molecules could have been
thermodynamically favored according to partitioning theory, representing a positive feedback on
the increase of mass concentrations (Pankow, 1994; Odum et al., 1996; Carlton et al., 2010).
The increase in the LO-OOA and MO-OOA factor loadings associated with Pol-1 and
Pol-2 indicates that the net effect of this accelerated and modified chemistry was the quick
production and further oxidation of secondary organic PM. Precursors may have included both
the wide range of biogenic VOCs as well as contributions from anthropogenic precursors, such
as gas-phase species from vehicle emissions or evaporated primary material (Nordin et al., 2013;
Presto et al., 2014). The LO-OOA factor loading was important for the polluted conditions of
Pol-1 and Pol-2 as well as for the clean conditions of Bkgd-1. This result is not necessarily
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because of an in-common molecular composition but rather because of an in-common process,
i.e., fresh production of secondary organic PM (Figure 2-14b). Likewise, the MO-OOA factor
loading was important for Pol-1, Pol-2, and Bkgd-2 because this factor represented an incommon process, i.e., extensive oxidation (Figure 2-14b). In the case of the MO-OOA factor,
there is also an overall in-common composition characterized by highly oxidized species even as
precursor species and subsequent oxidation pathways differed (Jimenez et al., 2009).
The complexity of the real atmospheric processes, as illustrated in Figure 2-14, is to some
extent captured by the instrumental and analytical tools herein employed. Positive-matrix
factorization identified several broad classes of organic PM. Some PMF factors had sufficiently
unique signatures that they could be associated to one specific source and/or process (e.g., HOA
and IEPOX-SOA). Other factors, in contrast, represented a wide range of sources that shared incommon processes (e.g., LO-OOA and MO-OOA). The clustering analysis contextualized the
PMF results and demonstrated that the effects of the urban pollution were neither limited to nor
captured by a single PMF factor. Instead, the urban plume influenced several PMF factors in
different ways and to different extents. The implication is that changes in the AMS spectral
signature of the organic PM caused by polluted conditions may not be sufficiently unique to
allow for its complete separation by PMF analysis alone, especially in respect to the production
of secondary organic PM. In this context, the Fuzzy c-means analysis served herein as a useful
tool to incorporate auxiliary datasets and thereby to further understand anthropogenic influences
on PM production and characteristics.

59

Figure 2-14. Schematic representation of (a) atmospheric processes associated with the
production of organic PM1, illustrated in a simplified manner and (b) observables of these
processes as captured by the datasets and analytical approach employed in this study. In
panel (a), the left side depicts the emissions of biogenic volatile organic compounds (VOCs),
their atmospheric oxidation, and the production of biogenic secondary organic PM1. The right
side depicts anthropogenic emissions of gas species and particulate matter that can alter natural
atmospheric concentrations and processes. There are primary organic PM1 emissions from
traffic, cooking, and industrial activities. Anthropogenic VOCs can be precursors for the
production of secondary organic PM1 and can affect the production of ozone and hydroxyl
radical. NOx emissions directly and indirectly alter the natural pathways of PM1 production in the
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Figure 2-14 (Continued). atmosphere. NOx and SOx can also directly contribute to the
formation of secondary inorganic PM1 (not shown), which can in turn play a role in changing
pathways of secondary organic PM1 production. In panel (b), different PMF factors represent
distinct sources and/or processes. The IEPOX-SOA factor is at the intersection of the two, as it
represents both a source (i.e., isoprene emissions from the forest) and a process (i.e., photooxidation under HO2 dominant conditions, influenced by sulfate concentrations). The dashed
black line represents the natural and anthropogenic oxidative processes that transform the
chemical signature of the HOA, ADOA, BBOA, IEPOX-SOA, and LO-OOA factors after
sufficient atmospheric residence time into the MO-OOA factor. The clusters represent different
conditions at the receptor site (i.e., T3) and therefore incorporate the meteorological and
geographical histories of the air masses that reach the site and affect the observed concentrations.
The different PMF factors are associated to the different clusters (solid lines) to various extents
(not detailed here for simplification purposes; cf. Figure 2-13).

2.4

Summary and Conclusions
Changes in the concentrations and the composition of fine-mode PM due to the influence

of anthropogenic emissions were investigated for the Amazonian wet season. Organic material
dominated the submicron composition, consistently representing between 70% and 80% of the
PM1 mean mass concentration across measurement sites upwind and downwind of Manaus and
across different levels of pollution. Absolute mass concentrations, however, varied significantly
among sites. Average concentrations downwind of Manaus were 100% to 200% higher than
those upwind. Furthest downwind at T3, the organic component was more oxidized compared to
that at the T2 site.
Positive-matrix factorization and Fuzzy c-means clustering were applied to the datasets to
obtain a composite analysis of the shifts in PM1 concentrations and composition under polluted
conditions. Based on the FCM clustering, every point in time at T3 was interpreted as being
affected by a combination of four influences, as represented by four clusters. Two background
(Bkgd-1 and Bkgd-2) and two polluted (Pol-1 and Pol-2) clusters were identified. Particle mass
concentrations were double for polluted compared to background conditions. Contributions from
secondary processes dominated (> 80%) for both background and polluted conditions.
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In terms of primary emissions, absolute contributions increased by a factor of five or
more under polluted conditions, corresponding to an increase from < 10% to 15% of total PM1.
The ADOA factor loading increased over five-fold for the polluted compared to the background
clusters, and this factor thus served as a strong tracer of Manaus pollution. BBOA and HOA
factor loadings, associated with biomass burning and fossil fuels, respectively, increased by twofold with pollution. The ADOA factor loading represented 61% to 76% of the total primary
factor loadings for the Pol-1 and Pol-2 clusters.
As for the secondary processes, the analysis further finds that the pollution plume acted
both to shift pathways of secondary organic PM production and to accelerate the atmospheric
oxidation of pre-existing organic PM. The oxidation of biogenic PM precursors shifted from
HO2- to NO-dominant pathways, and the oxidation of anthropogenic precursors possibly
contributed to increased PM concentrations. The IEPOX-SOA factor loadings were highest for
the Bkgd-2 cluster, associated with long-range transport under background conditions, and
decreased by almost 50% for the polluted clusters, in line with a shift of isoprene oxidation from
HO2- to NO-dominant pathways. Concomitantly, the LO-OOA factor loading increased by more
than 50% for these clusters, suggesting rapid in-plume production of secondary organic PM
through several pathways. The LO-OOA factor was also important for the Bkgd-1 cluster,
associated with fresh background conditions, which is suggestive of recent biogenic organic PM
production. The MO-OOA factor had large relative contributions in the Bkgd-2, Pol-1, and Pol-2
clusters, suggestive of significant oxidative processing associated with these clusters. Increases
of up to 300% in the MO-OOA factor loadings for Pol-1 and Pol-2 relative to background
conditions of Bkgd-1 showed the effects of an accelerated oxidation cycle, leading to highly
oxidized PM downwind of Manaus. Based on this and related studies (Y. Liu et al., 2016a; de Sá
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et al., 2017; Martin et al., 2017), the critical lever seems to be increased concentrations of
nitrogen oxides in the pollution plume for both directly shifting and indirectly accelerating
mechanisms of secondary organic PM production in central Amazonia during the wet season.
The altered composition under anthropogenic influences also affects the physical
properties of the PM1. Bateman et al. (2017), using the results of the PMF analysis presented
herein, reported a shift from predominantly liquid PM under background conditions to a
considerable presence of non-liquid PM above 50% RH under polluted conditions. Non-liquid
PM can have different reactive chemistry from liquid PM (Li et al., 2015; Liu et al., 2018). A
linear relationship between the increase in particle rebound fraction and the sum of ADOA,
BBOA, and HOA factor loadings had an R2 of 0.7. The highest individual correlation was with
the ADOA factor loading (Bateman, personal communication). In addition, Thalman et al.
(2017), also using the PMF results reported herein, concluded that the larger relative contribution
of secondary organic material during the daytime compared to the nighttime was the primary
driver of the diel trend of higher particle hygroscopicity during the day compared to the night, as
tied to cloud condensation nuclei (CCN) properties.
This study communicates a snapshot of the changes that occur in the atmospheric
composition over a tropical forest because of regional urbanization. In the context of a forest in
transition (Davidson et al., 2012), the findings herein provide a quantitative assessment of the
effects of urban pollution on the forested surroundings of Manaus. The studied region and the
observed changes in atmospheric composition represent a microcosm that might become more
widespread through Amazonia as urbanization trends continue in the future. Further
investigations of the specific chemical pathways and physical mechanisms that enhance PM
production in the urban plume are warranted to understand what other pollutants are critical for
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control in the context of ongoing and future air quality regulation in the study region as well as
for other tropical forested environments worldwide.
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3 Influence of urban pollution on the production pathway of
organic particulate matter from isoprene epoxydiols
3.1

Introduction
Organic compounds comprise up to 90% of the mass concentration of submicron organic

particulate matter (PM) over tropical forests (Kanakidou et al., 2005). Submicron PM has
adverse effects on human health (Nel, 2005; Pope III and Dockery, 2006) and influences air
quality and climate by scattering radiation and acting as cloud condensation nuclei (Ramanathan
et al., 2001; Kaufman et al., 2002). A significant fraction of the submicron organic material
originates from secondary processes, mainly by the atmospheric oxidation of volatile organic
compounds (VOCs) emitted as part of natural and human activities (Zhang et al., 2007; Hallquist
et al., 2009; Jimenez et al., 2009). The particle life cycle over Amazonia is in particular strongly
influenced by secondary processes that produce organic PM (Martin et al., 2010a; Pöschl et al.,
2010). Biogenic emissions from tropical forests are high, and environmental conditions favor
photooxidation reactions. The reactive chemistry and the relative importance of pathways
leading to PM production can be strongly guided by regulating species, such as sulfate and nitric
oxide (Surratt et al., 2007b; Worton et al., 2013; Y. Liu et al., 2016a). The concentrations of
these species depend on their background occurrence, pollution sources, and the relative mix of
background and polluted air masses.
Over tropical forests such as Amazonia, the atmospheric chemistry of isoprene produces
a substantial fraction of the submicron organic PM (Chen et al., 2009; Robinson et al., 2011;
Chen et al., 2015; Isaacman-VanWertz et al., 2016). Isoprene (2-methyl-1,3-butadiene, C5H8) is
the non-methane VOC most abundantly emitted by tropical forests (Guenther et al., 2012), and
isoprene epoxydiols (IEPOX) have been identified as important intermediates in the production
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of PM from isoprene (Paulot et al., 2009; Surratt et al., 2010; Lin et al., 2012). A chemical
sequence for the production of IEPOX-derived PM from the photooxidation of isoprene in the
atmosphere is represented in Figure 3-1. The sequence is initiated when isoprene peroxy radicals
(ISOPOO) are produced in the gas phase by reactions between isoprene and photochemically
generated hydroxyl radicals (OH). The reactive fate of the ISOPOO radicals can differ under
background compared to polluted conditions (Surratt et al., 2010; Crounse et al., 2011; Worton et
al., 2013).
Under background conditions, meaning that HO2 pathways are favorable in the absence
of extensive NO pollution (Wennberg, 2013; Y. Liu et al., 2016a), the ISOPOO radicals continue
in large part through the series of species highlighted in yellow in Figure 3-1. Through HOxfacilitated reaction steps, the ISOPOO radicals produce hydroperoxides (ISOPOOH) as major
first-generation products and subsequently isoprene epoxydiols (IEPOX) as major secondgeneration products (Carlton et al., 2009; Paulot et al., 2009; Liu et al., 2013; St. Clair et al.,
2015; Y. Liu et al., 2016a). Some of the produced IEPOX undergoes reactive uptake to particles,
as facilitated by hydronium ions at the surface (Surratt et al., 2007b; Lin et al., 2012; Gaston et
al., 2014; Kuwata et al., 2015; Lewandowski et al., 2015). This chemical sequence can contribute
a significant fraction of submicron PM mass concentration over tropical forests (Claeys et al.,
2004; Hu et al., 2015). Laboratory studies indicate that about half of the PM produced by
isoprene photooxidation under HO2-dominant conditions in the presence of acidic sulfate
particles is associated with IEPOX production and uptake (Liu et al., 2015). Interaction of
IEPOX with cloud waters warrants investigation (Lim et al., 2005; Ervens et al., 2011;
Budisulistiorini et al., 2015; Chen et al., 2015). In addition to IEPOX pathways, laboratory
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studies suggest that multifunctional hydroperoxides produced in the gas phase can contribute to
isoprene-derived PM production (Krechmer et al., 2015; J. Liu et al., 2016; Riva et al., 2016b).

Figure 3-1. Schematic diagram for the production of IEPOX-derived PM from the
photooxidation of isoprene. Organic peroxy radicals (ISOPOO), produced by OH attack and O2
addition to isoprene, are scavenged along NO or HO2 pathways. By the HO2 pathway, organic
hydroperoxides (ISOPOOH) are first-generation products that react with additional OH to
produce isoprene epoxydiols (IEPOX). The IEPOX species undergo reactive uptake into
particles, ultimately producing IEPOX-derived particulate matter. Arrow thickness qualitatively
illustrates the relative importance (i.e., mass flux) of a reaction channel under background
conditions. Gray and green background colors indicate species in the gas and particle phases,
respectively. The light-green disk represents the total organic PM. Within that disk, the
contribution by isoprene-derived PM, including compounds produced both IEPOX and nonIEPOX pathways, is represented by the dark-green oval. Inside that oval, the contribution by
IEPOX-derived PM is represented by the yellow oval region. The color gradient between brown
and dark green illustrates the chemical modification of the IEPOX-derived PM over time. The
large dashed black arrow represents the analytical methods that use different types of molecular
and statistical tracers (listed in the boxes) to quantify the IEPOX-derived PM mass
concentrations. For simplicity, the figure omits the many routes leading to the production of
glyoxal (Fu et al., 2008), possible ISOPOO isomerization when NO and HO2 concentrations are
sufficiently low (Crounse et al., 2011; Y. Liu et al., 2016a), second-generation production of
peroxymethylacrylic nitric anhydride (Lin et al., 2013; Nguyen et al., 2015), and particle water
and other inorganic components. 3-methyltetrahydrofuran-3,4-diols are abbreviated as 3MeTHF-3,4-diols. Other abbreviations are provided in the main text.
67

After reactive uptake of IEPOX, particle-phase reactions can produce several different
families of species. These species are collectively labeled “IEPOX-derived PM” and represent a
subset of the ambient organic PM, as labeled in Figure 3-1. The presence of 2-methyltetrols, C5alkene triols, 3-methyltetrahydrofuran-3,4-diols, organosulfates, and related oligomers in
ambient PM is an indicator of PM production by IEPOX uptake under atmospheric conditions
(Claeys et al., 2004; Surratt et al., 2006; Surratt et al., 2007a; Surratt et al., 2010; Robinson et al.,
2011; Lin et al., 2012; Lin et al., 2014). Even though these species may differ in some cases from
the actual compounds in the atmospheric PM due to thermal decomposition during analysis
(Lopez-Hilfiker et al., 2016), they serve as chemical tracers for the atmospheric concentration of
IEPOX-derived PM (Hu et al., 2015; Isaacman-VanWertz et al., 2016). The analytical methods
highlighted in Figure 3-1, including that of the “IEPOX-SOA factor” of the AMS analysis used
herein, can lead to over- and underestimated IEPOX-derived PM concentrations. This
uncertainty is represented in the figure by the brown dashed lines that approximately but not
exactly correspond to IEPOX-derived PM.
Under polluted conditions, the reactive sequence of isoprene and ultimately PM
production can become significantly altered (Figure 3-1). NO concentrations can be sufficiently
high that ISOPOO radicals react almost entirely with NO in place of HO2, thereby largely
producing methacrolein (MACR) and methyl vinyl ketone (MVK) in place of ISOPOOH (Y. Liu
et al., 2016a). As a result, IEPOX production can be greatly decreased, ultimately reducing PM
production by IEPOX pathways. A minor channel along the NO pathway can still produce
IEPOX, although much less efficiently (Jacobs et al., 2014). Under NO-dominant conditions,
alternative pathways of PM production not involving IEPOX can become active, though in lower
yields. MACR can be oxidized to produce peroxymethylacrylic nitric anhydride (MPAN), which
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is a precursor to methacrylic acid epoxide (MAE) and hydroxymethylmethyl-α-lactone
(HMML), and these compounds can undergo reactive uptake to produce PM (Kjaergaard et al.,
2012; Lin et al., 2013; Worton et al., 2013; Nguyen et al., 2015). Glyoxal produced from
isoprene oxidation can contribute to PM production (Volkamer et al., 2007; Ervens and
Volkamer, 2010; McNeill et al., 2012; Marais et al., 2016).
Another possible mechanism affecting PM production by IEPOX uptake under polluted
conditions is altered particle composition, especially particle acidity, largely driven by sulfate.
Laboratory studies show that IEPOX uptake increases with increasing acidity (Gaston et al.,
2014; Kuwata et al., 2015; Liu et al., 2015). A proposed reaction during uptake is the acidcatalyzed ring opening of the IEPOX molecule (Surratt et al., 2010). The subsequent particlephase reactions include the addition of available nucleophiles, such as water to produce tetrols or
sulfate to produce organosulfates as well as their oligomers (Surratt et al., 2010 Lin et al., 2014;
Nguyen et al., 2014). In support of this proposed mechanism, analyses by positive-matrix
factorization (PMF) of mass spectra collected in the southeastern USA identified PMF factors
associated with IEPOX-derived PM, and these factors correlated positively with sulfate mass
concentrations (Budisulistiorini et al., 2013; Hu et al., 2015; Lu Xu et al., 2015). In short,
different regimes of NO:HO2 concentration ratios and different possible PM compositions
between polluted and background conditions can lead to different product distributions and
different production rates of IEPOX-derived PM.
The extent to which pollution may shift the production pathways of IEPOX-derived PM
over tropical forests remains to be elucidated. The study described herein is based on data sets
collected in the wet season downwind of Manaus, Brazil, during the Observations and Modeling
of the Green Ocean Amazon Experiment (GoAmazon2014/5) (Martin et al., 2016). The research
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site was influenced at times and to variable extents by the pollution outflow from the Manaus
metropolitan area. Compared to the background environment in Amazonia, the Manaus plume
had high number concentrations of particles and enhanced concentrations of pollutants, including
oxides of nitrogen and sulfate (Kuhn et al., 2010; Martin et al., 2016). The reactive gas-phase
chemistry was strongly guided by the relative mix of background and polluted air masses (Trebs
et al., 2012; Y. Liu et al., 2016a). The analysis herein focuses on how the pollution perturbed
IEPOX-derived PM production relative to background conditions.

3.2

Methodology
Data sets were collected at the “T3” site (3.2133 °S, 60.5987 °W) located 70 km to the

west of Manaus, Brazil, in central Amazonia (Martin et al., 2016; Figure 2-1). The site was
situated in a pasture (2.5 km × 2 km) surrounded by forest. The analysis herein focuses on data
sets collected during the wet season period of February 1 to March 31, 2014, corresponding to
the first Intensive Operating Period (IOP1) of the GoAmazon2014/5 experiment.
A High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, hereafter
AMS; Aerodyne, Inc., Billerica, Massachusetts, USA) recorded the primary data set of this
study. The AMS provided quantitative bulk characterization of the atmospheric PM. The design
principles and capabilities of this instrument are described in the literature (DeCarlo et al., 2006;
Canagaratna et al., 2007). The instrument was housed within a temperature-controlled research
container, and the inlet to the instrument sampled from 5 m above ground level. Detailed aspects
of AMS operation are presented in Appendix A. In brief, ambient measurements were obtained
every other 4 min. Organic, sulfate, ammonium, nitrate, and chloride PM mass concentrations
were obtained from “V-mode” data. The choice of ions to fit was aided by the “W-mode” data,
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which were collected once every five days. Data analysis was performed using SQUIRREL
(1.56D) and PIKA (1.14G) of the AMS software suite.
Positive-matrix factorization was applied to the time series of the organic component of
the high-resolution mass spectra (IM Ulbrich et al., 2009), as described in Chapter 2. The present
study focuses on one of the resolved statistical factors, referred to as the “IEPOX-SOA factor”.
Diagnostics of the PMF analysis related to the resolved IEPOX-SOA factor are presented in
Appendix C. As in Chapter 2, herein “factor profile” and “factor loading” refer to the
mathematical products of the multivariate statistical analysis, whereas “mass spectrum” and
“mass concentration” refer to measurements.
In complement to the AMS data sets, mass concentrations of molecular and tracer organic
species were measured using a Semi-Volatile Thermal Desorption Aerosol Gas Chromatograph
(SV-TAG) at a time resolution of one hour. Further details of SV-TAG operation and
measurements are provided in Appendix B. Measurements of nitrogen oxides were made using a
chemiluminescence-based instrument (Air Quality Design). The measured odd-nitrogen family
“NOy” (i.e., NOx + reservoir species), included NO, NO2, HNO3, organonitrates, particle nitrate,
and peroxyacetyl nitrates. Further details of the NOy measurements are also presented in
Appendix B. Additionally, ozone concentrations were measured by an Ozone Analyzer (Thermo
Fisher, model 49i). Particle number concentrations were measured by a Condensation Particle
Counter (TSI, model 3772). Meteorological variables included wind direction, solar irradiance,
and precipitation rate. Measurements of NOy and particle number concentration onboard the G-1
aircraft of the ARM Aerial Facility (AAF) were also used in the analysis (Schmid et al., 2014;
Martin et al., 2016).
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3.3

Results and discussion
The organization of the presentation herein is as follows. The factor profile obtained from

AMS PMF analysis is discussed (Section 3.3.1), case studies comparing factor loadings under
background and polluted conditions are presented (Section3.3.2), the roles of sulfate
(Section3.3.3) and nitric oxide (Section 3.3.4) in affecting factor loading are explored, and the
influence of NO on production and loss processes of IEPOX-derived PM is considered (Section
3.3.5).
3.3.1

Statistical IEPOX-SOA factor
Positive-matrix factorization was carried out on the time series of AMS organic mass

spectra (Section 2.3.2). One statistical factor had a similar profile of peak intensities as the
“IEPOX-SOA factor” identified in other studies (Figure 3-2) (Robinson et al., 2011; Slowik et
al., 2011; Budisulistiorini et al., 2013; Budisulistiorini et al., 2015; Chen et al., 2015; Lu Xu et
al., 2015). The Pearson correlation coefficient R between this factor and the one obtained in the
2008 wet season in central Amazonia as part of the AMAZE-08 experiment was 0.99 (Chen et
al., 2015). The ratio f of the factor loading to the mass concentration of organic PM for the
present study was 0.17 ± 0.09 (mean ± standard deviation). The IEPOX-SOA factor has been
identified previously over the maritime tropical forest of Borneo (f = 0.23) (Robinson et al.,
2011), in a rural area in Canada 70 km north of Toronto (f = 0.17) (Slowik et al., 2011), across
several locations in the summertime southeastern USA (f = 0.17 to 0.41) (Budisulistiorini et al.,
2013; Budisulistiorini et al., 2015; Hu et al., 2015; Lu Xu et al., 2015; Budisulistiorini et al.,
2016; Marais et al., 2016), and in AMAZE-08 (f = 0.34) (Chen et al., 2015). A further review on
the ubiquity and characteristics of the IEPOX-SOA factor is presented in Hu et al. (2015).
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Figure 3-2. Comparison of the IEPOX-SOA factor profile of this study to spectra from
other studies. Profile of the IEPOX-SOA factor of this study (red), and of Chen et al., 2015
(green), obtained in the wet season of 2008 as part of AMAZE-08 experiment at the T0t site.
Also plotted is the mass spectrum of secondary organic material produced in the Harvard
Environmental Chamber from β-IEPOX photooxidation onto acidic ammonium sulfate seed
particles under HO2-dominant conditions and RH < 5% (blue) (Liu et al., 2015). Pearson
correlation coefficients R between the PMF factor of this study and the other spectra were: R =
0.99 for the AMAZE-08 PMF factor, R = 0.81 for the chamber spectrum with all ions included,
and R = 0.95 for the chamber spectrum with m/z 44 and 28 excluded.

The IEPOX-SOA factor reported herein had prominent peaks at m/z 53.04 and m/z 82.04
(Figure 3-2). The ion at m/z 82.04, corresponding to C5H6O+, has been attributed to 3methylfuran (3-MF). The thermal degradation of isoprene-derived PM upon mass spectral
analysis was suggested as the source of 3-MF (Robinson et al., 2011). Lin et al., 2012 proposed
that sequential dehydrations upon mass spectral analysis of 3-methyltetrahydrofuran-3,4-diols,
which are an identified component of IEPOX-derived PM, can produce 3-MF. Other IEPOXderived species as well as non-IEPOX species might also contribute to the production of C5H6O+
ions (Surratt et al., 2010; Hu et al., 2015; Y. Liu et al., 2016b).
Laboratory studies show that a mass spectrum having a pattern of peak intensities similar
to that of the IEPOX-SOA factor is produced both by the uptake of IEPOX into aqueous acidic
sulfate particles as well as by the photooxidation of isoprene under HO2-dominant conditions in
the presence of acidic sulfate particles (Budisulistiorini et al., 2013; Nguyen et al., 2014; Kuwata
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et al., 2015; Liu et al., 2015). The possibility of similar uptake by a broader range of liquid
media, such as other acidic solutions as well as cloud waters, remains to be fully tested.
Compared to the laboratory spectra of (Liu et al., 2015), representing about 4 h of OH exposure
at atmospheric concentrations (1.7 × 106 molec cm-3), the main difference was the relative
intensity of the m/z 44 peak. For the IEPOX-SOA factor of the present study, this peak was four
times more intense (Figure 3-2), suggesting that the atmospheric PM was more oxidized. Hu et
al., 2016a showed that heterogeneous aging of IEPOX-SOA results in increased relative signal at
m/z 44.
By contrast, laboratory studies show that a significantly different mass spectrum from
that of the IEPOX-SOA factor is obtained for PM produced from isoprene photooxidation in the
absence of aqueous particles (Krechmer et al., 2015; Kuwata et al., 2015). Under these
conditions, chemical pathways other than IEPOX uptake into a liquid medium appear to be
active, such as the condensation of low-volatility, multifunctional compounds produced by
additional oxidation of ISOPOOH (Krechmer et al., 2015; J. Liu et al., 2016; Riva et al., 2016b).
This non-IEPOX pathway, however, is not expected to contribute a large fraction of the
produced PM during the study period because of the high RH conditions in Amazonia and the
prevalence of liquid particles for the prevailing atmospheric conditions (Bateman et al., 2016).
The SV-TAG measurements of the concentrations of C5-alkene triols and 2-methyltetrols
support the interpretation of the IEPOX-SOA factor as an indicator of PM production, at least in
significant part, from the reactive uptake of IEPOX (Claeys et al., 2004; Wang et aWang et al.,
2005; Surratt et al., 2010). The factor loading strongly correlated with the concentrations of C5alkene triols (R = 0.96) and 2-methyltetrols (R = 0.78) (Figure 3-3). These species have been
associated with the IEPOX reaction pathway in several laboratory studies (Surratt et al., 2010;

74

Riedel et al., 2016). The R value with respect to C5-alkene triols was independent of the fpeak
value of the PMF solution, demonstrating the robustness of the relative time trend of factor
loading even though the factor profile and absolute loadings changed across fpeak values
(Appendix C).

Figure 3-3. Scatter plot of the loading of the IEPOX-SOA factor derived from analysis of
the AMS data set and the mass concentrations of C5-alkene triols and 2-methyltetrols
measured by SV-TAG. All data collected during IOP1 are included, meaning that the plotted
data are not limited to afternoon time periods.
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The loading of the IEPOX-SOA factor may be an overestimate or an underestimate of the
atmospheric concentration of the IEPOX-derived PM (brown dashed lines in Figure 3-1). In
respect to overestimate, the AMS mass spectrum observed in laboratory studies for the uptake of
IEPOX by acidic sulfate particles is statistically equal to that obtained for the uptake of isoprene
photo-oxidation products, yet IEPOX accounted for only half of those products (Liu et al., 2015).
The implication is that the uptake of non-IEPOX species can lead to a similar AMS spectrum.
Pathways of PM production from condensation of multifunctional hydroperoxides lead to a
distinct mass spectrum from IEPOX pathways, and they are not expected to be highly active
under the acidic particle conditions of these experiments (Riva et al., 2016b), leaving a large
mass fraction of produced PM unexplained. The combination of AMS vaporization at 600 °C
and ionization by electron impact at 70 eV may convert IEPOX-derived and non-IEPOX-derived
molecules into similar groups of ions, which then give rise to a similar mass spectrum. The SVTAG, which uses desorption temperatures up to 310 °C and thus can also induce thermal
decomposition of some molecules, might also result in an in-common analyte (i.e., tracer)
between IEPOX-derived and non-IEPOX-derived molecules, thereby precluding a constraint on
any possible overestimate by the AMS factor (Isaacman-VanWertz et al., 2016;Lopez-Hilfiker et
al., 2016). Therefore, the loading of the IEPOX-SOA factor might overestimate IEPOX-derived
PM concentrations by accounting for other isoprene oxidation products that are not produced
through the IEPOX intermediate.
In respect to underestimate, the loading of the IEPOX-SOA factor may not capture the
entire particle-phase carbon footprint that originated from IEPOX uptake. Extensive atmospheric
processing, such as reactions with hydroxyl radicals or photolysis, can partly eliminate the initial
products of IEPOX uptake (Kroll et al., 2009; Bateman et al., 2011; Epstein et al., 2014; Hu et
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al., 2015; Hu et al., 2016a). The IEPOX-originated carbon can still be inside the particle, yet it
no longer contributes to the loading of the IEPOX-SOA factor because of an altered mass
spectrum for some molecules. Atmospheric reactions gradually homogenize particle composition
and properties, and the AMS spectra can become more uniform (Jimenez et al., 2009).
Specifically, the ratio of signal intensity at m/z 44 to that at m/z 43 increases, and the relative
intensity of m/z 82 decreases (Ng et al., 2011b; Hu et al., 2015). This modified organic material,
which originally entered the particle phase through IEPOX uptake, may then contribute to the
loading of PMF factors other than IEPOX-SOA, such as the oxidized organic factors broadly
labeled as “OOA” (Zhang et al., 2005). For these several reasons, the IEPOX-SOA factor
loading might be an underestimate of IEPOX-derived PM concentrations.
In sum, the IEPOX-SOA factor can be understood as the net result of (i) produced
IEPOX-derived PM, (ii) less that portion of the carbon that gets further oxidized and mixed into
other PMF factors, (iii) plus that portion of non-IEPOX-derived PM that gives rise to a similar
AMS mass spectral pattern as the IEPOX-derived PM. Processes of type ii contribute to
underestimates and processes of type iii lead to overestimates when using IEPOX-SOA factor
loading as a surrogate for IEPOX-derived PM concentration. These uncertainties are
qualitatively represented in 3-1 by the brown dashed lines that enclose the fraction of particle
material statistically captured by the factor analysis. The further analysis herein is based on using
the loading of the IEPOX-SOA factor as a scalar proxy for the mass concentration of IEPOXderived PM in a sampled air mass.
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3.3.2

Background compared to polluted conditions
Under background conditions in the wet season, remote areas of the Amazon forest

constitute one of the least polluted continental regions on Earth (Martin et al., 2010a). Nitric
oxide (NO) concentrations characteristic of central Amazonia range from 20 to 70 ppt (Torres
and Buchan, 1988; Bakwin et al., 1990; Levine et al., 2015). Daytime maximum ozone
concentrations are 10 to 15 ppb (Rummel et al., 2007). Sulfate mass concentrations associated
with in-basin processes are on average < 0.1 μg m-3, and total background sulfate concentrations
contributed by in- and out-of-basin processes rarely exceed 0.5 μg m-3 (Andreae et al., 1990;
Chen et al., 2009).
In the wet season, Manaus emissions were the most important anthropogenic influence on
observations at the T3 research site (Martin et al., 2017). The presence of a pollution plume at T3
was indicated by a combination of several external measured variables, including particle
number, ozone, and NOy concentrations. A simple definition of background and polluted cases
for the purpose of a comparison study aimed at selecting afternoons that were associated with
extreme values of those variables. Conditions entailing concentration of ozone at around 10 ppb
or less, particle number concentration of less than 500 cm-3, and NOy concentrations of less than
1 ppb were collectively a strong indicative of a background case. Conditions including ozone
concentrations upward of 30 ppb, particle number concentration above 2000 cm-3, and NOy
concentrations around 1.5 ppb or above indicated pollution. Measurements of these variables
onboard the G-1 aircraft confirmed what the ground measurements suggested on the several days
that the G-1 flew overhead.
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3.3.2.1 Main case study
The afternoons of March 3 and 13, 2014, are presented herein as representative cases of
background and polluted conditions, respectively. Both days were sunny, and major precipitation
events were absent. Particle number concentrations as well as NOy concentrations measured
onboard the G-1 aircraft within the atmospheric boundary layer show the position of the
pollution plume on these two afternoons (Figure 3-4). The visualization shows that on March 3
the Manaus plume passed south of the T3 site. By comparison, on March 13 the central portion
of the plume passed over T3. Aircraft-based observations to track the Manaus plume were
available for 16 afternoons of the two-month study period.
Measurements at ground level at the T3 site are plotted in Figure 3-5 for the afternoons of
March 3 (left panel) and March 13 (right panel). Based on wind speeds, the research site was 4 to
6 h downwind of Manaus (Martin et al., 2016). Anthropogenic-biogenic interactions affecting
the production of IEPOX-derived PM were driven in large part by atmospheric photochemistry
at daybreak. Morning urban emissions followed by atmospheric processing arrived at the T3 site
during the local afternoon. In addition to the connection to the Manaus plume, a selection of
afternoon periods allows for a reduced variability in possible confounding variables for the
comparative analysis, such as temperature, radiation, and relative humidity.
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(a) 3 March 2014

(b) 3 March 2014

(c) 13 March 2014

(d) 13 March 2014

Figure 3-4. Visualization of the Manaus pollution plume by plotting particle number
concentrations (a,c) and NOy (b,d) on the vertical axis on top of an image of land cover in
the horizontal plane. Observations took place on flights from late morning to early afternoon on
(a,b) March 3, 2014, 17:45 – 19:26 UTC, and (c,d) March 13, 2014, 14:14 – 17:21 UTC. Local
time is UTC minus 4 h. The red lines guide the eye through the central axis of the plume. The
direction and extent of the plume was observed by the G-1 aircraft within the atmospheric
boundary layer downwind of Manaus. Particle concentrations in the center of the plume ranged
from 10,000 to 25,000 cm-3 nearby Manaus. NOy concentrations on the vertical axis range from
0.13 to 369 ppb on March 3 and 0.10 to 75 ppb on March 13. Yellow pins indicate the locations
of some of the GoAmazon2014/5 research sites, including T3 (Martin et al., 2016).

Figure 3-5 shows that on the afternoon of March 3 ozone concentrations were below 10
ppb, particle number concentrations were below 1000 cm-3, NOy concentrations were less than 1
ppb, and sulfate concentrations were 0.3 to 0.4 µg m-3. Species concentrations were stable
throughout the afternoon. On March 13, ozone concentrations exceeded 30 ppb for most of the
afternoon, particle concentrations reached 10,000 cm-3, NOy concentrations consistently
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exceeded 1 ppb, and sulfate concentrations were 0.3 to 0.6 µg m-3. Concentrations fluctuated
markedly throughout the afternoon on March 13, reflecting different levels of pollution influence
in the air passing over the T3 site during that period.

Figure 3-5. Main case studies of (left) background and (right) polluted air masses passing
over T3 on afternoons of March 3 and 13, 2014. Ozone, particle number, and organic mass
concentration. (b) IEPOX-SOA factor loading and the ratio f of the factor loading to the organic
PM concentration. (c) Sulfate and NOy concentrations. (d) Wind direction, rain intensity, and
solar irradiance. Local time is UTC minus 4 h. Time points of overflights at 500 m by the G-1
research aircraft are marked by the dashed line (Martin et al., 2016).

With respect to the IEPOX-SOA factor, Figure 3-5 shows that the absolute and relative
loadings decreased for the polluted compared to background conditions. Relative loadings are
expressed by the ratio f of IEPOX-SOA factor loading to the organic PM mass concentration.
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Decreased absolute and relative factor loadings under polluted conditions, presented in Figure
3-5 as a primary case study, also characterized the data sets of the entire study period. In
addition, pollution was typically associated with stronger relative enhancements in NOy
concentrations than in sulfate concentrations (Sections 3.3.3 and3.3.4). Further examples are
presented in the following section.

3.3.2.2 Supporting case studies
A few additional afternoons, representative of the two extremes of background and
polluted cases, were selected from the campaign time series and are depicted in Figure 3-6. The
top panel shows cases of background conditions, and the bottom panel shows cases of polluted
conditions. The local wind direction observed for the polluted cases was generally characterized
by easterlies, as consistent with Manaus direction, whereas for the background cases it tended to
diverge from that prevailing direction. The cases within each category are ordered from left to
right in ascending order of IEPOX-SOA factor loadings.
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Figure 3-6. Additional cases of background and polluted conditions (top and bottom
panels, respectively) as observed during afternoons at the T3 site. Panels a through d are the
same as in Figure 3-5.
83

Sulfate concentrations had a wide range of values, even for background conditions
(Section 3.3.3). Meteorological conditions such as overcast skies (leading to lower photoxidation
activity) and rain events (leading to higher wet deposition), as seen on March 20 and March 23,
are some of the factors that control particle number and mass concentration (sulfate and organic
compounds). These factors help to explain the natural variability in sulfate mass concentration.
By comparison, on a sunny day, with winds mostly coming from the northeast direction, as
exemplified by February 16 and March 3, sulfate mass concentrations can be around 0.3 µg m-3
or more, values which are also typical of some polluted days (bottom panel). Both the factor
loading and the ratio f increased with increasing sulfate (rows 2 and 3 of top panel), when NOy
levels were approximately the same. A comparison of February 16 and March 3 shows in
addition the importance of NOy concentration: for similar concentrations of sulfate and organic
PM and similar meteorological conditions, the case having lower NOy concentrations (0.4 to 0.5
ppb on March 3 as compared to 0.7 to 0.8 ppb on February 16) was associated with considerably
higher absolute and relative factor loadings.
For the polluted cases shown in Figure 3-6, NOy concentrations were variable between
and within cases, ranging from 1 ppb up to 7 ppb. Larger sulfate mass concentrations (from left
to right) were associated with larger absolute and relative factor loadings, analogous to what was
observed for background cases. A comparison between March 3 and 13 (i.e., background and
polluted; Figure 3-5) shows that for similar sulfate concentrations but higher NOy levels March
13 had considerably lower factor loadings. The case of February 9 (polluted) illustrates that the
factor loadings did not exceed 0.4 µg m-3 and f did not exceed 0.2 even at rarely high sulfate
concentrations in the wet season, reaching 0.9 µg m-3. This finding may be attributed to the high
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NO concentrations, as implied by NOy concentrations of 3 ppb and greater, that suppressed
IEPOX production (Section 3.3.4).
These cases illustrate the possible wide range of observed sulfate mass concentrations
under background conditions, in great part overlapping with typical values of polluted
conditions. The cases also demonstrate that the trend in observed IEPOX-SOA factor loadings
and ratio f, both within each category (background or polluted conditions) and between them, can
be consistently explained by the roles that sulfate and NO exert on the production of IEPOXderived PM.

3.3.3

Sulfate as a driver of IEPOX-derived PM production
A scatter plot between sulfate mass concentrations and IEPOX-SOA factor loadings for

all afternoon periods is shown in Figure 3-7a. All conditions (i.e., background to polluted) are
included in the plot. For further visualization, the data set was organized into six subsets based
on sulfate concentration. The medians and the means of the subsets are plotted in the figure. The
visualization shows that sulfate concentration serves as a first-order predictor of the IEPOX-SOA
factor loading in central Amazonia in the wet season. The explanation can be a combination of
increased acidity, greater reaction volume including by enhanced hygroscopic growth, and
possibly a nucleophilic role for sulfate (Lu Xu et al., 2015; Marais et al., 2016). An analysis of
the relative importance of each is out of the scope of the present study. Yet, a discussion on using
estimated particle acidity from sulfate measurements in the analysis is presented in Appendix E.
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Figure 3-7. Relationship between IEPOX-SOA factor loadings and sulfate concentrations
at the T3 site, and probability densities of sulfate mass concentrations at several sites. (a)
Scatter plot of sulfate mass concentration and IEPOX-SOA factor loading. A least-squares linear
fit is represented by the dashed line (R2 = 0.37). The data set was collected into six subsets based
on sulfate concentration to calculate statistics. Medians (squares) and means (diamonds) of each
subset are plotted. Whiskers on the medians represent the interquartile ranges. (b) Probability
density function of sulfate mass concentration at the background site T0t (“TT34”) north of
Manaus in the wet season of 2008 (Chen et al., 2009; Martin et al., 2010b; Martin et al., 2016), at
the background site T0a (“ATTO”) northeast of Manaus in the wet season of 2015 (Andreae et
al., 2015), and at T3 during the wet season of 2014 (IOP1). The plotted data sets were recorded
during local afternoons (12:00-16:00 local time; 16:00-20:00 UTC). Means (diamonds), medians
(squares), and interquartile range (whiskers) are shown for the probability density functions.
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For Figure 3-7a, the coefficient R2 of determination between sulfate mass concentration
and factor loading was 0.37, meaning that 37% of the variance of the IEPOX-SOA factor loading
was explained by sulfate mass concentration. As a point of comparison, R2 varied between 0.4
and 0.6 for observations in the southeastern USA, which seasonally is a region of high isoprene
emissions (Budisulistiorini et al., 2013; Budisulistiorini et al., 2015; Hu et al., 2015; L. Xu et al.,
2015). A chemical transport model that predicted IEPOX-derived PM mass concentration for the
southeastern USA obtained R2 of 0.4 for the relationship to predicted sulfate mass concentration
(Marais et al., 2016). The model attributed the correlation to the acidity and particle volume
provided by sulfate, both of which favored IEPOX uptake. Central Amazonia and the
southeastern USA differ considerably in terms of meteorology, chemistry, and levels of regional
pollution, yet they have in common an important role of sulfate concentration as a predictor of
IEPOX-derived PM concentration, even as the sulfate concentrations themselves differ by an
order of magnitude. Sulfate concentrations typically had an interquartile range of [1.5, 3.0] µg
m-3 in the studies in the southeastern USA, which can be compared to a range of [0.11, 0.36] µg
m-3 under background conditions during the wet season in central Amazonia.
A key difference between the southeastern USA and central Amazonia is the role of
sulfate concentration as a clear or ambiguous indicator, respectively, of urban influence. For the
relatively low sulfate mass concentrations (<0.5 µg m-3) characteristic of the study period,
background air in central Amazonia contributed significantly to the variability in sulfate
concentration measured at the T3 site. Background concentrations of sulfate in Amazonia,
distinguished from sulfate tied to the urban Manaus plume, originated from in-basin emissions of
gas-phase precursors such as dimethyl sulfide (DMS) and hydrogen sulfide (H2S) from the forest
as well as from out-of-basin marine emissions from the Atlantic Ocean (Andreae et al., 1990;
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Chen et al., 2009; Martin et al., 2010a). In the wet season, biomass burning from Africa and to a
lesser extent from South America also episodically contributed significantly to sulfate
concentrations in the Manaus region. In addition, emissions from large cities on the eastern coast
of Brazil were important at times when rare meteorological events shifted the northeasterlies
typical of the wet season to easterlies (Martin et al., 2017). Therefore, Manaus contributions to
sulfate mass concentrations in an air mass were in addition to these various background sources.
The relative importance of Manaus contributions to the sulfate concentrations in the air
masses that passed over T3 was assessed by comparison of the probability density function of
sulfate concentration at T3 to those of sites upwind of Manaus (Figure 3-7b). The distributions of
the two upwind sites had a central tendency of 0.05 to 0.3 µg m-3, suggesting the range of natural
concentrations, and a rightside skewness up to 0.6 µg m-3, suggesting the importance of episodic
long-range transport (Chen et al., 2009). The figure shows that the distribution at T3 did not
differ greatly from those of the upwind sites even though the air masses over T3 regularly
transported Manaus pollution. The implication is that Manaus sulfate sources, whether primary
or secondary, had small contributions relative to background sources when averaged over time.
In short, elevated sulfate concentrations on any one afternoon at the T3 site might have arisen
because of elevated background concentrations on that day rather than the influence of the
Manaus pollution plume. It follows that (i) sulfate concentration was an ambiguous indicator of
urban influence at the T3 site and (ii) increases in sulfate concentrations in pollution events were
moderate relative to background concentrations.
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3.3.4

NO as a modulator of IEPOX-derived PM production
In the transport from Manaus to the T3 research site, NO concentration was not

conserved, in part because of reactions with ozone and organic peroxy radicals (Martin et al.,
2017). In this case, the instantaneous NO concentrations measured at the T3 site did not directly
provide information about the fate of ISOPOO radicals along the transport time of 4 to 6 h from
Manaus to the T3 site. The collective contributions of NO, NO2, and their oxidation products
were, however, reflected in measurements of NOy concentrations at the T3 site. The NOy family
is expected to have a longer lifetime than the transport time from Manaus to the T3 site (Romer
et al., 2016). The NOy concentration measured at T3 therefore served as a surrogate for the
integrated exposure of the airmass to NO chemistry between Manaus and T3 (Y. Liu et al.,
2016a).
Unlike the ambiguity associated with the sulfate concentration, an elevated NOy
concentration served as a clear indicator of anthropogenic influence in an air mass passing over
the T3 site. For background conditions over the forest, NOy originates from NO emitted from
soils and other natural sources such as lightning (Bakwin et al., 1990; Jacob and Wofsy, 1990).
The probability density function of NOy concentration under background conditions in the wet
season of the central Amazon basin is shown in Figure 3-8b (Bakwin et al., 1990). The
distribution for measurements at T3 is also shown. Relative to the narrow distribution around 0.5
ppb for background conditions, there is high-side skewness extending up to 4 ppb for the T3
measurements, indicating the clear influence of Manaus emissions on NOy concentrations.
NOy concentration was incorporated into the analysis by segregation of the dataset into
five subsets. The data subsets and fits are shown in separate panels in Figure 3-9. Once a trend of
decreasing fit slope with increasing NOy concentration was identified, the number of data subsets
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was defined as the minimum necessary to have subsets of at least 100 data points (of a total of
888) to allow for robust statistics and that were also cohesive (as measured by R2) and nonredundant (i.e., of different fit lines). The coloring by date in Figure 3-9 shows that there is no
apparent correlation between levels of NOy concentration or goodness of fit with different time
periods within IOP1. Meteorological variables such as solar radiation, temperature, and RH are
also not able to delineate any clear pattern in the data (not shown), either within or among
groups. Although a linear bivariate statistical analysis for the IEPOX-SOA factor in sulfate and
NOy concentrations at first appears attractive, the underlying chemical processes were not linear,
as reflected in the relationship between IEPOX-derived PM and NOy concentrations (following
discussion). Moreover, sulfate and NOy concentrations were not independent variables. For these
reasons, the visual subset analysis presented herein was pursued.
The linear fits to the NOy-segregated data subsets are shown in aggregate Figure 3-8a in
different colors. Parameter values of the associated fits are listed in Table 3-1 . The visualization
presented in Figure 3-8a shows that NOy concentration, in conjunction with sulfate
concentration, further explained the variability in IEPOX-SOA factor loadings. The R2 values,
representing the extent to which sulfate was able to explain variability in IEPOX-SOA factor
loading once isolated for NOy concentration, were higher for the data subsets having lower and
higher extremes of NOy concentrations (Table 3-1). These conditions represent the limiting cases
of fully background conditions for the former and the strongest effects of Manaus pollution for
the latter. By comparison, intermediate NOy concentrations could arise from air masses that
mixed together background air with Manaus pollution during the transport to T3 (e.g., by
entrainment) and thus represent complex processing. Single or multiple mixing points could
occur anywhere along the path from Manaus to T3, thus introducing variability into the effective
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photochemical age of the air mass arriving at T3 and resulting in lower R2 values for
intermediate NOy concentrations. In caveat, this explanation assumes that NO emissions from
Manaus had low day-to-day variability.

Table 3-1. Parameters associated with NOy groupings in Figures 3-8a and 3-9 . Listed are
the NOy concentrations and the parameters for least-squares linear fits to each group. R2
represents the coefficient of determination.
Group

NOy range (ppb)

Fit slope

Fit intercept

Fit R2

1

< 0.66

2.16

-0.13

0.75

2

0.66 – 0.92

1.48

-0.04

0.64

3

0.92 – 1.55

0.78

0.06

0.24

4

1.55 – 2.45

0.71

-0.01

0.44

5

> 2.45

0.55

-0.02

0.62
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Figure 3-8. Relationship between IEPOX-SOA factor loadings and sulfate concentrations
as classified by NOy level at the T3 site, and probability densities of NOy concentrations at
several sites. (a) Scatter plot of sulfate mass concentration and IEPOX-SOA factor loading for
local afternoon (12:00-16:00 local time; 16:00-20:00 UTC). The data sets were collected into
five subsets, colored and labeled 1 to 5, based on NOy concentration. Table 3-1 presents the
parameters of the five least-squares linear fits represented by the colored lines in the figure. (b)
Probability density function of NOy concentration at a background site nearby Manaus in the wet
season of 1987 (Bakwin et al., 1990) and at T3 during the wet season of 2014 (IOP1) (afternoon
data). Means (diamonds), medians (squares), and interquartile range (whiskers) are shown for the
probability density functions.
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Figure 3-9. Scatter plots of sulfate mass concentration and IEPOX-SOA factor loading for
local afternoon (12:00-16:00 local time; 16:00-20:00 UTC) for five different ranges of NOy
concentrations. Panels a-e correspond to groups labeled 1-5 according to Table 3-1. Table 3-1
also presents the parameters of the six least-squares linear fits represented by the lines in the
figure. Data is colored by dates.
In relation to the influence of Manaus pollution, sulfate concentration was affected by a
mixture of background and urban sources (cf. discussion in Section 3.3.3) whereas NOy
concentration largely had urban sources (cf. Figures 3-7b and 3-8b). As an approximation to
keeping the sulfate concentration constant and thus focusing on the role of NO in the urban
pollution, the visualization of the dependence of IEPOX-SOA factor loading on NOy
concentration was further refined by taking data subsets segregated by low (< 0.1 µg m-3) and
high (> 0.3 µg m-3) sulfate concentrations. Figures 3-10a-c show the factor loading, organic PM
mass concentration, and the ratio f of the IEPOX-SOA factor loading to the organic PM mass
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concentration, respectively, plotted against NOy concentration for low and high sulfate
concentrations.

Figure 3-10. Dependence on NOy concentration of (a) IEPOX-SOA factor loading, (b)
organic mass concentration, and (c) the ratio f of the IEPOX-SOA factor loading to the
organic PM concentration. Data are segregated by low (< 0.1 μg m-3) and high (> 0.3 μg m-3)
sulfate mass concentration and grouped into five levels of NOy concentration (Table 3-1).
Squares represent medians of each group. Interquartile ranges are represented by whiskers along
the abscissa and shading along the ordinate. The plotted data sets were recorded during local
afternoon (12:00-16:00 local time; 16:00-20:00 UTC).
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Figure 3-10a shows that for both low and high sulfate concentrations an increase in NOy
concentration from background to polluted concentrations was associated with a decrease in the
IEPOX-SOA factor loading by two to three times. For low sulfate concentration, the interquartile
range of the factor loading decreased from [0.037, 0.093] to [0.022, 0.039] µg m-3 for an increase
in NOy concentration from 0.5 to 2 pbb. For high sulfate concentration, the factor loading
decreased from [0.57, 0.95] to [0.21, 0.35] µg m-3 for the same transition in NOy concentration.
The greatest changes in factor loading were in the region of 1 ppb NOy. This region of greatest
sensitivity coincided with the transition from background to polluted conditions.
For the same time period of these PM analyses of IEPOX-SOA factor loading, Y. Liu et
al., 2016a observed a shift in dominant isoprene gas-phase products from ISOPOOH to
MVK/MACR across the transition in NOy concentration. Y. Liu et al. (2016a) further simulated
the dependence on NO concentration of the ratio of the production rate of ISOPOOH to that of
MVK + MACR. The highest ratios (0.6 to 0.9) were obtained for background concentrations of
NOy. The calculated HO2 concentration was < 4 × 108 cm-3 (0.016 ppb). The simulated transition
for the dominant fate of the ISOPOO radicals occurred for NO concentrations of < 0.05 ppb.
Figure 3-10b shows that for both low and high sulfate concentrations the organic PM
mass concentration Morg and the IEPOX-SOA factor loading had opposite trends for low
compared to intermediate NOy concentrations, even though the trend in Morg was less steep. The
factor loadings decreased by 60% whereas the Morg increased by 25% for 0.5 to 2 ppb NOy
(Figures 3-10a and 3-10b). Increases in Morg can include contributions from secondary PM
produced by enhanced concentrations of hydroxyl radicals and ozone in the pollution plume as
well as from primary PM emitted from the Manaus urban region (Martin et al., 2017; de Sá, in
preparation). For higher NOy concentrations (> 2 ppb), however, Figure 3-10b shows that Morg
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decreased after a peak value, approaching values close to background under the most polluted
conditions. The chemistry can become sufficiently shifted that more-volatile gas-phase products
can be produced (Pandis et al., 1991; Kroll et al., 2005; Carlton et al., 2009). In addition,
hydroxyl radical concentrations can also decrease because of titration by NO2 (Valin et al., 2013;
Rohrer et al., 2014). An increase in total organic mass concentration could possibly contribute to
a decrease in IEPOX-derived PM production by kinetically limiting the uptake of IEPOX
(Gaston et al., 2014; Lin et al., 2014; Riva et al., 2016a). The dominant effect of the urban
plume, however, seems to be that of shifting the fate of ISOPOO radicals through the increase in
NO, thereby significantly decreasing the production of ISOPOOH (Y. Liu et al., 2016a; Section
3.3.5).
The combined trends of Figures 3-10a and 3-10b for increasing NOy are represented in
Figure 3-10c as the ratio f. The figure shows that f decreased for increasing NOy concentration
for both low and high sulfate concentrations. The greatest decrease occurred across the range of
NOy concentrations that represented the shift from background to polluted conditions. For low
sulfate concentration, the interquartile range of f decreased from [0.09, 0.18] to [0.04, 0.09] for
an increase in NOy concentration from 0.5 to 2 ppb. These ranges shifted to [0.35, 0.40] and
[0.07, 0.18] for high sulfate concentration. As a limiting statement, for the most favorable
conditions with respect to the production of IEPOX-derived PM in central Amazonia (i.e., lowest
NOy and highest sulfate), f exceeded 0.40 at 25% frequency. The implication is that at all times
significant additional pathways for PM production were active. This conclusion is subject to the
accuracy of the IEPOX-SOA factor loading as a scalar proxy of IEPOX-derived PM
concentration (cf. discussion of Figure 3-1 in Section 3.3.1). The magnitude of the decrease in f
for high sulfate concentrations suggests that IEPOX-derived PM shifted from being a major to a
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minor component of the PM. Taken together, the results shown in Figure 7 demonstrate how
urban pollution affected the production and composition of regional IEPOX-derived PM.
The data sets presented in Figures 3-7, 3-8, and 3-10 lead to the conclusion that the
additional NO concentrations contributed by Manaus emissions typically suppress the production
of IEPOX-derived PM to a greater extent than the additional sulfate concentrations enhance it.
Figure 3-11 presents a systematic visualization. The factor loadings are represented as contours
for axes of sulfate and NOy concentrations. Higher factor loadings are favored for higher sulfate
and lower NOy concentrations. Factor loadings are most sensitive to changing concentration in
the high-sulfate, low-NOy region. The gray dashed line in Figure 3-11 represents a qualitative
divisor between domains of typical background and polluted conditions downwind of Manaus.

Figure 3-11. Contours of IEPOX-SOA factor loading for sulfate and NOy concentrations.
The plotted data were recorded during local afternoon (12:00-16:00 local time; 16:00-20:00
UTC). Typical transition between regimes of background and polluted conditions for the region
downwind of Manaus are approximately represented by the dashed gray line.
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3.3.5

Influence of NO on production and loss processes of IEPOX-derived PM
Elevated NO may affect both the production and loss processes of IEPOX-derived PM.

On the one hand, production may be reduced because of increased scavenging of ISOPOO by
NO, thus obviating production of IEPOX and consequently of IEPOX-derived PM. Production
may also be reduced because of more rapid gas-phase loss of IEPOX in response to elevated OH
and O3 concentrations that may be driven by higher NO. On the other hand, loss of IEPOXderived PM may be enhanced due to faster processing of its characteristic compounds by the
elevated oxidant concentrations.
A Lagrangian model is employed to help delineate the relative importance of reduced
production compared to enhanced loss on the observed IEPOX-derived PM concentrations. The
model is initialized by background air that passes over Manaus in the mid-morning. The
evolution of IEPOX-derived PM in that air mass is modeled under either polluted or background
conditions for arrival at the T3 site in the afternoon. The governing differential equation of the
model represents the sum of production and loss processes affecting the concentrations of
IEPOX-derived PM, as follows:
dM
= − L k L M +  P k P
dt

(3-1)

where M designates the IEPOX-derived PM mass concentration, t designates time, and the first
and second terms on the right-hand side represent loss and production processes, respectively.
Table 3-2 lists other symbol definitions and units. The analytic solution of Equation 3-1 for time
t is presented in Appendix F, along with details and assumptions of the model.
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Table 3-2. Descriptions and units of symbols in the model.
Symbol

Description

Unit

M

mass concentration of IEPOX-derived PM

μg m-3

t

time

H

kP

zero-order rate coefficient for production under background
conditions

μg m-3
h-1

kL

first-order rate coefficient for loss under background conditions

h-1

Α

multiplicative factor representing the effects of Manaus pollution
on rate coefficients

Τ

characteristic time of a process (e.g., production, loss, or
transport)

Subscript tr

Refers to transport

Subscript bg

Refers to background conditions

Subscript pol

Refers to polluted conditions

Subscript 0

Refers to an initial state (i.e., just upwind of Manaus)

Subscript P

Refers to production processes

Subscript L

Refers to loss processes

H

From the solution, characteristic times τ for production and loss processes for polluted
compared to background conditions are defined as follows: τP,pol = M0 / (αP kP), τP,bg = M0 / kP,
τL,pol = 1 / (αL kL), and τL,bg = 1 / kL. The term M0 represents the IEPOX-derived PM mass
concentration just upwind of Manaus. Under background conditions, the enhancement factors αL
and αP are unity by definition. Under polluted conditions, αL = 2 and αP = 0.1 to reflect enhanced
loss and decreased production, respectively. Further descriptions of the model and assumptions
are presented in Appendix F.
The analysis strategy is to compare τP and τL to the transport time τtr under polluted and
background conditions to assess the relative importance of altered production and loss processes
for IEPOX-derived PM from Manaus to T3. The statistical mode value for τtr of 4 h based on
trajectory analysis is used in the model (Martin et al., 2016). Intervals for the characteristic times
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τP and τL are constrained by the T3 afternoon data sets. Concentration ratios ξ, defined as ξ =
Mpol / Mbg, are used to constrain the model (Table 3-3). The quantities Mpol and Mbg denote M(t =
τtr), meaning the mass concentration at T3 under polluted or background conditions, respectively.
The use of the ratio quantity ξ in the analysis, rather than absolute concentrations, provides
increased robustness because of low variability in ξ across the observed range of sulfate
concentrations, even as Mpol and Mbg vary greatly (Table 3). The possible impact of over- or
underestimates of IEPOX-derived PM mass concentration, as a consequence of using IEPOXSOA factor loading as a surrogate, is also mitigated by the use of ξ.

Table 3-3. Interquartile intervals of IEPOX-SOA factor loadings observed for background
and polluted conditions. Background and polluted conditions correspond to approximately 0.5
ppb and 2 ppb of NOy, respectively. The table also lists the resulting ratio ξ of the median factor
loading under polluted compared to background conditions.
Loading (μg m-3) for
background conditions

IEPOX-SOA
factor

Loading (μg m-3) for polluted
conditions

Ratio ξ

Low sulfate

High sulfate

Low sulfate

High sulfate

Low
sulfate

High
sulfate

[0.037, 0.093]

[0.57, 0.95]

[0.022, 0.039]

[0.21, 0.35]

0.47

0.35

Two cases of the model (1 and 2) are presented, respectively focusing on constraining kP
or kL and consequently τP or τL (Table 4). The results for Case 1 of the analysis are shown in
Figure 3-12a. The value of kP is varied from 0 to 0.2 μg m-3 h-1 while the other model parameters
are held constant. The loss rate coefficient kL is fixed at 0.015 h-1, corresponding to a
characteristic time of 2.8 days (Appendix F). Based on observed values of ξ (gray shaded area in
Figure 3-12a), an interval for kP of [0.07, 0.13] μg m-3 h-1 is obtained, as indicated by the vertical
dashed lines. Across this interval, Mbg and Mpol vary from 0.49 to 0.72 μg m-3 and 0.23 to 0.25 μg
m-3, respectively, which are consistent with the observed IEPOX-SOA factor loadings (Table
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3-3). The modeled production times have intervals of [1.8, 3.3] h for τP,bg and [18, 33] h for
τP,pol.
Case 2 of the analysis evaluates constraints on the loss rate coefficient kL, and results are
shown in Figure 3-12b. Loss processes can include chemistry, such as heterogeneous oxidation
or other in-particle reactions that reduce the IEPOX-SOA factor loading, as well as physical
mechanisms, such as particle deposition and particle dilution by entrainment that reduce mass
concentrations of IEPOX-derived PM (Appendix F). The value of kL is varied over three orders
of magnitude, representing characteristic times of hours to weeks, while the other model
parameters are held constant (Table 4). The production rate coefficient kP is fixed at 0.10 μg m-3
h-1, corresponding to the interval midpoint of Case 1. The observed values of ξ (gray shaded
area) in intersection with the modeled values of ξ imply an upper limit on kL at 0.043 h-1,
corresponding to characteristic times of a day to weeks (Figure 3-12b). Correspondingly, τL,bg, >
24 h under background conditions, and τL,pol > 12 h under polluted conditions.

Table 3-4. Parameter values and initial conditions used in model cases. Descriptions and
units are listed in Table 2. The M0 value is based on the mean IEPOX-SOA factor loading that
was measured from 14:00-16:00 UTC (10:00-12:00 local time) at a regional background site
during two months of the wet season in 2008 (Chen et al., 2015). For comparison, a similar value
of 0.19 µg m-3 was obtained during the present study as the mean value observed at the T3 site
for NOy < 1 ppb (14:00-16:00 UTC).
Model
case

Initial
condition

Parameter values
kP

kL

αP

αL

M0

1. Vary kP

0 to 0.2

0.018

0.1

3

0.23

2. Vary kL

0.065

0.001 to 1

0.1

3

0.23
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Figure 3-12. Modeled IEPOX-derived PM mass concentrations Mpol and Mbg at the T3 site
under polluted compared to background conditions. The ratio ξ of concentrations (i.e.,
Mpol /Mbg) is also plotted. Panels a and b correspond to the two model Cases 1 and 2 listed in
Table 3-4 and described in the text. Gray shading indicates the range of observed values of ξ
across low and high sulfate concentrations. Dashed lines indicate the intersection of modeled and
observed values of ξ and the corresponding constrained values of kP or kL along the abscissa.
Labels above the double-headed arrow in panel b correspond to characteristic times (i.e., kL-1).
The dashed black arrow in panel b communicates that the observed values of ξ provide no
constraint on the lower limit of kL.

The analyses of Cases 1 and 2 constrain the values of τP,pol, τP,bg, τL,pol, and τL,bg based on
the observed values of ξ. The lower limits of the characteristic times for loss, meaning τL,bg, > 24
h and τL,pol > 12 h, are considerably longer than the transport time of 4 h under both background
and polluted conditions. Enhanced loss, therefore, does not explain alone the observed values of
ξ. By comparison, the observed values of ξ imply a shift in the characteristic time for production
from [1.8, 3.3] h under background conditions to [18, 33] h under pollution conditions. The shift
in timescale is significant in light of the transport time of 4 h. Therefore, reduced production,
rather than enhanced loss, is consistent with the lower IEPOX-derived PM concentrations under
polluted conditions. A few afternoon hours of altered isoprene chemistry are sufficient to
significantly shift the atmospheric concentration of IEPOX-derived PM.
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3.4

Summary and Conclusions
The influence of anthropogenic emissions on the production of organic particulate matter

from isoprene epoxydiols was studied during the wet season of the tropical forest in central
Amazonia. The IEPOX-derived PM concentration at the T3 site, as indicated by the IEPOXSOA factor loading, was lower under polluted compared to background conditions. Sulfate
concentration was an important first-order predictor of the IEPOX-SOA factor loading,
corroborating the understanding of the role of sulfate in the production of IEPOX-derived PM
that has been developed in laboratory studies as well as in investigations in the southeastern USA
(Surratt et al., 2007b; Budisulistiorini et al., 2013; Budisulistiorini et al., 2015; Hu et al., 2015;
Kuwata et al., 2015; Lu Xu et al., 2015). Unlike the southeastern USA, however, where
anthropogenic influences dominated variability in sulfate concentrations, contributions by the
Manaus urban region to sulfate concentrations were of approximately equal magnitude to the
background variability in central Amazonia. By comparison, Manaus urban emissions of NO
dominated over background concentrations, and the NOy concentration measured 4 to 6 h
downwind of Manaus at the T3 site was an important predictor of the IEPOX-SOA factor
loading. In net effect, the suppression of IEPOX production because of elevated NO
concentrations in the pollution plume dominated over any enhancements in IEPOX uptake
because of greater sulfate concentrations.
The dependence of the IEPOX-SOA factor loadings on both sulfate and NOy
concentrations, as shown in Figure 3-11, suggests that altered net anthropogenic effects may be
expected for different geographic regions, even within Amazonia, and different time periods,
such as the wet and dry seasons. The T3 site experienced a wide range of NOy concentrations,
allowing for the systematic demonstration of the dependence of IEPOX-derived PM
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concentrations on NOy concentrations. The results show that the transition in isoprene
photochemistry related to the production of IEPOX-derived PM is most sensitive precisely at the
transition between background and polluted conditions, around 1 ppb of NOy, at least for central
Amazonia in the wet season. These findings suggest that the fraction of PM derived from IEPOX
might be lower and have lower variability for other geographic regions characterized by higher
NOy baseline concentrations (e.g., upward of 1 to 2 ppb). For regions further downwind of the
urban center, the effects of the plume are expected to phase out both due to dilution and to
consumption of NO, and a gradual transition to background chemistry is expected to take place.
Adequately representing background conditions and the transition to polluted conditions within
models, including the dependence of the production of IEPOX-derived PM not only on sulfate
but also on NO concentration, is thus important for making accurate predictions of PM
concentrations, both in Amazonia and around the globe.
The findings herein can be considered in the context of Amazonia in transition (Davidson
et al., 2012). In the past 50 years, the metropolitan area of Manaus, today at more than 2 million
inhabitants, has experienced rapid economic and population growth (Martin et al., 2017).
Changes in the fuel matrix, such as the ongoing shift from high-sulfur to low-sulfur oil in the
vehicle fleet as well as from fuel oil to natural gas in many power plants (Medeiros et al., 2017),
are changing the composition of the Manaus pollution plume. Based on the findings presented
herein, a reduction in sulfate sources from Manaus, whether primary or secondary, would not be
expected to considerably affect the mass concentration of IEPOX-derived species in forest
regions affected by the plume. Background sources independent of Manaus appear sufficient to
sustain sulfate concentrations regionally. On the other hand, in the absence of pollution control
technologies, NO emissions can be expected to increase in coming years due to the development
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of more efficient (i.e., higher temperature) sources of electricity associated with the development
of natural gas resources in the basin, as well as from growth in transportation associated with
increased population. Increased NO concentrations can be expected to reduce the mass
concentration of IEPOX-derived species in forest regions affected by the plume. Changes in the
atmospheric particle population can have follow-on effects on cloud type, duration, and rainfall
(Pöschl et al., 2010). In addition to PM derived from IEPOX as discussed herein, a better
understanding of other pathways that also contribute to organic PM, as well as possible changes
to those pathways with increasing pollution in the region, warrants further study so as to achieve
sufficient knowledge for decision-making related to air quality and climate in Amazonia.
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PART III: DRY SEASON (IOP2)
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4 Anthropogenic contributions to the concentration and optical
properties of organic PM in central Amazonia during the dry
season
4.1

Introduction
The human impact on the Amazon basin has been manifested in the past decades through

trends in urbanization and deforestation (Davidson et al., 2012; Martin et al., 2016 van Marle et
al., 2017). Both urban pollution and forest fires can affect the concentrations, composition, and
properties of atmospheric particulate matter (PM). Airborne PM is relevant for climate, human
health, and visibility (Cheng and Tsai, 2000; IPCC, 2013; Landrigan et al., 2018). Therefore, airquality regulation efforts as well as global climate modeling require knowledge on the sources,
processes and properties of PM. Given the critical role of the Amazon forest in the regional air
quality and global climate, an understanding of how the urban and fire sources affect PM
concentrations and properties in the Amazon basin is essential.
Urban pollution in the Amazon forest is more significant in the surrounding of large cities
such as Manaus, Brazil, and has been investigated during the wet season, when biomass burning
does not contribute significantly to background conditions (Artaxo et al., 2013; Martin et al.,
2017; de Sá et al., 2018). The current population of Manaus metropolitan area is over 2.5 million
people, and it has grown about 40% every 10 years since 1960 (Martin et al., 2017). Although
Amazonia has hosted a few field experiments over the last decades during the wet season, only
recently with the GoAmazon2014/5 project the scientific goal shifted from understanding
biogenic processes to investigating urban influences downwind of Manaus (Martin et al., 2010a;
Martin et al., 2016 and references therein). Martin et al. (2017) reported concentration increases
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of (i) up to two orders of magnitude for particle number concentrations, (ii) up to an order of
magnitude for nitrogen oxides, (iii) up to two-fold for carbon monoxide, and (iv) up to four-fold
in hydroxyl radical for in-plume compared to out-of-plume conditions onboard a research aircraft
on case study days. de Sá et al. (2017) determined that the submicron PM mass concentration
increased by up to three-fold by comparing polluted to background conditions on a statistical
basis.
The occurrence of fires in Amazonia has a strong annual and seasonal variability. Fires
are most frequent in the period of August through October, during the dry season (Setzer and
Pereira, 1991; Artaxo et al., 2013; Martin et al., 2016). Although fires can occur naturally in the
Amazon forest, most of the fires are tied to human activities and have rapidly increased over the
1990s (van Marle et al., 2017). The clearing of land for several agricultural purposes, the burning
of agricultural waste, and the burning of wood fuel are among the main causes for biomass
burning in the region (Crutzen and Andreae, 1990; van Marle et al., 2017). Approximately 15%
of the Amazon was deforested in the period of 1976 to 2010 (Davidson et al., 2012; Aragão et
al., 2014). Although the fire footprint is geographically more widespread throughout the basin
compared to the urban footprint, fires have historically concentrated in a region known as “arc of
deforestation”, in southern Amazonia (Fuzzi et al., 2007; Artaxo et al., 2013).
Biomass burning has been previously studied in the Amazon, and it is thought to affect
the biogeochemical cycles, atmospheric chemistry, precipitation, and climate (Crutzen and
Andreae, 1990; Andreae et al., 2004; Lin et al., 2006). PM mass concentrations have been
observed to increase by an order of magnitude between the wet and dry seasons at several
locations (Artaxo et al., 1994; Holben et al., 1996; Martin et al., 2010b; Artaxo et al., 2013, and
references therein). These studies suggested that biomass burning emissions were the main cause
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for the observed increases. Field campaigns that focused on the effects of biomass burning have
naturally deployed sites during the dry season in areas highly perturbed by fires (i.e., near-field),
usually in the states of Rondônia or Mato Grosso, within the arc of deforestation (SCAR-B:
Kaufman et al., 1998; LBA-SMOCC: Fuzzi et al., 2007; TROFEE: Yokelson et al., 2007;
SAMBBA: Morgan et al., 2013). During the SAMBBA campaign, online aerosol mass
spectrometers (AMS) were deployed for the first time in locations heavily impacted by near-field
fires in the basin (Allan et al., 2014; Brito et al., 2014 ). Through positive-matrix factorization
(PMF) of the organic AMS data, it was shown that about 70% of the organic PM could be
attributed to biomass burning (Brito et al., 2014). The contribution of biomass burning to PM in
locations that are dominantly affected by far-field fires during the dry season remains to be
quantified. Furthermore, several studies attributed increases of an order of magnitude on PM
light absorption properties (i.e., absorption coefficient and ångstrom exponent) between the wet
and dry seasons to the influence of biomass burning emissions (Rizzo et al., 2011; Artaxo et al.,
2013; Rizzo et al., 2013). Although black carbon is usually the main absorbing component,
absorption by organic PM could be significant (Rizzo et al., 2013; Wang et al., 2016; Saturno et
al., 2017). An understanding of the types and optical properties of organic material that may
affect PM light absorption in the basin is only emerging.
Organic material that can efficiently absorb radiation in the near-ultraviolet through the
visible region of the spectrum has been termed “brown carbon” (BrC; Pöschl, 2003; Andreae and
Gelencsér, 2006; Laskin et al., 2015). Global-scale climate models have typically treated organic
PM as a purely scattering component, while only black carbon and mineral dust can significantly
absorb (Bond et al., 2011; Ma et al., 2012). Several field studies have shown, however, that
brown carbon can contribute substantially to light absorption by PM, especially in regions
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affected by biomass burning and urban emissions (Andreae and Gelencsér, 2006; Ramanathan et
al., 2007; Bond et al., 2011; Bahadur et al., 2012; Ma and Thompson, 2012; Feng et al., 2013). In
addition to primary emissions of BrC, there is evidence for secondary production of BrC both
from the oxidation of volatile organic compounds (VOCs) present in biomass smoke (Saleh et
al., 2014) and from atmospheric multiphase reactions involving a wide range of precursor VOCs
(Nozière et al., 2007; De Haan et al., 2009; Nguyen et al., 2012; Lee et al., 2013; Powelson et al.,
2014). Nevertheless, the specific sources, chemical characteristics, and optical properties of BrC
are not well known.
The challenge in modeling the optical properties of organic PM and its BrC component
arises in part from their chemical complexity (Laskin et al., 2015; Moise et al., 2015). Light
absorption coefficients (babs) and their spectral dependence (åabs) are needed for accurate
interpretation of satellite-retrieved aerosol optical depth (AOD) and for climate modeling.
Estimates of mass absorption efficiency (Eabs) for the subcomponents of PM can be useful for
models to estimate PM optical effects based on PM composition and mass concentrations.
Therefore, even though the detailed chemical constitution of BrC may not be well known, an
understanding of the sources and bulk optical properties of component classes of organic PM can
be highly valuable for model representations. Furthermore, the contribution of both natural and
anthropogenic organic material to the PM radiative effects remain uncertain (IPCC, 2013). An
understanding of how organic PM composition and associated optical properties change due to
anthropogenic influences is essential to quantifying the anthropogenic radiative forcing.
The present study investigates the contributions of biomass burning and urban emissions
to the composition and optical properties of organic PM in central Amazonia during the dry
season. This study takes advantage of the unique combination of a research site 70 km downwind
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of a metropolis in central Amazonia and a measurement period during the biomass burning
season, in which the site was affected by both near-field and far-field fire emissions. The study
period, consisting of August 15 to October 15, 2014, corresponded to the second Intensive
Operating Period (IOP2) of the GoAmazon2014/5 experiment (Martin et al., 2016). Positivematrix factorization (PMF) of organic mass spectra measured by aerosol mass spectrometry
(AMS) was used to identify component classes of organic PM. A Fuzzy c-means clustering
analysis of pollution indicators was employed to identify different conditions at the measurement
site, as influenced by biomass burning and urban emissions. Estimates of optical properties of
organic PM, including Eabs of its component classes, and a discussion on BrC components are
presented. Taken together, these three pieces of analysis allowed for a detailed investigation of
the changes in particle concentration, composition, and optical properties associated with the
influences of biomass burning and urban pollution downwind of Manaus.

4.2

Methodology
The primary site of this study was “T3”, located 70 km to the west of Manaus, Brazil, in

central Amazonia (Martin et al., 2016; Figure 2-1). Auxiliary sites “T0a” and “T2”, served as
references for background and urban-polluted conditions, respectively, in relation to T3. These
sites were described in Chapter 2.
At the T3 site, mass concentrations of non-refractory PM1 components (organic, sulfate,
ammonium, nitrate, and chloride) were measured by an AMS, as described in detail in Chapter 2
and Appendix A. Auxiliary measurements of particle phase tracers and VOCs were ere obtained
by a Semi-Volatile Thermal Desorption Aerosol Gas Chromatograph (SV-TAG) (IsaacmanVanWertz et al., 2016) and by a Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer
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(PTR-ToF-MS; Y. Liu et al., 2016a), respectively. In addition, measurements of NOy, O3,
particle number concentrations, CO and back carbon (BC) used in the analysis were collected by
instruments in the Mobile Aerosol Observing System (MAOS) of the ARM Climate Research
Facility (ACRF) (Mather and Voyles, 2013; Martin et al., 2016). Wind direction, solar
irradiance, and precipitation rate were measured by the ARM Mobile Facility (AMF-1), which
was also part of the ACRF. Pertinent details of these measurements are presented in Chapter 2
and Appendix A. Particle absorption measurements were obtained by a 7-wavelength
aethalometer (Magee Scientific, model AE-31). The aethalometer provided information on the
particle absorption coefficient, babs(λ), at seven λ wavelengths (370 nm, 430 nm, 470 nm, 520
nm, 565 nm, 700 nm, and 880 nm). Additional measurements of non-refractory particle
composition and concentration from T0a and T2 sites were used in the analysis. At both
locations, measurements were made by an Aerosol Chemical Speciation Monitor (ACSM).
Backward air mass trajectories were obtained using HYSPLIT4 (Draxler and Hess,
1998b). Simulations started at 100 m above T3 and were calculated for every 12 min up to two
days back in time. Precipitation along the trajectories was determined from information provided
by the S-band radar of the System for Amazon Protection (SIPAM) in Manaus (Machado et al.,
2014). Details on the input meteorological data used in the HYSPLIT simulations and on the
radar data are provided in Chapter 2.

4.3
4.3.1

Results and discussion
Overview of fine-mode PM composition across sites
The mass concentrations of species present in PM1 (particles with diameter < 1 µm) at T3

during the dry season of 2014 are plotted in Figure 4-1a. Organic compounds dominated the
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composition, contributing 83 ± 6% (average ± one standard deviation) of the non-refractory PM1
(NR-PM1), followed by sulfate (11 ± 5%). Average NR-PM1 mass concentrations and
compositions at T3 as well as at two other sites in the region are represented in Figure 4-1b. The
T0a site was situated 150 km to the northeast of Manaus, upwind of the city. The T2 site was
located 8 km to the west of Manaus and was regularly downwind of the city. Figure 4-1b shows
that organic material consistently constituted 80% to 85% of NR-PM1 across sites in this region
in the dry season. This result represents only a small increase in the relative contribution of
organic compounds to NR-PM1 from the range of 70 to 80% during the wet season (Chapter 2).

Figure 4-1. Overview of PM1 composition during the dry season at T3 and other sites
(depicted in Figure 2-1). (a) Mass concentrations of PM1 species at T3 during the dry season of
2014 (IOP2). Non-refractory (NR) PM1 species of organic, sulfate, ammonium, nitrate, and
chloride were measured by the AMS. Mass concentrations of black carbon were measured by
SP2. (b) Comparison of the summed mass concentrations of non-refractory PM1 species (top)
and the mass fractions of these species (bottom) at T3 and two other sites during IOP2. T0a
refers to measurements at the ATTO location (Andreae et al., 2015) and T2 refers to
measurements made at a site 8 km downwind of Manaus, just across the Black River (“Rio
Negro”) (Brito et al., in preparation). Measurements at T0a and at T2 were made by an ACSM,
and measurements at T3 were made by an AMS. Concentrations were adjusted to standard
temperature (273.15 K) and pressure (105 Pa). Bars represent mean values and whiskers
represent the standard deviation of measurements.
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The absolute mass concentrations across the three sites differed slightly (Figure 4-1b, top
panel). The average NR-PM1 mass concentrations at the T0t site upwind of Manaus was 10.5 μg
m-3. The concentrations at the T2 site just downwind of Manaus and at the T3 site were on
average 12.5 μg m-3 and 12.2 μg m-3, respectively. A comparison of the variability of these
concentrations is discussed below (Figures 4-2 through 4-4). On average, the downwind sites
were associated with an increase in NR-PM1 of 20% relative to the upwind sites. This relative
increase for the dry season is small compared to increases of 200 to 300% relative to a
background of 1 μg m-3 during the wet season. In absolute mass concentrations, however, the
differences between upwind and downwind sites are similar, since for the wet season there was a
difference of 2 μg m-3 between T2 and T0a, and 1 μg m-3 between T3 and T0a. These increases,
however, have larger importance during the wet season when background concentrations are
significantly lower.

Figure 4-2. Comparison of the time series of (a) organic and (b) sulfate mass concentrations
during IOP2 for three different sites (depicted in Figure 2-1). Concentrations were adjusted to
standard temperature (273.15 K) and pressure (105 Pa).
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Sources and processes of PM1 production at a regional scale, including biomass burning,
seemed to play an important role during the dry season. Figure 4-2 shows the similarity between
the time trends of organic and sulfate mass concentrations across three sites during two months
in the dry season (IOP2). The T0a site was 215 km away from T3. Although there was a larger
variability in concentrations on short time scales (1 day) for the T2 and T3 sites compared to the
T0a site, a consistent baseline was observed for all sites. Figure 4-3 shows the location of fires
during each week of IOP2. The larger spikes in organic mass concentrations that are observed for
T3 but less intensely for T2 and are not present for T0a could be associated with fires along the
Solimões river (Figure 4-3).
In addition to the widespread and frequent occurrence of fires in the Amazon basin
during the dry season (Figure 4-3), meteorological conditions may also favor a regional reach of
events (Appendix G). Particularly, the lower relative humidity (RH) and precipitation in the dry
season, as compared to the wet season, may lead to lower removal of PM by wet deposition. By
consequence, particles may be able to travel further, favoring a regional footprint in the
measurements. The meteorological conditions can also favor higher particle number
concentrations and larger particle sizes (see Appendix G-1 for a comparison of IOP1 and IOP2).
For example, high organic concentrations were observed during the period of August 17 to 23.
During that week, widespread biomass burning activity in the basin (beyond the scale of Figure
4-3) in conjunction with a lack of precipitation events, clear skies, and high temperatures
(reaching about 35 °C during daytime) allowed for intense photochemical activity and buildup of
PM. There appeared to be a plume delay of 1 day between T0a and T3 during that time. This
delay would be consistent with transport of biomass burning plumes from the west by winds with
an average speed of 3 m s-1, which is a typical value for wind speeds in the region. In sum, a
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combination of regional-scale biomass burning activity and meteorological conditions greatly
influenced the mass concentration of PM1 observed at all research sites during the entirety of
IOP2.

Figure 4-3. Maps depicting the location of fires in the surroundings of the T3 site for each
week of IOP2. Underlying image: Google maps.
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The diel variability of organic and sulfate mass concentrations for the three sites are
shown in Figure 4-4. Organic mass concentrations were slightly higher for the T2 and T3 sites
compared to the T0a site. The variability in organic mass concentration was considerably larger
at the T2 and T3 sites, markedly so during nighttime. These two sites, by being closer to
populated areas along the path of the Solimões River, are also closer to local biomass burning
sources. These sources may be tied to burning of crops and trash in houses and farms as well
burning of wood in brick kilns (Cirino et al., 2018). With nighttime stagnant air and a shallow
boundary layer, fire emissions that vary in source strength may explain the slightly larger organic
mass concentrations and associated variability during nighttime.

Figure 4-4. Diel patterns of the mass concentrations of organic (top, green) and sulfate
(bottom, red) species during the dry season at three different sites (depicted in Figure 2-1).
Mass concentrations were corrected to standard temperature and pressure (273.15 K and 105 Pa).
Local time is (UTC - 4 h). Lines represent means, solid markers show medians, and boxes span
interquartile ranges. The ordinate scale for the T2 panel differs from the other three panels.
Concentrations were adjusted to standard temperature (273.15 K) and pressure (105 Pa).

The influence of anthropogenic emissions on daytime chemistry seems to be manifested
in the diel trends of the sulfate mass concentrations. Sulfate concentrations were stable
throughout the day at T0a, indicating a prevalence of regional sources that have variations
dampened after many hours or days of transport. Possible sources include the atmospheric
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oxidation of biogenic emissions (DMS, H2S) from the upwind forest as well as long-range
transport of fossil fuel combustion emissions from cities in northeastern Brazil and of biomass
burning and volcanic emissions from Africa (Andreae et al., 1990; Martin et al., 2010a; Saturno
et al., 2018). For the T2 and T3 sites, sulfate concentrations increase starting in the morning
hours and peak in the afternoon. As sulfate production follows photochemical processes, it
ceases at sunset and concentrations thereby decrease. Similar to as found for the wet season,
Manaus is a possible contributor to the observed sulfate enhancement (de Sá et al., 2017). In
addition, biomass burning can be an important source of sulfate and its precursors (Andreae and
Merlet, 2001; Fiedler et al., 2011). Therefore, the abovementioned BB emission sources around
T2 and T3 could also have contributed to the increase in sulfate concentrations during the
afternoons.

4.3.2

Characterization of organic PM by positive-matrix factorization
The organic mass spectra recorded by the AMS was analyzed by positive-matrix

factorization (PMF; IM Ulbrich et al., 2009). Details and diagnostics of the PMF analysis are
presented in Appendix C. Following the nomenclature used in Chapter 2, “factor profile” and
“factor loading” refer to the mathematical products of the multivariate statistical analysis,
whereas “mass spectrum” and “mass concentration” refer to direct measurements.
A six-factor solution was obtained based both on the numerical diagnostics of the PMF
algorithm and the judged scientific meaningfulness of the resolved factors (Appendix C). The
factor profiles, diel trends of the factor loadings, and the time series of the factor loadings and
other related measurements are plotted in Figure 4-5 in panels a, b, and c, respectively. The inset
of Figure 4-5a shows the mean fractional loading contribution of each factor during the analysis
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period. The correlations of factor loadings with co-located measurements of gas- and particlephase species are shown in Figure 4-6.

Figure 4-5. Results of the PMF analysis on the time series of AMS organic mass spectra
collected at T3. (a) Mass spectral profile of each factor represented at unit mass resolution. The
inset shows the mean fractional loading of each factor. (b) Diel trends for the loadings of each
PMF factor. Local time is UTC minus 4 h. Lines represent means, solid markers show medians,
and boxes span interquartile ranges. (c) Time series of the factor loadings.
119

Figure 4-6. Column plot of Pearson R correlations between the loading of each PMF factor
and concentrations of selected measurements at T3. Abbreviations include tricarballylic acid
(TCA), methyl-butyl-tricarboxylic acid (MBTCA), methyl vinyl ketone (MVK), methacrolein
(MACR), and isoprene hydroxyhydroperoxides (ISOPOOH). SV-TAG measurements refer to
particle-phase concentrations, except for sesquiterpenes which refer to total and mostly consist of
gas phase. Isomers could not be distinguished by PTR-ToF-MS measurements; C8 and C9
aromatics include the xylene and trimethylbenzene isomers, respectively.

The factors were interpreted considering the characteristics of the factor profiles (i.e.,
“mass spectra”) and the correlations between factor loading and mass concentrations of colocated measurements. Three resolved factors interpreted as secondary production and
processing had extremely similar profiles (R ≥ 0.99; Table 4-1) to their counterparts found for
the wet season (Chapter 2): a more-oxidized oxygenated factor (“MO-OOA”), a less-oxidized
oxygenated factor (“LO-OOA”), and an isoprene epoxydiols-derived factor (“IEPOX-SOA”).
Temporal correlations with external tracers (Figure 4-6) and oxidation characteristics (Table 4-1)
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were also similar to those found for IOP1 (cf. Chapter 2). A hydrocarbon-like factor (“HOA”)
had reasonable profile similarities to its counterpart in IOP1 (R = 0.94). It also had characteristics
of the anthropogenic-dominated factor (“ADOA”) resolved for IOP1, which was also tied to
urban sources, including cooking. The HOA profile of IOP2 correlated better (R = 0.96) with a
profile corresponding to the combination (i.e., weighted average) of the HOA and ADOA
profiles from IOP1. It is therefore likely that the HOA of this study represents a mix of the HOA
and ADOA factors from IOP1, which could not be separated by PMF in IOP2 due to their lower
relative contribution. The interpretations of these four factors, therefore, are the same as for
IOP1, and details have been presented in Chapter 2. The following discussion focuses on the
biomass burning factors.

Table 4-1. Characteristics of the PMF factors. Listed are signal fractions fCO2+ at nominal m/z
44 and oxygen-to-carbon (O:C) and hydrogen-to-carbon (H:C) ratios. Values and associated
uncertainties were calculated by running PMF in “bootstrap mode” (IM Ulbrich et al., 2009).
Also listed are the Pearson R correlations between the profiles of factors resolved for IOP2 and
their counterparts in IOP1. Elemental ratios were calibrated by the “improved-ambient” method,
which has an estimated uncertainty of 12% for O:C and 4% for H:C (Canagaratna et al., 2015).
PMF factor

f44

f60

O:C

H:C

Pearson R
against IOP1
counterpart

MO-OOA

0.24 ± 0.01

< 0.001

1.20 ± 0.10

1.25 ± 0.08

1.00

LO-OOA

0.15 ± 0.01

0.001 ± 0.001 0.86 ± 0.08

1.51 ± 0.06

0.99

IEPOX-SOA

0.14 ± 0.01

< 0.001

0.74 ± 0.02

1.51 ± 0.01

0.99

MO-BBOA

0.13 ± 0.01

0.011 ± 0.003 0.70 ± 0.07

1.59 ± 0.11

N/A

LO-BBOA

0.02 ± 0.01

0.05 ± 0.01

0.53 ± 0.04

1.79 ± 0.06

N/A

HOA

0.05 ± 0.01

0.001 ± 0.001 0.22 ± 0.03

1.82 ± 0.03

0.94

121

The remaining two PMF factors were associated with biomass burning, one less oxidized
(LO-BBOA) and one more oxidized (MO-BBOA). While for IOP1 only one BBOA factor
(accounting for 9% of organic PM) was resolved, for IOP2 there were enough differences in
mass spectral features and temporal contributions that two different factors emerged from the
analysis. The MO-BBOA and LO-BBOA factors on average accounted for 18% and 13% of
organic PM, respectively, representing together an increase of at least a factor of three in the
relative contribution of biomass burning to organic PM in the dry season compared to the wet
season.
The BBOA factors profiles were mainly characterized by a distinct peak of C2H4O2+ at
nominal m/z 60 (Figure 4-5a). The fractional intensity of m/z 60 (f60) was larger for LO-BBOA
(0.051) than for MO-BBOA (0.013). A peak of C3H5O2+ (m/z 73) was also present in both
profiles, at intensities three to four times smaller than that at m/z 60. These peaks at m/z 60 and
m/z 73 are uniquely attributed to levoglucosan and other anhydrous sugars that result from
biomass pyrolysis (Schneider et al., 2006; Cubison et al., 2011). The loadings of both factors
correlated with several biomass burning tracers in the particle phase, such as levoglucosan,
vanillin, syringol, mannosan, syringaldehyde, sinapaldehyde, and long chain (C20, C22, C24)
alkanoic acids as well as with acetonitrile in the gas phase (Figure 4-6). They also had high
correlations with CO and particle number concentrations. The correlations were typically higher
for the LO-BBOA factor.
The LO-BBOA factor was characterized by the greatest ratio of signal intensity of the
C2H3O+ ion (m/z 43) to that of the CO2+ ion (m/z 44) (Figure 4-5a) compared to all other factors.
By contrast, the MO-BBOA factor had a large signal for CO2+ and a low signal for C2H3O+. The
MO-BBOA and LO-BBOA factors had O:C ratios of 0.70 ± 0.07 and 0.53 ± 0.04, respectively.
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In addition, better correlation with the estimated inorganic nitrates than with total nitrates was
found for the LO-BBOA factor but not for the MO-BBOA factor (Appendix A describes the
nitrate estimates). Taken together, these results point to a less-oxidized, higher volatility
character of the LO-BBOA factor, contrasted by a more-oxidized, lower volatility character of
the MO-BBOA factor, while both retain their biomass burning features (Jimenez et al., 2009;
Cubison et al., 2011; Gilardoni et al., 2016).
The extent of the influence of biomass burning on the composition of organic PM during
IOP2 can be visualized in Figure 4-7a. As proposed by Cubison et al. (2011), the f44 vs f60 plot
helps to characterize the aging of BB plumes. A background f60 value of 0.3% ± 0.06% (vertical
black dashed line) indicates negligible influence of BB. Closer to the lower right, points usually
indicate “fresh” BB plumes, and closer to the upper left points indicate “aged” BB plumes. The
full dataset from IOP1 is plotted in blue for reference, and the full dataset from IOP2 is plotted in
red. For IOP1, all points lie on or close to the reference background value (with some scatter due
to low mass concentrations), confirming that biomass burning did not play an important role
during the wet season and was only limited to local sources (Chapter 2;de Sá et al., 2018). For
IOP2, in contrast, there is a clear enhancement in f60 values for most of the data points,
suggesting that virtually at all times T3 was influenced to some extent by biomass burning
emissions (see Section 4.3.4.2). This finding is in line with the widespread occurrence of fires
during the dry season (Figure 4-3). Moreover, there is a robust anti-correlation between f60 and
f44 (Figure 4-7a), and the two BBOA factors, plotted as diamonds, fall on top of that anticorrelation. This visualization shows that as the organic material generated from biomass
burning ages, the f44 increases and the f60 decreases in a rather consistent fashion, moving from
the bottom right to the upper left of the graph. It also shows that, in the context of material
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classified as BBOA, the spectral features of LO-BBOA are consistent with “fresh BBOA”
whereas those of MO-BBOA are consistent with “aged BBOA” (Cubison et al., 2011; Gilardoni
et al., 2016).

Figure 4-7. Characterization of the organic material observed at T3 with respect to
oxidation and biomass burning markers. (a) Scatter plot of the AMS signal fraction at m/z 44
(f44) against that at m/z 60 (f60). Measurements at T3 during the dry season of 2014 (IOP2) are
represented by red circles. For comparison, measurements at the same site during the wet season
(IOP1) are plotted as blue squares. Diamonds represent the position of the BBOA factors from
IOP2 in the f44 vs. f60 space. (b) Diel fractional contribution of MO-BBOA and LO-BBOA to the
sum BBOAT of the two factors. Local hour is UTC - 4h.

The interpretation herein is that LO-BBOA is associated with primary BB particle
material with a relatively low oxygen content. In contrast, MO-BBOA may be a combination of
primary particle material that has a higher oxygen content and secondary material. This
secondary material may be produced (i) directly from heterogeneous oxidation of LO-BBOA and
(ii) indirectly from gas-phase oxidation of BB gaseous emissions or re-evaporated particle
emissions followed by condensation onto particle phase.
The loading of both BBOA factors were higher and highly variable at night compared to
during the day (Figure 4-5b). Together, the two factors on average accounted for 40% and 13%
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of the organic PM during nighttime and daytime, respectively, and 30% overall. This observation
is consistent with important yet variable fire activities during all times of day and during the
entirety of IOP2 (Figure 4-3). The daytime decrease indicates dilution of primary sources during
the development of the planetary boundary layer (PBL). The presence of a significant dilution
also indicates that at least in part the fire sources were near-field, i.e., within a day of transport,
meaning a distance on the order of a few hundred kilometers, which is consistent with the fire
occurrences shown in Figure 4-3. Between the two BBOA factors, there was a relative increase
in the contribution of MO-BBOA during the day, from slightly above 50% to 70% (Figure 4-7b).
A reasonable assumption is that there was no significant difference in the strength of physical
sinks between the two factors (i.e., dry and wet deposition were the same). Therefore, the result
shown in Figure 4-7b implies that either there was a stronger physical or chemical source of MOBBOA or there was a larger chemical sink of LO-BBOA (or a combination of both) during
daytime. A stronger physical source of MO-BBOA could be entrainment from upper
tropospheric layers as the PBL expands. Another possibility of a physical source would be that
during the day fires emit more components/precursors of MO-BBOA than of LO-BBOA. While
these possibilities cannot be ruled out, a more plausible source would be photochemical
processing of precursors of MO-BBOA during daytime. Precursors may have included primary
particle components represented by LO-BBOA itself (further contributing to its relative
decrease) or other semi-volatile carbon emissions from fires. The relative increase in MO-BBOA
during daytime could therefore have been a result of this diurnal chemical source.
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4.3.3

Brown carbon: optical properties of light absorbing organic PM

4.3.3.1 Absorption coefficient and absorption angstrom exponent
Optical properties of the ensemble of aerosol particles were measured by an
aethalometer. While BC absorbs light efficiently throughout the measured λ range of 370 to 880
nm, BrC can only absorb light at the lower wavelengths of the visible spectrum (violet-blue
color), and absorption decreases sharply as wavelength increases (Laskin et al., 2015). The
dependence of the absorption coefficient on wavelength can be quantified by the absorption
angstrom exponent, defined as follows:

åabs (λ1 , λ2 )= -

log[babs (λ1 )⁄babs (λ2 )]
log(λ1 ⁄λ2 )

(4-1)

The absorption coefficient of the particle ensemble babs(λ) at each wavelength λ was
determined for each point in time (i.e., sample) following the methods and corrections of Rizzo
et al. (2011). The åabs(370nm, 430nm) was calculated based on Eq. 4-1. The absorption
coefficient of BrC at the shortest wavelength λ = 370 nm was calculated as the difference
between the total absorption coefficient and that portion attributed to BC:
babs,BrC (370nm) = babs (370nm) − babs,BC (370nm)

(4-2)

The absorption of BC at 370 nm, babs,BC(370nm), was calculated based on the absorption
at 880 nm, babs,BC(880nm), and an assumption of a constant åabs,BC across the spectrum. The value
of åabs,BC was estimated as åabs,BC(700nm, 880nm), since the absorption by organic material in
the 700-880 nm region is expected to be insignificant. Calculations of optical properties were
also made following different assumptions (Appendix H). The estimates of babs,BrC(370nm) from
all methods were highly correlated in time (R2 ≥ 0.93), and the only significant differences were
in magnitude. The method employed herein yielded the lowest values for these variables (6% to
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45% lower than other methods), and therefore the estimates of absorption parameters discussed
here should be regarded as conservative, i.e., a lower bound (Appendix H). Hereafter, babs and
babs,BrC refer to λ = 370 nm, and åabs refers to the range of 370 to 430 nm.
The diel trends of particle optical properties are shown in Figure 4-8. Both babs and
babs,BrC, respectively in panels (a) and (b), had higher values and higher variability at night
compared to daytime. The ratio of babs,BrC to babs represents the contribution of BrC to the total
particle absorption at 370 nm and is shown in panel (c). This ratio showed a consistent trend and
was on average 40% at nighttime compared to 20% at daytime. These results suggest that the
relative mass concentrations of absorbing materials were higher at night, which points to the
BBOA and HOA components of organic PM (cf. Figure 4-5b). The reduction in the range of
variability for the ratio babs,BrC/babs (Figure 4-8c) compared to the two separate variables (Figure
4-8a-b) also indicates that absorption by BC and BrC co-varied to a significant extent, implying
that there was at least a partial overlap in sources.
An inverse relationship was found between babs,BrC and O:C of the organic PM measured
by AMS (Figure 4-9a). Among the PMF factors, the lowest O:C values were associated with the
LO-BBOA and HOA factors (Table 4-1), which are thought to be predominantly of primary
origin. Together, the diel trends of Figure 4-8 and the relationship in Figure 4-9a provide the first
piece of evidence that fossil fuel and biomass burning emissions were important sources of
brown carbon in this study.
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Figure 4-8. Diel trends of optical properties and derived quantities. (a) Total absorption
coefficient at 370 nm, babs. (b) Absorption coefficient of BrC at 370nm, babs,BrC. (c) percent
contribution of BrC to the total absorption at 370 nm (ratio of (a) to (b)). (d) absorption ångstrom
exponent for the range of 370 to 430 nm, åabs, plotted against local hour of day (UTC – 4h).

Atmospheric processing can affect particle light absorption in complex ways (Laskin et
al., 2015, and references therein). On the one hand, production of certain oligomeric products
through aqueous phase processing can lead to enhancements in light absorption, as indicated in
previous studies by positive correlations between O:C and particle absorption (Lambe et al.,
2013; Saleh et al., 2013). On the other hand, photolysis driven by sunlight may photo-bleach
BrC, i.e., decrease its ability to absorb light (Lee et al., 2014; Romonosky et al., 2015). To the
extent that O:C is a proxy for photochemical age of PM (Jimenez et al., 2009; Ng et al., 2011a),
the observed decrease in babs,BrC as O:C increased (Figure 4-9a) suggests that in the studied
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region the atmospheric processing of organic material may have caused bleaching of the BrC
components.
Another relationship was found between the babs,BrC and the mass concentration of
nitrogen-containing fragment ions (CxHyOzNp) measured by the AMS (Figure 4-9b). To further
investigate this relationship, the contributions of the CxHyOzNp family to each of the PMF factors
are shown in Table 4-2. The relative importance of the CxHyOzNp family is highest (around 10%)
for the LO-BBOA and HOA factors. In addition, the correlation between the mass concentration
of the CxHyOzNp family and the factor loadings is substantially higher (R > 0.8) for these two
primary factors. These results suggest that both LO-BBOA and HOA are tightly associated with
nitrogen-containing (N-containing) organic molecules that belong to the CxHyOzNp family, which
possibly possess light-absorbing characteristics.

Figure 4-9. Relationships of the absorption coefficient of brown carbon at 370 nm, babs,BrC,
with characteristics of the organic PM. Scatter plot of babs,BrC against (a) the oxygen to carbon
(O:C) ratio of organic PM, and (b) the total mass concentration of N-containing organic ions
identified by the AMS. In the formulae CxHyOzNp: x>0, y≥0, z≥0, p>0, i.e., all ions contain at
least one C and one N atom, and they could be either oxygenated or non-oxygenated. Boxes
indicated interquartile ranges, and horizontal markers within boxes indicate medians.
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Table 4-2. Relationship between PMF factors and N-containing organic ions. Absolute and
relative contributions of the CxHyOzNp family of ions measured by the AMS to each of the PMF
factors and Pearson R values for the correlation between the CxHyOzNp family and organic
nitrates with each of the PMF factors.

PMF factor

CxHyOzNp
family (%
of factor
profile)

Mean
factor
loading
(µg m-3)

Mean
contribution of
CxHyOzNp
family (µg m-3)

Pearson R
against
CxHyOzNp
family

Pearson R
against
organic
nitrates

MO-OOA

5.7

1.6

0.09

0.33

0.38

LO-OOA

3.7

2.2

0.08

0.10

0.15

IEPOX-SOA

6.6

1.2

0.08

0.39

0.40

MO-BBOA

2.9

1.5

0.04

0.65

0.24

LO-BBOA

10.4

1.0

0.11

0.89

0.13

HOA

9.0

0.6

0.05

0.82

0.20

Several studied have suggested that N-containing organic molecules are important
absorbers in organic PM. Sun et al. (2007) determined, by analyzing an atlas of UV-vis
absorption spectra of organic molecules, that common characteristics of BrC molecules include
the presence of one or more nitrogen atoms and three or more oxygen atoms. Claeys et al. (2012)
characterized humic-like substances (HULIS) present in aerosol samples collected during the
biomass burning season in Amazonia. They found that nitro-aromatic cathecols and aromatic
carboxylic acids were among the main constituents of HULIS and suggested that these
compounds might have been responsible for the yellow color of samples. Nitrophenol derivatives
have been identified as major BrC components in several other settings, including in PM samples
from urban areas with residential wood-burning in Slovenia (Kitanovski et al., 2012) and in the
United Kingdom (Mohr et al., 2013), as well as in cloud water and PM samples collected at rural
sites impacted by biomass burning in China (Desyaterik et al., 2013), and in Belgium (Kahnt et
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al., 2013). Lin et al. (2016) reported that BrC chromophores found in samples of freshly emitted
biomass burning particles collected in test burns included nitro-aromatics compounds as well as
reduced N compounds such as N-heterocyclic polycyclic aromatic hydrocarbons (PAHs). They
further verified that compounds that are usually interpreted as secondary, such as nitro-phenols
and derivatives produced from the atmospheric oxidation of emitted phenols, can actually be
produced in the heat-laden, VOC-rich, high-NOx conditions of the biomass burning process,
being subsequently emitted as primary material. Although comparatively less studied, BrC from
fossil fuel combustion could have similar characteristics based on this reasoning. This
interpretation helps to explain the association found in this study between BrC absorption and the
LO-BBOA and HOA factors, which are predominantly primary and have a high CxHyOzNp
content.
Even though the CxHyOzNp ion family has a low contribution (2.9%) to the profile of
MO-BBOA, a good correlation (R = 0.65) between them was found. This result may be yet
another indicative that the MO-BBOA factor includes secondary compounds that are oxidation
products of primary compounds included in the LO-BBOA factor. The reasoning is that even as
part of the chemical composition (in this case, presence of CxHyOzNp ions) has changed between
the generations of oxidation products represented in the two factors, some correlation could
persist due to the ultimate common source. In addition, the secondary compounds may still retain
some light absorbing properties due to aromaticity even though their CxHyOzNp content is lower.
Hems and Abbatt (2018) showed that aqueous OH oxidation of nitro-aromatic species leads to its
fragmentation into smaller organic acids (e.g., oxalic, glycolic, malonic, and isocyanic) which do
not absorb significantly at visible wavelengths. In the context of the PMF factors, these smaller
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later-generation products may then be allocated to secondary PMF factors, such as MO-OOA, or
may partition to the gas phase depending on their volatility.
There are other types of N-containing organic molecules such as organic nitrates that do
not necessarily have their fragments included in the CxHyOzNp family. Estimates of the mass
concentration of the nitrate portion of organic nitrates were made (Appendix A). Their
correlation against the PMF factors are listed in Table 4-2, and their diel trends are shown in
Figure 4-10. Even though all correlations against estimated organic nitrates are low, MO-OOA
and IEPOX-SOA are the factors with the highest correlations. This result agrees with the typical
characteristic of organonitrates as later-generation oxidation products (Rollins et al., 2012). It is
also possible that some organonitrates are formed from IEPOX reactions in the particle phase, in
addition to gas phase pathways in the presence of NOx (Darer et al., 2011). The mass
concentrations of organic nitrates slightly increase during daytime, a trend that is opposite to the
behavior of the CxHyOzNp family (Figure 4-10). Clemitshaw et al. (1997) established that
nitroaromatic compounds absorb visible radiation much more efficiently than simple aliphatic
organonitrates. The results herein suggest that organic nitrates are more strongly tied to
photochemical secondary production of PM and may represent more oxidized forms of N present
in aliphatic molecules, whereas the CxHyOzNp family is more tied to primary sources of PM and
may represent reduced forms of N as well as N-containing aromatic compounds.
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Figure 4-10. Diel trends of families of N-containing ions. Organic and inorganic nitrates were
estimated based on the ratio of NO+ and NO2+ ions measured by the AMS (Appendix A).
CxHyOzNp refers to the sum of ions containing at least one C and one N atom measured by the
AMS.

The relationship of åabs with particle characteristics was also investigated. The variability
in åabs could largely be explained by the trends in biomass burning markers. Firstly, åabs
exhibited a maximum at nighttime, as did the BBOA factors loadings (Figure 4-8d). Median åabs
values decreased from a maximum of 3.0 during nighttime to 1.6 during daytime. Secondly, a
robust linear relationship was found between åabs and log(f60/f44) (Figure 4-11a). At very low
f60/f44 values, åabs approaches 1, which is the theoretical åabs of BC and non-absorbing organic
PM. As the logarithm of f60/f44 increases, åabs increases linearly, reaching values around 6 for
f60/f44 around 0.3. An increasing f60/f44 value is equivalent to moving towards the lower right on
the plot of f60 vs f44 shown in Figure 4-7a, meaning a larger influence of less-oxidized BBOA.
Additional studies at different sites in the Amazon (and other locations on the globe) are
warranted to verify the consistency of this tight relationship between åabs and log(f60/f44) because
it could be used for parameterization of åabs when optical measurements are not available but
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AMS measurements are. Thirdly, a good correlation was found for åabs against the fractional
loading of the sum of the BBOA factors (Figure 4-11b). These findings are in agreement with
several studies in the literature that report large absorption spectral dependency for biomass
burning aerosol particles (Chakrabarty et al., 2010; Saleh et al., 2014), although values can be
highly variable, ranging from below 2 to as high as 11 (Laskin et al., 2015, and references
therein). In addition, Lack et al. (2013) also found a good correlation of åabs with f60/f44, although
a better correlation was found for the mass absorption efficiency of BrC with the f60/f44 ratio and
no correlation was reported for åabs with log(f60/f44).

Figure 4-11. Relationship between the particle absorption angstrom exponent, åabs, and
markers of biomass burning. åabs (corresponding to the range of 370 to 430 nm) is plotted
against (a) the ratio of AMS signal intensity at m/z 60 to m/z 44 in a logarithmic scale and (b) the
ratio of BBOAT to organic PM, where BBOAT represents the sum of the MO-BBOA and LOBBOA factor loadings.

4.3.3.2 Estimates of the mass absorption efficiencies of organic PM components
Models currently lack an accurate representation of the effects of BrC on the radiation
budget and climate (Laskin et al., 2015, and references therein). The challenge associated with
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the representation of BrC in models is largely due to their chemical complexity because BrC
refers to a class of many compounds that may have very diverse sources and usually have large
and highly functionalized chemical structures (Pöschl, 2003; Claeys et al., 2012; Lin et al.,
2016). Therefore, the nature of BrC needs to be better understood and their optical properties
need to be quantified. Herein, advantage is taken of the representation of the organic PM in its
subcomponents provided by the PMF factors to estimate a mass absorption efficiency for each of
the subcomponents, thereby quantifying their contribution to BrC absorption.
The absorption coefficient of an ensemble of materials such as BrC at a given wavelength
λ (370nm) can be defined as the sum of the absorption coefficient of its n parts present in organic
PM (“Org”):
babs,BrC = babs,Org1 + babs,Org2 + … + babs,Orgn

(4-3)

The absorption coefficient of any component i at wavelength λ, babs,i(λ), can be defined
as:
babs,i = Eabs,i ×Ci

(4-4)

where Eabs,i is the mass absorption efficiency of component i at wavelength λ and Ci is the mass
concentration of component i in air.
Substituting the organic components in Eq. 4-3 by the PMF factors and using the
definition in Eq. 4-4, the result is Eq. 4-5. This equation establishes a relationship for the babs,BrC
estimated from aethalometer measurements and the PMF factor loadings, used as a proxy for the
mass concentrations of organic PM components. In this multivariate linear model, the unknowns
are the mass absorption efficiencies associated with the PMF factors, Eabs,i . A constant B was
added to the model to account for the possibility of variability that cannot be explained by the
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PMF factors.
𝑏abs,BrC = Eabs,MO-OOA × CMO-OOA + Eabs,LO-OOA × CLO-OOA + Eabs,IEPOX-SOA × CIEPOX-SOA +
(4-5)
+ Eabs,MO-BBOA × CMO-BBOA + Eabs,LO-BBOA × CLO-BBOA + Eabs,HOA × CHOA + B
Estimates of Eabs,i for each of the i PMF factors were made by solving the system of
equations that was composed by applying Eq. 4-5 for each point in time during IOP2. A
constrained linear least squares algorithm was applied. The constraint was that the model
coefficients Eabs,i had to be non-negative for physical meaning. The algorithm was run in
bootstrap with replacement of residuals for 10,000 times (i.e., 10,000 bootstrap samples). The
goal was to obtain robust estimates of mean and standard error for Eabs,i of all PMF factors.
Convergence of bootstrap results was checked by varying the number of samples. The resulting
estimates are depicted in Table 4-3 and a visualization of the correlations is shown in Figure
4-12.
The highest values of Eabs were found for HOA and LO-BBOA, respectively 2.04 ± 0.14
m2 g-1 and 1.50 ± 0.07 m2 g-1. In line with that, the correlation between the loadings of these
factors and the babs,BrC were the highest, with R in the range of 0.45 to 0.50 (Figure 4-12 and
Table 4-3). These results confirm the interpretation presented in the previous section about the
importance of HOA and LO-BBOA for absorption. As a point of comparison for the Eabs values
determined in this work, Hoffer et al. (2006) examined HULIS extracted from filter samples of
fine PM collected during the Amazon dry season and determined Eabs of 2 to 3 m2 g-1 at λ = 300
nm, which is consistent with the results herein. In this study, MO-BBOA also had a relatively
high Eabs of 0.82 ± 0.04 m2 g-1 and a non-negligible correlation (R = 0.28) between factor
loadings and babs,BrC. The result of an Eabs,MO-BBOA that is smaller than an Eabs,LO-BBOA is
consistent with the hypothesis of photochemical bleaching as the biomass burning emissions are
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further oxidized in the atmosphere, introduced in the previous section. BrC species can be
modified through atmospheric processing, which may involve reactions at the gas-particle
interface as well as reactions in the aqueous phase of particle and cloud droplets. Reactions
include photolysis and photochemical reactions with diverse oxidants such as OH, H2O2, O3, and
NO2 (Laskin et al., 2015). Saleh et al. (2014) provided evidence that both primary and secondary
material from biomass burning absorbed light, and that the secondary component was less
absorptive than the primary component in the visible spectral range. Lin et al. (2016) found that
the absorbance at 300 nm by biomass burning particles decayed with a half-life of ∼16 h,
indicating that the absorption coefficients of BBOA are affected by solar photolysis.
Table 4-3. Results of the constrained linear least squares regression analysis to determine
the mass absorption efficiency Eabs of the organic PM components as represented by the
PMF factors. Listed are the mean value, standard error (SE) and 95% confidence interval (CI)
of Eabs obtained for each PMF factor through bootstrap of the linear least squares regression
algorithm. Also listed are the correlation R2 between each individual factor and the absorption
coefficient of BrC at 370 nm, babs,BrC, as well as the R2 between the predicted and measured
babs,BrC. The results for the model intercept are also included.
PMF factors

Eabs mean (m2 g-1) Eabs SE (m2 g-1) Eabs CI (m2 g-1) R2 against babs,BrC

MO-OOA

0.01*

0.02

[0.00, 0.08]

0.03

LO-OOA

0.01*

0.02

[0.00, 0.08]

0.04

IEPOX-SOA

0.40

0.05

[0.31, 0.50]

0.03

MO-BBOA

0.82

0.04

[0.75, 0.90]

0.28

LO-BBOA

1.50

0.07

[1.37, 1.63]

0.48

HOA

2.04

0.14

[1.76, 2.31]

0.46

Model constant

babs mean (M m-1) babs SE (M m-1) babs CI (M m-1) --

B

0.13

Predicted babs,BrC --

0.10

[0.00, 0.33]

--

--

--

0.66
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Figure 4-12. Relationship between the components of organic PM and the absorption
coefficient of brown carbon at 370 nm, babs,BrC. (a-f) PMF factor loadings, (g) total organic
PM, and (h) predicted babs,BrC by the multivariate linear regression model plotted against babs,BrC.

The Eabs of IEPOX-SOA was non-negligible, estimated as 0.40 ± 0.05 m2 g-1. Laboratory
studies by Lin et al. (2014) demonstrated that oligomeric products from IEPOX uptake into
acidic MgSO4 seed aerosol under dry conditions can absorb UV and visible light. They
calculated an average Eabs of 0.3 m2 g-1 over the range of 290 to 700 nm and measured an Eabs of
approximately 0.5 m2 g-1 (estimated from the published graph). They identified highly
unsaturated oligomers and proposed that chromophores were formed by extensive dehydration of
the oligomeric structures which contained tetrahydrofuran rings. No absorption was observed,
however, when conditions were humid (RH of 50%) or when (NH4)2SO4 particles were used as
138

seed. Given the high RH in the Amazon, and that the inlet flow to aethalometer was dried to RH
about 50%, these laboratory experiments cannot explain the result obtained here. Some
differences between the laboratory study and the ambient setting were the temperature (24 to 25
°C in lab compared to 32 to 34°C in the field during daytime), the PM mass concentrations (tens
to hundreds of µg m-3 in the lab compared to an average of 12 µg m-3 in the field), and the ratio
of inorganic salt to organic material (about 1:1 in the lab compared to 1:5 in the field). Further
laboratory studies at different representative ambient conditions are warranted to better
understand the possible mechanisms for light absorption by IEPOX-SOA.
In contrast, the Eabs of MO-OOA and LO-OOA were both negligible, estimated as 0.01 ±
0.02 m2 g-1 (i.e., statistically not different from zero). Laboratory studies by Nakayama et al.
(2012) and Flores et al. (2014), as well as a comprehensive summary by Laskin et al. (2015)
paint the overall picture that secondary organic PM produced from several biogenic precursor
VOCs do not appreciably absorb light in the near-UV and visible range, although this result may
change with exposure to ammonia and amines, changes in particle acidity, etc .The lack of
absorption by most products from oxidation of isoprene and terpenes can be reasoned on the
dominance of their composition by functionalities such as carbonyls, carboxyls, and hydroxyls.
Their structures usually do not have substantial conjugation and by consequence they do not
have significant low-energy electronic transitions to allow for relevant light absorption (Laskin et
al., 2015). By contrast, aromatic VOCs such as toluene, m-xylene, naphthalene, and
trimethylbenzene tend to absorb significantly, and the absorption is higher at higher NOx levels
(Zhong and Jang, 2011; Liu et al., 2012; Lee et al., 2014). These results can be explained by the
formation of nitro-aromatic compounds, which can absorb light more efficiently than their
aliphatic counterparts. In face of the literature evidence, it seems consistent that LO-OOA and
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MO-OOA are dominated by secondary material produced by biogenic precursors and therefore
have negligible Eabs values.
In sum, the results suggest that at least some compounds represented by HOA, LOBBOA, MO-BBOA, and IEPOX-SOA are light absorbers whereas compounds in the secondary
material represented by LO-OOA and MO-OOA cannot absorb light. The contribution of each
class of organic compounds to total absorption by organic PM1 was estimated based on the Eabs
values and the average mass contribution of each PMF factor during IOP2 (Figure 4-13).
Biomass burning emissions and processes can account for 60% of the BrC light absorption, even
though they only contribute to about 30% of the organic PM1 mass concentration. Urban organic
PM, as represented by HOA, is also important, and IEPOX-SOA has a smaller importance
although not negligible. In order to determine which specific compounds are responsible for BrC
light absorption, further focused studies are needed. It has been shown that the overall absorption
measured for BrC is often due to only a few highly absorbing compounds present in the organic
material (Laskin et al., 2014; Lin et al., 2016).

Figure 4-13. Contribution of classes of organic compounds to (a) total organic PM1 mass
concentration and (b) total organic PM1 light absorption coefficient at 370 nm (babs,BrC).
“Other” refers to the contribution to absorption by the constant B in the regression model.
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Finally, the model represented by Eq. 4-5 was able to offer a reasonable prediction of
babs,BrC, as depicted in Figure 4-12h. The constant B in the model was estimated as (0.13 ± 0.10)
Mm-1, a low value that is statistically zero at a 95% confidence level. This value translated into a
marginal contribution of 3% to babs,BrC (Figure 4-13). This result does not necessarily imply that
all the absorption by BrC is explained exclusively by the loadings of PMF factors and no other
variables play a role. It means, however, that the PMF factor loadings are good predictors of BrC
absorption, and that other factors that may play a role in BrC absorption (e.g., mixing state, size
distribution, etc.) are embedded in (or co-vary with) the loadings of the PMF factors such that the
loadings alone are enough to provide a good agreement between observation and model. Studies
with further information on black carbon size distribution, particle mixing state, and effect of RH
on particle absorption are warranted to refine the estimates provided herein.

4.3.4

Shifts in PM with anthropogenic influences

4.3.4.1 Cluster Analysis
To deconvolve anthropogenic influences on the concentration and composition of PM
during the dry season, a Fuzzy c-means (FCM) algorithm was applied to measurements at T3 in
the same fashion that it was done for the wet season (Chapter 2;Bezdek et al., 1984). The
measurements employed here were the time series of concentrations of particle number, NOy,
ozone, black carbon, carbon monoxide, and sulfate, making this analysis fully independent of the
PMF results. As discussed below, three clusters were identified. The clustering algorithm
attributed to each data point a degree of membership relative to each of the three clusters based
on the similarity of the position of the points in a space defined by the input concentrations
(Appendix D).
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Similarly to the wet season, the scope of the clustering analysis for the dry season was
restricted to afternoon time points for which ten-hour airmass backtrajectories did not intersect
precipitation and for which solar irradiance at T3 averaged over the previous 4 h was higher not
in the lowest 10 percentiles (Appendix D). This scope aimed at capturing fair-weather conditions
and thereby minimizing the role of otherwise confounding processes, such as boundary layer
dynamics and wet deposition.
Three clusters were identified based on minimization of the FCM objective function as
well as a subjective assessment of meaningful interpretation of the set of clusters. The degrees of
membership (0 to 1) to each of the three clusters for each point in time were returned by the
algorithm. A collection of examples, representing 30% of the analyzed data points by FCM, is
shown in Figure 4-14a. For times predominantly associated with only one cluster, the
corresponding air mass backtrajectories are plotted in Figure 4-15. The FCM algorithm also
returned the coordinates of cluster centroids, which are listed in Table 4-4.
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Figure 4-14. Results of the cluster analysis by Fuzzy c-means (FCM) for afternoon periods
(12:00 to 16:00 h) presented by several case studies. (a) Degree of membership in each of the
four clusters. The sum of degrees of membership across all clusters is unity. (b) Pollution
indicators: concentrations of NOy, O3, CO, black carbon (BC), and particle number count are
plotted. (c) PM1 mass concentrations for organic, sulfate, nitrate, and ammonium species. (d)
Fractional contribution of each factor to total organic PM1.
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Table 4-4. Coordinates of cluster centroids for input variables, AMS species
concentrations, PMF factor loadings and other PM characteristics and properties. Table
entries for AMS species and PMF factors are plotted in Figure 4-16. Only concentrations of NOy,
O3, BC, CO, sulfate and particle number were used as input in the clustering analysis.
Calculations of cluster centroids and standard deviation are described in Appendix D.
Species

Clusters
(centroid ± standard deviation)
Baseline
Event
Urban

Input variables
Particle number (cm-3)
NOy (ppb)
O3 (ppb)

2007 ± 752
1.27 ± 0.36
32.5 ± 6.4

3179 ± 938
1.70 ± 0.44
42.8 ± 7.2

4638 ± 1040
2.64 ± 0.56
56.4 ± 8.9

Black carbon (µg m-3)
CO (ppb)
Sulfate (µg m-3)

0.18 ± 0.10
159 ± 30
1.41 ± 0.51

0.28 ± 0.12
179 ± 35
2.32 ± 0.87

0.33 ± 0.14
178 ± 33
1.85 ± 0.50

7.28 ± 2.54
0.38 ± 0.12
0.11 ± 0.04
0.012 ± 0.004

9.19 ± 2.60
0.59 ± 0.19
0.15 ± 0.04
0.014 ± 0.004

9.67 ± 2.49
0.52 ± 0.12
0.22 ± 0.05
0.014 ± 0.004

1.64 ± 0.98
2.84 ± 0.83
1.39 ± 0.82
0.70 ± 0.70
0.34 ± 0.37
0.12 ± 0.20

2.12 ± 1.16
2.88 ± 0.97
2.30 ± 1.06
0.95 ± 0.85
0.49 ± 0.53
0.22 ± 0.27

2.48 ± 0.87
3.52 ± 0.99
1.41 ± 0.58
1.30 ± 0.92
0.39 ± 0.51
0.31 ± 0.22

1.5 ± 1.6
1.5 ± 0.4

2.6 ± 1.9
1.7 ± 0.4

2.4 ± 1.9
1.7 ± 0.4

CxHyOzNp family (µg m-3)
Organic nitrates (µg m-3)

0.25 ± 0.09
0.12 ± 0.04

0.34 ± 0.10
0.15 ± 0.04

0.33 ± 0.09
0.21 ± 0.04

Inorganic nitrates (µg m-3)

0.005 ± 0.014

0.007 ± 0.020

0.005 ± 0.016

AMS species concentrations (µg m-3)
Organic
Ammonium
Nitrate
Chloride
PMF factor loadings (µg m-3)
MO-OOA
LO-OOA
IEPOX-SOA
MO-BBOA
LO-BBOA
HOA
Optical properties
babs,BrC (Mm-1)
åabs
N-containing families
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Figure 4-15. Air mass backtrajectories associated with the three clusters of the FCM
analysis. The 20 plotted trajectories for each cluster correspond to the points in time for which
the degree of membership to that cluster were the highest. Trajectories were calculated using
HYSPLIT 4 in steps of 12 min for ten hours (Draxler and Hess, 1998b).
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Not one cluster in the dry season seemed to represent the “background conditions” as
characterized in the wet season, i.e., very low concentrations of particle number, NOy, O3, etc.
(Chapter 2). During the entirety of IOP2, all measurements including the chemical composition
of PM (Section 4.3.2) reflected, albeit to different degrees, some influence of biomass burning
(BB). As shown in Figure 4-3 there was significant fire activity in the region at all times.
The cluster with the lowest concentrations of pollution indicators was herein labeled
“Baseline”. This cluster was characterized by NOy of 1.3 ppb, ozone of 30 ppb, and particle
number concentration of 2000 cm-3 (Table 4-4). The case studies of Aug 27, Aug 28 and Sep 9
illustrate these relatively low statistics when contrasted to the other case study days (Figure
4-14). The backtrajectories associated with the Baseline cluster had variable directions, and they
mostly avoided the urban area of Manaus, especially the southern region of presumably higher
emissions (Figure 4-15a; Figure 2-11). This cluster therefore represents baseline conditions
during the dry season, which include influence from BB on top of the background but do not
include significant influence from Manaus emissions.
A second cluster was labeled as “Event” to refer to conditions of increased influence
from biomass burning and long-range transport of volcanic emissions from Africa. This cluster
was special in that it was associated with a particular 10-day period during IOP2 (Sep 22 to Oct
1) in which biomass burning activity intensified in the surroundings of T3 as well as more
broadly in the Amazon basin. Coincidentally, plumes carrying emissions from the NyamuragiraNyiragongo volcanoes in Africa were also observed to reach central Amazonia during that time
period, as demonstrated by Saturno et al. (2018). This cluster was characterized by increased
concentrations of all input variables in relation to the Baseline cluster, albeit to different degrees
(Table 4-4). In particular, the sulfate concentrations for this cluster (2.3 µg m-3 at the centroid)
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were the highest among all clusters. The case studies of Sep 23, Sep 27, and Sep 28 illustrate
these findings for T3, with sulfate concentrations reaching 4 µg m-3 (Figure 4-14). This trend in
sulfate concentrations was consistent across all three sites (Figure 4-2). The backtrajectories
associated with the Event cluster were variable, passing to the north, directly over, and to the
south of Manaus, although always with an east component (Figure 4-15b). The long-range
transport and increased regional fire count during the event period thus appeared more important
in defining this cluster than did the directions of the backtrajectories, making Manaus emissions
of secondary importance. Figure 4-3 visually shows that there was an increase in the number of
fire hot spots for panels f-g (Sep 22 to Oct 4) compared to the rest of IOP2. In addition, some of
the backtrajectories showed a southeast component, which put T3 on the path of fire plumes
originating at the hotspots shown to the south of the Solimões River (cf. Figures 4-15b and 4-3fg). This cluster therefore represents episodes or a time period of increased BB activity during the
dry season, with relatively less important influence from Manaus if at all. Long-term
measurements are warranted to determine how frequent these episodes of intense biomass
burning are, which based on Figure 4-3 seems to be highly dependent on location within the
Amazon forest.
A third cluster was labeled as “Urban”. This cluster was characterized by the highest
concentrations of NOy (2.6 ppb), ozone (56.4 ppb), and particle number (4600 cm-3) (Table 4-4).
The case studies of Aug 24, Sep 11, Sep 14, and Oct 8 illustrate these relatively high statistics
when contrasted to the other case study days (Figure 4-14). Concentrations of CO (180 ppb) are
not different between this cluster and the Increased BB cluster. The backtrajectories associated
with the Urban cluster consistently passed over Manaus, and more specifically over the southern
region where human activities take place more intensely (cf. Figure 4-15c and Figure 2-11). This
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cluster therefore represents conditions in which both the biomass burning and the urban
emissions are relevant, and importantly these emissions may interact before reaching the T3 site.

4.3.4.2 Comparison of PM composition among clusters
A comparison of PM1 concentrations and compositions for the three clusters is shown in
Figure 4-16. Values are listed in Table 4-4 for all variables. These values were determined by
calculating the centroid coordinates of the clusters for each variable (Appendix D).

Figure 4-16. Characteristic PM composition of the FCM clusters as represented by
coordinates of cluster centroids. (a) Mass concentrations of AMS species characteristic of each
cluster. (b) PMF factor loadings characteristic of each cluster. Calculations are presented in more
detail in the Supplementary Material (Appendix D). Values plotted are shown in Table 4-4.
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The NR-PM1 mass concentrations for the Event and Urban clusters were both 12.3 µg m-3
at the cluster centroids. This concentration represented an increase of 33% compared to the 9.2
µg m-3 of the Baseline cluster. Although an increase of 33% associated with the urban influence
is significant, it is small compared to the increases on order of 200% to 300% for polluted
compared to background conditions in the wet season (Chapter 2). In absolute mass
concentrations, however, the increases were in the same order of magnitude: 1 to 2 µg m-3 for the
wet season, and 3 µg m-3 for the dry season. A similar suggestion was made from the direct
comparison of PM mass concentrations between the T3 and the T0a sites presented in Section
2.3.1. These results suggest that the overall effect of Manaus pollution is to add 1 to 3 µg m-3 on
top of the “background” or “baseline” concentrations characteristic of each season. Further longterm measurements are warranted to assess the inter-annual variability of these results.
The increases in organic mass concentrations for the Event and Urban clusters relative to
the Baseline cluster were 26% and 33%, respectively (Figure 4-16a). Because organic species
dominated the composition in all cases, these increases in organic material dominated the overall
increase in absolute PM mass concentrations between the Baseline and the other clusters.
Nevertheless, increases in sulfate concentrations were also important. These increases
corresponded to 65% for the Event cluster and 31% for the Urban cluster compared to the
Baseline cluster. This result indicates that strong biomass burning emissions reaching areas
downwind of Manaus as well as long-range transport of volcanic emissions from as far away as
Africa may increase sulfate concentrations in those areas beyond the sulfate values driven by the
anthropogenic activities in the city. In other words, there were several other in-basin as well as
out-of-basin sources of sulfate besides Manaus that could sustain relatively high sulfate
concentrations (Chen et al., 2009; de Sá et al., 2017; Saturno et al., 2018). The results herein
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suggest that, during the dry season, biomass burning in the basin becomes a very important
sulfate and possibly a frequently dominant source.
With respect to the composition of the organic PM, Figure 4-16b shows that the Baseline
cluster had a large contribution from factors associated with secondary PM production,
dominated by the LO-OOA factor (40%). By comparison, the Event cluster had significant
increases in loadings of the LO-BBOA, MO-BBOA, and IEPOX-SOA factors. The increase in
LO-BBOA and MO-BBOA factor loadings (40%) can be directly tied to the increased
contributions of primary and secondary particle components from biomass burning, respectively.
The LO-BBOA factor had the highest loadings (0.5 µg m-3) for the Event cluster, consistent with
the high incidence of fires during the period represented by this cluster. The increase of 65% in
IEPOX-SOA factor loadings relative to the Baseline cluster can be explained by the large
increase of 65% in sulfate mass concentrations accompanied by the more moderate increase of
34% in NOy concentrations (Table 4-4; cf. Chapter 3).
The composition of the organic PM in the Urban cluster also presented differences from
the two other clusters (Figure 4-16). Compared to the Baseline cluster, the loadings of all factors
except IEPOX-SOA increased. An increase in the loadings of HOA is in agreement with
increased sources of fossil fuel combustion in the city, including vehicle and power plant
emissions. An increase in the loadings of factors associated with secondary PM production,
namely MO-OOA, LO-OOA, and MO-BBOA, can be explained by the same reasons as laid out
for the wet season (Chapter 2). In brief, an enhancement in the concentrations of both precursors
and oxidants provided by urban emissions may have accelerated the production of secondary PM
and thereby increase their concentrations.
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The lack of change in IEPOX-SOA factor loadings between the Baseline and the Urban
clusters may be explained by the following aspects. IEPOX-SOA is special in that its optimal
production conditions are high sulfate and low NOy concentrations (Chapter 3). For the Urban
cluster, even though sulfate concentrations increased by 31% relative to the Baseline cluster,
NOy concentrations increased by 100%. Therefore, the increase in sulfate might not have been
large enough to counteract the effect of NO in suppressing IEPOX-SOA production. Conversely,
the increase in NO might also not have been enough to result in a net decrease of IEPOX-SOA
factor loadings. According to the analysis in Chapter 3, IEPOX-SOA loadings were more
sensitive, at least in the wet season, to changes in NOy in the region around 1 ppb, and quite
insensitive to changes in NOy above 2 ppb. The lowest NOy concentrations in the dry season,
however, were above 1 ppb. Therefore, large increases in NOy may not be tied to significant
decreases in IEPOX-SOA factor loadings in this study. In sum, the opposite levers of sulfate and
NOy concentrations can explain the net zero change in IEPOX-SOA factor loadings between
Baseline and Urban clusters. Because all of the other factors had their loading increased, the
fractional loading of IEPOX-SOA to total organic PM actually decreased from 26% to 15%.

4.3.4.3 Comparison of BrC light absorption among clusters
An attribution of BrC absorption to the components of organic PM can be made for each
cluster based on their composition and the estimated Eabs of each PMF factor (Figure 4-17).
Overall, biomass burning factors represented the dominant brown carbon components in the dry
season. They accounted for about 50% of babs,BrC under all conditions. Between the two BBOA
factors, a larger proportion of absorption was attributed to MO-BBOA for the Urban cluster. This
result highlights that the increased concentrations of secondary products from BB emissions
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possibly driven by the interaction with the oxidant-rich Manaus plume had an important effect on
the total absorption by organic PM. Because not all of the organic PM components are lightabsorbing, i.e., deemed BrC, small shifts in the mass contributions of the ones that are lightabsorbing may cause significant shifts in their contribution to BrC absorption. IEPOX-SOA also
turned out to represent an important portion of BrC. This importance is larger when the influence
of urban emissions is lower, i.e., in the Baseline and Event clusters. HOA had the largest
estimated Eabs but its factor loadings were usually small. As a result, its contribution to BrC
absorption only became comparable to others (i.e., LO-BBOA and IEPOX-SOA) in the Urban
cluster where it had the highest loadings due to Manaus emissions. Finally, MO-OOA and LOOOA made negligible contributions to the total BrC absorption, since their Eabs were close to
zero.

Figure 4-17. Attribution of BrC absorption, as measured by babs,BrC, to the components of
organic PM, as represented by the PMF factors. Calculations were made based on the typical
cluster composition as described by centroid values (Table 4-1) and on the estimated Eabs values
for each of the PMF factors (Table 4-3). Absorption by “other” corresponds to the contribution
of the model constant B.
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4.3.5

Atmospheric implications
The BrC present in biomass burning emissions has direct effects on radiative forcing. The

consideration of light absorption by organic PM in models can affect the signal of the direct
radiative forcing (DRF) estimate for biomass burning emissions. In models that assume organic
PM as a purely scattering component, the cooling due to organic PM may be larger than the
warming due to BC, yielding a negative DRF (Myhre et al., 2013). By contrast, the inclusion of
BrC can result in positive DRF values of biomass burning (Ramanathan and Carmichael, 2008).
Recent models have estimated the BrC contribution to DRF to be in the range of 0.1 to 0.25 W
m−2, corresponding to 10 to 25% of the DRF by BC (Feng et al., 2013).
Light absorbing organic PM can also have indirect effects on the radiative balance, in the
same fashion as BC does. BrC in cloud water can absorb light and thereby facilitate water
evaporation and cloud dispersion (Hansen et al., 1997). This effect may compensate the cooling
that aerosol particles offer by serving as seeds for cloud droplet formation (Laskin et al., 2015).
In addition, this effect may provide a positive feedback for anthropogenic fires because increased
fire emissions may provoke more fire-prone conditions by suppressing precipitation (Nepstad et
al., 1999; Bevan et al., 2009; Gonçalves et al., 2015). Global warming could yet be another
driver for more frequent wildfires and consequently more input of BrC into the atmosphere
(Jacob and Winner, 2009).
Another implication is that light absorption by BrC in the UV spectral range may
significantly decrease photolysis rates, thereby affecting the concentrations of precursors and
oxidants in the atmosphere (Laskin et al., 2015). A modeling study for the western U.S.A.
showed a reduction of more than 15% in O3 concentrations due to both reduced isoprene
emissions and photolysis rates (Jiang et al., 2012). A field study in Mexico City attributed the
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decreases of 17% and 9% in O3 and OH concentrations, respectively, to the effect of BrC on
photolysis rates over the city (Li et al., 2011).

4.4

Summary and Conclusions
The influence of urban and biomass burning emissions on the concentrations,

composition and optical properties of organic PM1 in central Amazonia were investigated during
the dry season. Organic compounds consistently represented between 80 and 85% of the NRPM1 composition for sites both upwind and downwind of Manaus. This result represents a slight
increase from the 70 to 80% range observed for the wet season. The absolute increase in mass
concentrations for the T3 site compared to the T0a and T2 sites was about 2 μg m-3, similar to the
range of 1 to 2 μg m-3 found for the wet season. Due to the larger baseline concentrations in the
dry season, the Manaus influence on the absolute PM1 burden is relatively less important in the
dry season (increase of 20% relative to background), compared to the wet season (200%).
The organic PM was divided into component classes through positive-matrix
factorization analysis. The MO-OOA, LO-OOA, and IEPOX-SOA factors had profiles virtually
identical to their wet season counterparts. Together, they contributed about 60% of the organic
PM. The HOA factor seemed to be a combination of two factors from the wet season, both
associated with urban pollution, and contributed about 10% of organic compounds. In addition,
two biomass burning factors were resolved, one more oxidized and another less oxidized,
respectively MO-BBOA and LO-BBOA, which together contributed 30% of organic PM. The
relative importance of the MO-BBOA factor to total BBOA increased during the day, and MOBBOA could include oxidation products of the primary particle material represented by LOBBOA and of gaseous emissions from biomass burning.
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Optical properties of the PM1 measured at T3 were investigated, focusing on the organic
component. The BrC absorption coefficient babs,BrC had an inverse relationship with O:C ratio and
a positive relationship with the CxHyOzNp family, indicating that BrC light in this region was
associated with less-oxidized and N-containing organic compounds. The LO-BBOA and HOA
factors had the lowest O:C ratios and highest relative contribution of CxHyOzNp family ions,
suggesting that these factors represent BrC components. In addition, a tight relationship between
åabs and log(f60/f44) was found, corroborating the importance of BBOA factors for absorption
properties of organic PM, and possibly providing a parameterization for åabs in the region.
Further analysis was done to determine the Eabs associated with each of the PMF factors, and
results implied that MO-OOA and LO-OOA are non-absorbing components, while MO-BBOA
(Eabs = 0.8 m2 g-1), LO-BBOA (1.5 m2 g-1), and HOA (2.0 m2 g-1) are associated with 90% of the
light absorption by organic PM in the region.
Fuzzy c-means clustering was applied to the T3 datasets and allowed for separation of the
Manaus influence from the biomass burning that affects background concentrations at all times.
Three clusters were identified: the Baseline cluster represented the “background” concentrations
during the dry season, which includes biomass burning; the Event cluster represented a special
10-day period in IOP2 during which intense biomass burning took place in the region; the Urban
cluster represented times in which the airmass, still influenced by biomass burning, passed over
the city of Manaus. Relative to the baseline cluster (9.2 μg m-3), both the Event and the Urban
cluster had an increase of 3 μg m-3. This result for the urban cluster corroboorates the conclusion
obtained from the simpler comparison analysis between background and urban-influenced sites.
The increased sulfate concentrations of the Event cluster, together with only moderate increases
in NOy, resulted in remarkable increases of almost 1 μg m-3 (65%) in IEPOX-SOA factor
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loadings relative to the Baseline cluster. Regarding the Urban cluster, increases in the factor
loadings of MO-BBOA (40 to 90%) and LO-OOA (20 to 25%) were observed in comparison to
the other two clusters. At the same time, the IEPOX-SOA contribution was either the same or
lower (by 40%) in absolute loadings, and always lower in relative contribution to organic PM
(15% of organic PM compared to 20-30% for the other clusters). A comparison of BrC
absorption among clusters showed that, during the afternoon times analyzed, differences in
contribution to absorption are small. The most significant change was seen for the urban cluster
compared to the Baseline and Event clusters, as there was an increase in the contribution of MOBBOA and HOA to BrC absorption at the same time that the importance of absorption by
IEPOX-SOA decreased.
Given the importance of biomass burning and the increasing importance of urban
pollution in the Amazon forest, light absorption by organic material could become even more
important in future scenarios. Further field, laboratory, and modeling studies are warranted to (i)
more finely map the importance of both urban and biomass burning emissions at different
locations in the Amazon region, (ii) characterize BrC components to a molecular level and better
understand structure-absorption relationships, and (iii) quantify the effects of BrC absorption on
radiate forcing in the regional and global scales for current and future scenarios of increased
human impacts.

156

PART IV: CONCLUSIONS
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5 Conclusions and Outlook
Human impacts on atmospheric particulate matter (PM) constitute the largest uncertainty
in estimates of global climate forcing. In this respect, Amazonia is a globally relevant yet
understudied region. This thesis helped to advance the scientific understanding of anthropogenic
influences on the PM over Amazonia and beyond. The field studies presented herein provided
quantitative knowledge on the changes in PM concentrations, composition, and properties due to
the anthropogenic footprint in the central Amazonia, with special focus on the dominant organic
PM component. The anthropogenic footprint included the city of Manaus, especially during the
wet season, and the basin-wide biomass burning, especially during the dry season. The
observational datasets of this thesis can be used in model-measurement comparisons, and the
gained understanding of PM sources and processes can be more broadly applicable to other
tropical forested areas around the globe.
In Chapter 2, changes in the mass concentration and composition of PM due to the
influence of Manaus during the wet season were quantified. Organic compounds consistently
represented 70 to 80% of the non-refractory PM1 mass concentration across sites upwind and
downwind of Manaus. PM mass concentrations were 100 to 200% higher for sites downwind
compared to sites upwind of Manaus. At the T3 research site, 70 km downwind of Manaus,
positive-matrix factorization (PMF) was applied to AMS data and fuzzy c-means clustering
(FCM) was applied to auxiliary datasets. The PMF analysis yielded three factors representing
secondary processes (73 ± 15% of total organic PM) and three factors representing primary
anthropogenic emissions (27 ± 15%). The FCM analysis yielded four clusters characterized by
distinct airmass origins and particle compositions, two of which represented background
conditions and two others which represented polluted conditions. Differences between them were
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discussed. The increase in mass concentration of submicron PM reached 200% for polluted
compared to background conditions, including contributions from both primary and secondary
PM. A comparison of secondary PM composition between clusters suggested an accelerated PM
oxidation and a shift in the pathways of PM production under polluted conditions. Based on this
and parallel collaborated studies, nitrogen oxides seemed to play a critical role in these changes.
This study also provided an important technical insight. The results from the combined
PMF and FCM analyses showed that effects of the urban pollution were neither limited to nor
captured by a single PMF factor. The important underlying reason is that the AMS spectral
signature does not seem sufficiently unique to allow for separation of anthropogenic influences
by PMF analysis alone. Field studies should therefore employ analyses complementary to PMF,
such as FCM, using auxiliary gas and particle phase measurements in order to more accurately
quantify the human impacts on PM.
The study presented in Chapter 3 specifically improved the current understanding of
IEPOX chemistry as affected by urban pollution in Amazonia. The IEPOX-derived PM
concentration at the T3 site, as represented by the IEPOX-SOA factor loading, was overall lower
under polluted compared to background conditions. While sulfate concentration was a good firstorder predictor of IEPOX-SOA factor loading, NOy concentration was a strong inverse
modulator. NOy, as a conserved quantity, served as an effective indicator of the integrated
exposure of an airmass to NO. The results showed that the transition in isoprene photochemistry
was most sensitive at around 1 ppb of NOy. IEPOX-SOA factor loadings decreased by two- to
three times for a fixed sulfate concentration when NOy increased from 0.5 to 2 ppb. An important
insight was that although sulfate concentrations were significantly influenced by Manaus, they
were largely sustained by in-basin and out-of-basin background sources. In contrast, Manaus was
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the single dominant source of NO over a very low background. The Manaus plume thus
contributed more significantly to elevate NO than sulfate concentrations over background. As a
consequence, the suppression of IEPOX production due to the increased NO concentrations in
the plume dominated over enhancements in IEPOX uptake due to greater sulfate concentrations.
The results of this study highlighted the importance of (i) accurately representing
background concentrations of NO and sulfate across the globe, and (ii) validating the modeled
sensitivity of isoprene chemistry to NO concentrations with observations, in order to improve the
current understanding of IEPOX-derived PM production. The bi-variate and non-linear
dependence of the IEPOX-SOA factor loadings on both sulfate and NOy concentrations
suggested that altered net anthropogenic effects are expected for different geographic regions and
may even change within Amazonia in the future as the human footprint expands and intensifies.
In Chapter 4, the contributions of biomass burning (BB) and urban pollution to the mass
concentration and optical properties of organic PM during the dry season were investigated. Like
in the wet season, the organic component dominated the non-refractory PM1, this time
accounting for 80 to 85% of mass concentrations. There was an increase of 20% in mass
concentrations for sites downwind compared to sites upwind of Manaus, which is a smaller
relative difference compared to the 200% value for wet season, although in absolute mass
concentrations the increases were similar across seasons. Analysis of AMS data by PMF
resolved six factors, with the profiles of factors that represented only secondary processes (MOOOA, LO-OOA, and IEPOX-SOA) being virtually identical to their wet season counterparts.
The remaining factors were associated with urban pollution (HOA) and biomass burning
emissions, divided into one more-oxidized (MO-BBOA) and one less-oxidized factor (LOBBOA). Together, these factors contributed about 40% of the organic PM. FCM was also
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applied to the dry season data, and three clusters were identified. The Baseline cluster
represented the dry season “background”; the Event cluster represented a special 10-day period
of increased BB activity as well as important influence of volcanic emissions transported from
Africa; and the Urban cluster represented the Manaus influence. The Event and Urban clusters
had similar PM concentrations, corresponding to increases of 20 to 30% relative to the Baseline
cluster. The comparison of the organic PM composition among clusters suggested a shift in
pathways of PM production, similar to the wet season although less expressive.
An investigation into light-absorbing organic PM (brown carbon; BrC) was based on
aethalometer measurements at T3. The analysis took advantage of the classification of organic
PM into subcomponents provided by the PMF factors. The relationships of babs,BrC with O:C and
the CxHyOzNp ion family measured by the AMS suggested that BrC absorption was associated
with less oxidized and N-containing organic compounds, which were represented predominantly
by the LO-BBOA and HOA factors. The effective mass absorption efficiencies Eabs associated
with each of the PMF factors were estimated through multi-variate linear regression of babs,BrC on
the PMF factor loadings. LO-BBOA and HOA were had the largest Eabs values, 1.50 and 2.04 m2
g-1, respectively, followed by MO-BBOA (0.82 m2 g-1) and IEPOX-SOA (0.40 m2 g-1), while
MO-OOA and LO-OOA were non-absorbing. These results, together with the inverse
relationship of babs,BrC and O:C, suggested that bleaching of BrC occurred with atmospheric
processing. Emissions from biomass burning and urban pollution respectively accounted for 60%
and 30% of the absorption by organic PM in the region, highlighting the importance of
anthropogenic emissions in altering the optical properties of organic PM. The study presented in
Chapter 4 and associated appendices (G and H) will be refined in the upcoming months with the
aim of publishing these findings in a peer-reviewed journal.
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Appendix A: Aerosol Mass Spectrometry
A.1 Details of AMS Set-up and Operation
Online measurements of organic, sulfate, ammonium, nitrate and chloride mass
concentrations presented in this study were made by a High-Resolution Time-of-Flight Aerosol
Mass Spectrometer (AMS, Aerodyne Research Inc.) (DeCarlo et al., 2006; Canagaratna et al.,
2007). Air was sampled through a critical orifice and entered an aerodynamic lens, which
focused the submicron particles into a narrow beam (Zhang et al., 2004). Particles traveled
through a sizing chamber to reach a porous tungsten inverted-cone vaporizer at 600 °C, and nonrefractory components volatilized. The gaseous molecules were then ionized through electron
impact (70 eV), and the ions were measured by time-of-flight mass spectrometry. The high mass
resolution allowed for the distinction of ions having the same nominal mass but different
elemental composition. Data analysis was performed using standard AMS software (SQUIRREL
1.56D, PIKA 1.14G) (webpage: http://cires1.colorado.edu/jimenezgroup/ToFAMSResources/ToFSoftware/index.html).
Aerosol particles were sampled through a cyclone (URG-2000-30EH) which had a size
cut of 2.5 um for a flow of 16.7 L min-1. The sampled flow (14.9 to 16.3 L min-1) traveled
through a stainless steel tube for about 1.5 m. The flow was then split in two: a 4-m line for
sampling (1.2 or 2.6 L min-1) and a line (13.7 L min-1) for exhaust. The sampling flow changed
between 1.2 and 2.6 L min-1 according to the flow set up of the Scanning Mobility Particle Sizer
(SMPS), which was sampling in parallel to the AMS. The sampling flow then entered a polytube Nafion dryer (Perma Pure, model PD-100T). Drying prior to entering the instrument
container aimed at avoiding water condensation in the line inside the container, which was
always kept at lower temperatures than outside (i.e., trailer temperature was around 23 °C during
162

daytime). RH measured after the poly-tube dryer and inside the container was at 40 to 80%.
Within the container, a subflow (0.6 or 3 L min-1) was passed through a mono-tube Nafion dryer
(Perma Pure, model MD-110) to reach RH < 40%. A flow of 0.09 L min-1 was sampled by the
AMS, and the remaining flow of 0.5 or 2.9 L min-1 was sampled by the SMPS. The ambient air
sampling line was integrated to a valve switching system, which alternated the AMS/SMPS
sampling between the unprocessed ambient air and air processed by oxidation flow reactors or a
thermal denuder. The unprocessed ambient air (used for this analysis) was sampled for 4 out of 8
min, constituting half of the total acquired data set.
Due to expected low mass concentrations and to secondary need for the low-sensitivity
high-resolution data, the AMS was operated for most of the time in medium-resolution V-mode
(Δm/m = 2200 at m/z 44), which was used for mass quantification. High-resolution W-mode
(Δm/m = 4000 at m/z 44) was acquired for one of every six days. These data were used to aid the
choice of ions to fit. When only V-mode data were acquired, the instrument was operated in
“mass spectrum” sub-mode for 180 s and in “particle-time-of-flight” sub-mode for 60 s. When
W-mode data were also collected, the “W-mass-spectrum” sub-mode was operated for 60 s, the
“V-mass-spectrum” sub-mode ran for 120 s, and “V-particle-time-of-flight” sub-mode ran for 60
s. Both ways of operation corresponded to 4 min for each cycle, allowing for synchronization to
the valve switching system.
The AMS sensitivity and the ammonium relative ionization efficiency (RIE) were
calibrated every five days for both IOPs using dried ammonium nitrate particles having a
mobility diameter of 400 nm. The obtained values corresponded to 4.3 ± 0.2 for IOP1 and 4.0 ±
0.1 for IOP2. An interpolated curve of the obtained values was used for mass calculation
corrections for each IOP. The sulfate RIE was calibrated using ammonium sulfate a few times
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during each campaign, and the average values of 0.9 ± 0.1 and 1.12 ± 0.04 for IOP1 and IOP2,
respectively, were applied to each entire campaign.
Based on comparison of particle volume concentrations measured by the AMS and two
co-located Scanning Mobility Particle Sizers (SMPS), the collection efficiency (CE) for the IOPs
were determined (Figure A-1). For IOP1, CE was determined as 1.0, consistent with that used for
the AMAZE-08 campaign in the wet season of 2008 (Chen et al., 2009). For IOP2, CE was
calculated as composition dependent (Middlebrook et al., 2012) with a default value of 0.5. Due
to only small and sparse deviations from default, the campaign-average CE was 0.5. The volume
of black carbon (BC) accounted for 8 ± 6 % (IOP1) and 2 ± 1 % (IOP2) of the total volume
measured by SMPS, for an assumed density of 1.8 g cm-3 for BC. Since these values are
relatively small and BC data were limited for IOP1, the contribution of BC was not subtracted
from the abscissa of Figure A-1.
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Figure A-1. Scatter plot of AMS PM volume concentrations and SMPS PM volume
concentrations for (a) IOP1 and (b) IOP2. SMPS1 measured particles having mobility
diameters of 10 to 461 nm, and SMPS 2, 10 to 510 nm. During IOP1, SMPS 1 measurements
were obtained from February 7 to March 28, 2014, and SMPS 2 measurements were done from
February 24 to March 30. During IOP2, SMPS1 measurements were available from August 16 to
October 10, and SMPS2 measurements were available from August 16 to October 15. Material
densities used in the calculation of AMS volume from AMS mass were based on a mixing rule
for the five AMS-measured species. The material density of the organic component was
calculated following the method of Kuwata et al. (2012) based on O:C and H:C values, which in
turn were calculated following the method of Canagaratna et al. (2015).
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A.2 Estimates of organic and inorganic nitrates from AMS data
The typical AMS analysis reports total nitrate, meaning that nitrate fragments originating
from both organic and inorganic nitrates are reported indistinctively as nitrate. In the absence of
external measurements of inorganic nitrate, an estimation method using the ratio of NO2+ to NO+
signal intensities measured by the AMS was employed (Fry et al., 2009; Farmer et al., 2010; Fry
et al., 2013). Results are shown in Figure A-2 for IOP1 on the top graph and IOP2 on the bottom
graph. Calculations were done on a 60-min time base to increase signal over noise. The obtained
organic and inorganic nitrate time series were then interpolated into the original AMS timestamp
for ambient measurements (i.e., one point every 8-min interval). The analysis excluded points
that had total nitrate below the estimated detection limit, DLNitrate, which was estimated as three
times the standard deviation for “closed AMS spectra”, i.e., when chopper was in closed position
and particles did not reach the vaporizer. Mathematically, DLNitrate = 3×√E, where E is the
“closed” error calculated by the standard PIKA software (IM Ulbrich et al., 2009). The dark blue
dashed line in panels c of Figure A-2 defines NO2+/NO+ for inorganic nitrate, which was
determined by linear fit of ammonium nitrate calibrations performed regularly (grey triangles).
The small drift over time in IOP1 can be attributed to a gradual clean-up of the vaporizer. Worth
noting, whether the linear fit or an average value was used for the calculations of IOP1, the
overall results did not change considerably, as all calibration ratios lied within ± 20% of the
campaign-average ratio. The ratio NO2+/NO+ for organic nitrates was assumed to be a factor of
2.25 lower than that or inorganic nitrate based on previous field studies (Farmer et al., 2010; Fry
et al., 2013). The resulting campaign-average for the fraction of organic nitrate in total nitrate
was 87% for IOP1 and 92% for IOP2 (Figure A-2b).
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Figure A-2. Summary of the analysis for estimating organic and inorganic nitrates from
AMS bulk measurements for (top) IOP1 (bottom) IOP2. (a) Resulting time series of organic
and inorganic nitrates are shown together with the original nitrate AMS times series. (b) Time
series of the fraction of organic nitrate in total nitrate. (c) Time series of the measured NO2+/NO+
ratio is shown in red and values of NO2+/NO+ from ammonium nitrate calibrations are shown in
gray triangles. The reference ratio for inorganic nitrate over time is represented by the dashed
dark blue line. For IOP1, a linear fit to the calibration ratios was used since there seemed to be a
small drift over time. For IOP2, an average value of all the calibration ratios was employed. The
reference ratio for organic nitrates over time is represented by the dashed light blue line.
Calculations were done for data binned to one hour (as plotted), and the resulting time series
were interpolated to the native time stamp for employment in data analyses.
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Appendix B: Details of auxiliary measurements
C.1 Semi-Volatile Thermal desorption Aerosol Gas Chromatography: set up and operation
Online measurements of organic tracer compounds in the particle and gas phases were
made by a Semi-Volatile Thermal desorption Aerosol Gas chromatograph (SV-TAG). This
instrument is described in detail elsewhere (Isaacman et al., 2014). Its operation is briefly
presented here.
Air was sampled at 20 L min-1 from the center stream of a flow of 200 L min-1 through a
15.24 cm (OD) stainless steel duct at a height of approximately 5 m above ground level. The
flow was then divided into two channels, passing through a PM1 cyclone at 10 L min-1, each
containing a custom Filter Collection and Thermal Desorption cell (F-CTD). The F-CTD
quantitatively collected and retained both particle- and gas-phase compounds. A multi-channel
carbon denuder (MAST Carbon) was used to remove all gases upstream of one collection cell. In
this way, two samples were simultaneously collected: a “particle” sample and a “total” gas-plusparticle sample. Samples were thermally desorbed from the cells subjected to a ramping
temperature from 30 to 310 °C (35 °C min-1) into a helium stream that was 80% saturated with
MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide). Hydroxyl groups were converted into
silyl esters and ethers. Analytes were transferred to the GC column, and the sample was analyzed
through a commercially available GC/MS (7890A/5975C; Agilent Technologies). The
chromatographic data were analyzed using the publicly available software TAG ExploreR and
iNtegration (Isaacman-VanWertz and Sueper, ).
Compounds were quantified using isotopically labeled internal standards to correct for
run-to-run variability in sample transfer efficiency and instrument response. Regular multi-point
calibrations were made of approximately 100 authentic standards. Pentaerythritol-2-13C was used
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for 2-methyltetrols and C5-alkene triols. The uncertainty in mass concentration was
approximately 15% (Isaacman et al., 2014). C5-alkene triols were quantified using the calibration
factor of 2-methyltetrols under the assumption of an identical total ion response. An absence of
an authentic standard results in unconstrained uncertainty in mass concentration of 30 of 50%
(Jaoui et al., 2005).
C.2 NOy measurements
The NOy measured included the following species: NO, NO2, HNO3, particle nitrate,
RNO3, and PAN. Measurements were made by a custom analyzer designed by Air Quality
Design (AQD; http://www.airqualitydesign.com). The analyzer was based on two commercial
oxides of nitrogen detectors made by Thermo Scientific (Model 42i TLE) and extensively
modified by AQD. An external, temperature-controlled inlet box was mounted at 10 m above
ground level.
The instrument contained both a research grade LED photolysis cell for converting NO2
into NO and a heated molybdenum converter for converting total NOy into NO. One channel,
leading from the photolysis cell to one 42i TLE detector, alternated every minute between NO
and NOx by switching the LED photoloysis cell on/off. The other channel, leading from the
molybdenum converter to the second 42i TLE detector, measured total NOy. The detectors
internally measured zero based on pre-reaction of the sample with ozone. Instrument response
was measured by addition of NO in zero air at the sampling point (10 m). Converter efficiency
was measured by gas-phase titration of the NO standard to NO2. An HNO3 source was sampled
every other day. The calibration unit was a Thermo Scientific Model 146i calibrator equipped
with gas-phase titration and a permeation oven. The raw NOy measurements, reported at a

169

resolution of 10 s, were averaged into bins of 30 min to filter for local events not representative
of the larger scale chemical processes that form the scope of this study.
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Appendix C: Positive-matrix factorization
The time series of organic mass spectra measured by the AMS was analyzed by positivematrix factorization (PMF) for both IOPs using a standard analysis toolkit (IM Ulbrich et al.,
2009). High-resolution “V-mode” data were used. The PMF solution was based on minimization
of the “Q-value” (i.e., the sum of the weighed squared residuals for a chosen number of factors)
and the physical meaningfulness of factors. The interpretation of the physical significance took
into account the comparison of factor profiles to previously reported PMF factors and source
spectra as well as correlations with quantities simultaneously measured by other instruments.
Technical diagnostics of the six-factor solution are presented in Figures C-1 through C-4.
The analysis was run for a number of factors from 1 to 10, and the rotational ambiguity
parameter fpeak was varied from -1 to 1 in intervals of 0.2. Panel a in Figures C-1 and C-2 shows
the time series of residuals for solutions with different number of factors. Panel b shows the
statistics of these residuals. Panel c shows the quality of fit parameter Q/Qexpected (IM Ulbrich et
al., 2009) as a function of the number of factors, suggesting that the solution for both IOPs
should have at the very least three factors. Based on panels a and b, there was a large
improvement in residuals when a sixth factor was introduced for IOP1 and when a fifth factor
was introduced for IOP2, indicating that the best solution for IOP1 (IOP2) would contain at least
six (five) factors.
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Figure C-1. Diagnostics of the PMF analysis for IOP1. (a) Time series of total ion residuals of
PMF solutions from one to six factors, (b) Statistics of the sum of residuals presented in panel a.
Box plots show the interquartile ranges, including the medians as a horizontal line. Red markers
show the means. Whiskers show the 5 and 95 percentiles. (c) Dependence of the quality-of-fit
parameter Q/Qexpected on the number of factors for fpeak = 0, (d) Dependence of the quality-of-fit
parameter Q/Qexpected on fpeak for number of factors = 6. The red line represents Q/Qexpected that
exceeds in 0.1% the minimum value at fpeak = 0. This limit determines the range of plausible fpeak
values as indicated by the dashed black lines.
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Figure C-2. Diagnostics of the PMF analysis for IOP2. Panels are the same as described in
Figure C-1.
The six-factor solution for both IOPs offered more meaningful factors, which showed
important correlations with external measurements (Figures 2-7 and 4-6 ) and allowed for the
study of specific sources and/or processes. Figures C-3 and C-4 corroborate this analysis for
IOP1 and IOP2, respectively, by showing the factor profiles and loading time series of the 5- and
7-factor solutions. For IOP1, in the 5-factor solution, factors 4 and 5 seem to be a result of
mixing of the three factors that are associated with secondary processing in the 6-factor solution
(MO-OOA, LO-OOA, IEPOX-SOA). Conversely, in the 7-factor solution, some splitting seems
to occur as factor 1 is physically meaningless, and a few pairs of factors have higher correlations
between their loading time series. For IOP2, in the 5-factor solution, only one characteristic
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BBOA factor is resolved. While this solution was also physically meaningful, the separation of
BBOA factors in the 6-factor solution allowed for a more detailed scientific investigation into
their sources and properties. In the 7-factor solution, the factors associated with primary sources
are further split (factors 4 through 7) and their interpretation becomes difficult. In conjunction
with all the other diagnostics described, these results suggested that the 6-factors solution for
both IOPs was the best choice.
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Figure C-3. Results of the PMF analysis for 5 factors (a and b) and 7 factors (c and d) for
IOP1. Panels on the left (a and c) show the time series of factor loadings and panels on the right
(b and d) show the profiles of factors. The signals shown in panels b and d were summed to unit
mass resolution.
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Figure C-4. Results of the PMF analysis for 5 factors (a and b) and 7 factors (c and d) for
IOP2. Panels on the left (a and c) show the time series of factor loadings and panels on the right
(b and d) show the profiles of factors. The signals shown in panels b and d were summed to unit
mass resolution.
Finally, panel d of Figures C-1 and C-2 shows Q/Qexpected as a function of the rotational
ambiguity parameter fpeak (IM Ulbrich et al., 2009) for the six-factor solution of both IOPs. A
plausible range for fpeak was determined according to the best practice of limiting Q/Qexpected to a
value that does not exceed 0.1% of the minimum value (occurring at fpeak = 0). The default value
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of fpeak = 0 was chosen for the final six-factor solution of both IOPs, since it yielded the minimum
quality of fit parameter Q/Qexpected , and no significant improvements in the external validation of
factors were observed by varying fpeak .

Additional diagnostics of the IEPOX-SOA factor of IOP1 (Chapter 3)
The profile of the resolved IEPOX-SOA factor for IOP1 was shown in Figure 3-2. A key
characteristic was intensity at C5H6O+ (m/z 82) (Hu et al., 2015). In addition, a prominent signal
at C4H5+ (m/z 53) was observed, which has also been reported as characteristic of the IEPOXSOA factor. The IEPOX-SOA factor was also relatively highly oxidized, as expressed by f44 =
0.15 and oxygen to carbon atomic ratio O:C = 0.80, applying the calibration described in
Canagaratna et al. (2015).
The IEPOX-SOA factor resolved in the six-factor solution had a very robust time trend
across a range of rotations in the solution (Figure C-5). As fpeak varied, the correlation of factor
loading with C5-alkene triols concentrations remained approximately constant, even as some
features of the factor profile changed significantly, such as the relative signals of C5H6O+ and
CO2+, respectively f(C5H6O) and f(CO2), as well as the magnitude of factor loadings and
consequently the ratio f.
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Figure C-5. Diagnostics specific to the IEPOX-SOA factor of IOP1. Dependence on the fpeak
parameter (given the 6-factor solution) of the Pearson correlation coefficient R between the
IEPOX-SOA factor loadings and independently measured C5-alkene triols (on the right vertical
axis), the mean f ratio of IEPOX-SOA factor loading to total organic PM mass concentration,
and the relative intensities f(CO2) and f(C5H6O)of the ions CO2+ and C5H6O+, respectively (on
the left vertical axis).
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Appendix D: Fuzzy c-means clustering
Fuzzy c-means (FCM) clustering was applied to datasets consisting of pollution
indicators for both IOPs (Bezdek et al., 1984). For IOP1, those indicators were concentrations of
particle number, NOy, ozone, black carbon, and sulfate. For IOP2, CO concentrations were also
included. The use of a fuzzy clustering method stems from the understanding that any point in
time may be affected by a combination of different sources and processes and could therefore be
anywhere on the scale between pristine background and extreme polluted conditions, as opposed
to a simpler binary classification. Given the scope of the analysis as non-overcast afternoon
times, data points were restricted to (i) local 12:00-16:00 h, (ii) local solar radiation over the past
4 h not in the lowest 20 percentile for IOP1 or 10 percentile for IOP2, and (iii) insignificant
precipitation over the previous 10 h along backward trajectory (for IOP2, this meant rain = 0
mm; for IOP1, this meant rain < 0.1 mm, as most rain radar grid cells had non-zero yet negligible
values and a threshold was applied). The data were normalized prior to the FCM analysis using
the z-score method, which transforms all variables into a common scale with an average of zero
and standard deviation of one.
The FCM algorithm minimizes the objective function represented in Eq. D-1, which is a
weighted sum of squared errors where the error is the Euclidean distance between each data
point and a cluster centroid.
N

c

2
m
J(U,ν)= ∑ ∑ uik ||yk -νi ||

(D-1)

k=1 i=1

The input data is given by the matrix Y = [y1, y2, …, yN], where yk is a vector of length X
at the k-th time point. X is the number of variables (i.e., measurements) used as input in the
analysis. The number of time points is represented by N, and the associated running index is k. N
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was 313 for IOP1 and 397 for IOP2. The number of clusters is represented by c, and the
corresponding running index is i. The coordinates of the centroid of each cluster i are represented
by 𝜈i , a vector of length X. The exponent of the Fuzzy partition matrix is represented by m. The
algorithm returns (1) the Fuzzy partition matrix of Y, given by U = [uik] where uik is the degree of
membership of time point k to cluster i, (2) the vectors of coordinates of cluster centers, given by
𝜈 = [𝜈i], as well as (3) the value J of the objective function.
The analysis was performed in MATLAB® using the “fcm” function in the Fuzzy logic
toolboxTM. The stop criterion of the algorithm is that either the maximum number of iterations is
reached or the improvement of the objective function between two consecutive iterations is less
than the minimum amount of improvement specified. The default value of 1 × 10-5 was used for
the minimum amount of improvement, and the maximum number of iterations was set to 1000 so
that convergence always happened before this maximum was reached. A default value of 2 was
used for the exponent m of the partition matrix. Fuzzy clustering algorithms are not sensitive to
small ﬂuctuations in m (Chatzis, 2011), and a value in the range of 1.5 to 3 is recommended
(Bezdek et al., 1984; Hathaway and Bezdek, 2001).
The analysis was run for a number of clusters varying from two to ten, and the value of
the objective function for each run is shown in Figure D-1 for (a) IOP1 and (b) IOP2. The choice
of number of clusters hinges on a balance between increased complexity and additional
information provided by each extra cluster. The improvement in the objective function was
larger in the range of two to four clusters, with marginal improvements above four clusters for
both IOPs (Figure D-1). The location of cluster centroids was also examined for evaluation of
cluster overlap (Figure D-2 for IOP1 and Figure D-3 for IOP2).
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For IOP1, the addition of a fifth cluster made two pairs of clusters very similar, as can be
seen by the locations of cluster centroids in Figure D-2. The solution of four clusters was
therefore a reasonable choice to represent the studied system. The subsequent characterization of
the PM chemical composition associated with each cluster further confirmed the meaningfulness
of the solution. Although the three-cluster solution could also provide a reasonable
representation of the system, the four-cluster solution provided further insight by differentiating
two background and two polluted conditions.
For IOP2, three clusters described the system in a meaningful way. Because of the
substantial influence of biomass burning during the dry season, nuances in the background
conditions and in the urban-influenced conditions did not emerge as clearly as for the wet season.
The clusters seemed to be more associated instead with the extent and/or interactions of biomass
burning emissions. The backtrajectories and PM chemical composition typically associated with
each of the clusters corroborated the physical interpretation of the 3-clusters solution.
The PM composition associated with each of the clusters was determined by calculating
the corresponding coordinates of the centroids for AMS species concentrations and PMF factor
loadings, which were not input to the FCM analysis (except for sulfate). The calculation
followed the mathematical definition of the centroid (Eq. D-2). The typical particle optical
properties and concentrations of N-containing families for each cluster in IOP2 were also
determined by the same equation. The resulting characterization of clusters was shown in Figure
2-13 and Table 2-2 for IOP1, and Figures 4-16 and Table 4-4 for IOP2.
νi =

∑Nk=1 (uik )m yk
∑Nk=1 (uik )m

(D-2)

In analogy to the weighted mean of Eq. D-2, a weighted standard deviation was defined
as a measure of cluster variability (Eq. D-3). All points are considered in the calculation of the
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standard deviation for a variable in any given cluster. Since clusters have a fuzzy nature, large
standard deviations may be expected (Tables 2-2 and 4-4).
∑Nk=1 (uik )m (yk - νi )2
σi = √
∑Nk=1 (uik )m

Figure D-1 . Value of the objective function of the FCM analysis (Eq. D-1) in the last
iteration plotted against the number of clusters for (a) IOP1, and (b) IOP2.
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(D-3)

Figure D-2. Locations of cluster centroids from the FCM analysis for IOP1 as visualized by
a 2-D projection on the plane defined by each pair of input variables. Results for two to five
clusters are shown in panels a to d. Red circles are observational data and black squares are
cluster centroids.
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Figure D-3. Locations of cluster centroids from the FCM analysis for IOP2 as visualized by
a 2-D projection on the plane defined by each pair of input variables. Results for two to five
clusters are shown in panels a to d. Red circles are observational data and black squares are
cluster centroids.
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Appendix E: Sulfate and particle acidity estimates in the context of
field studies
The supplementary analysis and discussion presented in this Appendix refers to Chapter
3. The underlying relative importance of direct compared to indirect roles of sulfate on the
formation of IEPOX-derived PM is not well understood. Sulfate can play a direct role as a
nucleophile in the reaction of formation of organosulfates from IEPOX (Surratt et al., 2007a;
Nguyen et al., 2014). Organosulfates, however, are believed to constitute only a fraction of the
IEPOX-derived PM (Hu et al., 2015). Particle acidity, an indirect effect of sulfate, has been
shown to drive IEPOX-derived PM production in several lab studies (Surratt et al., 2007b;
Kuwata et al., 2015; Lewandowski et al., 2015). Nevertheless, the acidity effect observed in
laboratories is not as clearly observed in field studies, wherein pH estimates have typically been
employed as a proxy for acidity (Budisulistiorini et al., 2013; Lin et al., 2013; Worton et al.,
2013; Budisulistiorini et al., 2015; Lu Xu et al., 2015). The present study corroborates those
findings and further argues that this apparent conflict can be reasoned by taking into account that
both the estimate and the end-use of pH may be problematic in the context of field studies.
Firstly, a reliable estimate of pH is often hard to obtain. In the case of the present study,
some difficulties were imposed by data availability. Gas-phase measurements of NH3 or HNO3
were not available for performing “forward” mode calculations in thermodynamic models or gasparticle phase partitioning calculations, which have been suggested as the best method to predict
pH (Hennigan et al., 2015). Co-located independent measurements of ion concentrations (e.g., by
chromatograph) were not available to confirm the ion balance obtained by AMS measurements
(Figure E-1).
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Bearing these caveats in mind, the analysis presented in the main text (Chapter 3) using
sulfate as a predictor for IEPOX-SOA was replicated herein using pH in place of sulfate. Figure
E-2 is analogous to Figure 3-7a. pH was estimated for IOP1 using AMS measurements of mass
concentrations of inorganic ions (sulfate, ammonium, nitrate, and chloride) and measurements of
RH and temperature. The E-AIM model II (Clegg et al., 1998) was employed. The final pH was
calculated taking into account both the inorganic water predicted by the model and the organic
water estimated from organic hygroscopicity  org values (Thalman et al., 2017), in a similar
fashion as described by Guo et al. (2015). Figure E-2 shows that pH, as calculated herein and for
the caveats herein, does not work well as a predictor for IEPOX-SOA factor loading. Figure E-3
is analogous to Figure 3-10. Figure E-3 shows that, although the overall dependencies on NOy
are similar to analysis of the data by sulfate, the separation by pH yields groups that have less
distinct trends and ranges among them.

Figure E-1. Ion balance for AMS measured species. A scatter plot is shown of mass
concentrations of cations on the ordinate and of anions on the abscissa. Solid gray lines indicate
relationships of 1:1 and 0.5:1.
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Nominal pH

Figure E-2. Scatter plot of estimated pH and IEPOX-SOA factor loading for local
afternoon (12:00-16:00 local time; 16:00-20:00 UTC). The data sets were collected into five
subsets, colored and labeled 1 to 5, based on NOy concentration (analogous to analysis shown in
Figure 6a).
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Figure E-3. Dependence on NOy concentration of (a) IEPOX-SOA factor loading, (b)
organic mass concentration, and (c) the ratio f of the IEPOX-SOA factor loading to the
organic PM concentration. Data are segregated by low (< 2.2) and high (> 2.8) pH and grouped
into five levels of NOy concentration (Figure 7). Squares represent medians of each group.
Interquartile ranges are represented by whiskers along the abscissa and shading along the
ordinate. The plotted data sets were recorded during local afternoon (12:00-16:00 local time;
16:00-20:00 UTC).
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In addition to difficulties associated with generating accurate estimates of pH, there is an
inconsistency between the timescales of estimated particle acidity and IEPOX-SOA factor
loadings that may preclude underlying correlations to emerge. The estimated pH makes use of
instantaneous RH and temperature values and is therefore an instantaneous estimate of pH. They
can change in timescales of 15 min or less giving mixing in the boundary layer, for example. On
the other hand, sulfate mass concentrations and IEPOX-SOA factor loadings are variables
representative of processes of longer time scales of hours and days. By not containing any
information on the particle acidity history in the past hours or days, the calculated instantaneous
pH may fail in capturing the true effect of acidity on the chemical formation of IEPOX-derived
PM. The RH cycling history of sulfate particles has been demonstrated to mediate the extent of
IEPOX-derived PM production (Wong et al., 2015). Moreover, sulfate, by being intrinsically
related to particle acidity and at the same time a species of congruent lifetime with secondary
organic material, may in fact be a better proxy to capture the history of particle acidity than
estimates of pH. For these different reasons, sulfate rather than pH is used in the analysis herein.
The understanding, however, is that sulfate represents effects beyond those of the direct chemical
role of sulfate. In analogy to pH, this discussion also extends to the use of sulfate rather than
instantaneous particle water content as the predictor of IEPOX-SOA factor loadings.
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Appendix F: Details and assumptions of the Lagrangian model for
IEPOX-derived PM
The solution to the differential equation Eq. 3-1 in the main text is as follows:
M (t ) =


 PkP
 k 
+ e k t  M 0 − P P 
 LkL
 LkL 

L L

(F-1)

for which the subscript 0 indicates initial (background) conditions, i.e., immediately before the
airmass passes over Manaus. For the transport from Manaus to T3, t = τtr, and the variable M
represents the IEPOX-derived PM mass concentrations at T3.
The zero-order production rate coefficient kP and the first-order loss rate coefficient kL
are lumped parameters representative of several production and loss processes, respectively. A
first assumption is that they are constant over the course of four hours. In hand with that
assumption, a constant boundary layer height throughout the integration time is assumed. The τ
values represent the time required under afternoon conditions to significantly affect the IEPOXderived PM mass concentration by the corresponding processes. For afternoon time periods,
observations show that dM/dt > 0 over tropical forests in the absence of pollution (Chen et al.,
2009; Chen et al., 2015). The parameter τP, corresponding to a first order process, therefore
represents an instantaneous quantity in the transient system. For simplicity of presentation, τP is
defined in reference to M0, although defining it in relation to Mbg or Mpol does not alter the main
conclusions presented herein.
In terms of loss processes, represented by the rate coefficient kL, IEPOX-derived PM may
be lost by three main mechanisms: heterogeneous oxidation against OH, condensed-phase
reactions, and dry deposition. The lifetime of IEPOX-derived PM against heterogeneous
oxidation is estimated at around two weeks for an OH concentration of 106 molecules cm-3 (Hu et
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al., 2016b). Lifetime of IEPOX products against particle-phase reactions has not yet been
reported but is expected to be at least several days. A value of one week is used here. The
lifetime of PM against deposition is on the order of a week. The overall loss process is then
approximated in the model as the sum of these three processes, which leads to an estimate of
overall loss rate coefficient kL = 0.015 h-1 (overall characteristic time of 2.8 days).
In respect to wet deposition along the track from Manaus to the T3 site, strong convection
imports background regional air, and for this reason strong wet deposition is mathematically
equivalent in the model developed herein to a trajectory that does not pass over Manaus, i.e.,
background conditions. Weak wet deposition represents a mixing of polluted and background air
masses, giving rise to intermediate NOy concentrations. Entrainment on the plume edges as well
as with the free troposphere is mathematically similar to wet deposition in the model framework.
Thus, entrainment and wet deposition, without directly contributing to kL, are indirectly
incorporated in the developed model based on their effects on NOy concentration.
In terms of production processes, represented by the rate coefficient kP, IEPOX-derived
PM is produced by multigenerational chemistry of isoprene photooxidation and reactive uptake.
Model Case 1 investigated the sensitivity of pollution enhancement ratio and absolute mass
concentration of IEPOX-derived PM to its production rate coefficient. After constrained by
observations, the estimated interval for kP was [0.07, 0.13] μg m-3 h-1. In addition, values of kP >
0.2 μg m-3 h-1 are unlikely given the rare observation (<1%) of Mbg > 1μg m-3.
The obtained range can be compared to estimates of total production rate of organic
material from diameter growth rates. Firstly, a relative production rate of 1:3 for IEPOX-derived
PM to total organic PM is assumed based on the following. IEPOX-derived PM is estimated to
contribute 34% on average to total organic PM in central Amazonia under background
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conditions (Chen et al., 2015). For assumptions of equal first order loss rate coefficients for all
organic material, a mass concentration ratio of 1:3 for IEPOX-derived PM to total organic
material implies a ratio of 1:3 in their production rate coefficients kP. As a consequence, the
estimated range for total organic material is [0.21, 0.39] μg m-3 h-1. For the estimate of organic
material production based on growth rates, an average growth rate of 10 nm h-1 (Kulmala et al.,
2004) is considered. Further assumptions are a range of particle number concentration of 500 to
1000 cm-3 and of initial diameter of 20 to 100 nm, typical of background conditions in the
Amazon. The obtained range of organic material production from growth rate estimates is
therefore 0.02 to 0.32 μg m-3 h-1, which is comparable to the range constrained by the model.
In terms of the influence of Manaus plume on the production and loss processes, the
following assumptions were made. The acceleration of the oxidant cycle in the plume implies
that αL > 1. Under plume conditions, OH concentrations observed at the T3 site increased by a
factor of three compared to background conditions (Martin et al., 2017; Kim, in preparation). A
proportional increase in the loss rate of IEPOX-derived PM by OH heterogeneous chemistry in
the plume is expected. While the OH loss mechanism (of characteristic time of two weeks) is
accelerated by three-fold in the plume, dry deposition and condensed phase reactions (both of
assumed characteristic times of a week) are held constant. As a result, the overall loss rate is
enhanced by two-fold, i.e., αL = 2 is assumed.
Concerning the production enhancement factor, the interception of ISOPOO radicals by
NO in the pollution plume as well as the faster consumption of intermediate gas-phase species by
the enhanced OH and O3 concentrations implies αP < 1. The assumption is that the production of
IEPOX almost halts in the plume, and αP = 0.1. This assumption is supported by measured gasphase concentrations of ISOPOOH at the T3 site, which dropped by 90% when NOy
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concentrations increased from 0.5 ppb to 2 ppb (Y. Liu et al., 2016a). This observation and the
associated model assumption are a reflection of the lifetimes of the chemical species discussed:
in contrast to the abovementioned lifetimes on order of a week for organic particle material
against loss processes, the lifetimes of the gaseous species are significantly shorter. Isoprene and
ISOPOOH have a lifetime on the order of a few hours (Eddingsaas et al., 2010; St. Clair et al.,
2015), and IEPOX has a lifetime of a few hours to a day for an OH concentration of 106
molecules cm-3 (Jacobs et al., 2013; Bates et al., 2014).
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Appendix G. Comparison of PM1 between IOP1 and IOP2
PM1 mass concentrations at the T3 site during the dry and wet seasons differed by almost
an order of magnitude. Figure G-1a shows the statistics of mass concentrations of the NR-PM1
components. The organic mass concentrations had the largest average increase between IOP1
and IOP2, corresponding to a factor of 8. Mass concentrations increased by a factor of 6 for
sulfate and ammonium, of 4 for nitrate, and of 2 for chloride. Mass concentrations of PM in the
basin seem to have large interannual variability especially in the dry season due to the variability
in fire emissions (van Marle et al., 2017). Even so, the inter-season increases found in this study
for the year of 2014 are in line with values previously reported for other years, which vary
between 3 and 10 (Artaxo et al., 1994; Holben et al., 1996; Fuzzi et al., 2007).
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Figure G-1. Statistical comparison of NR-PM1 at T3 between the wet and dry seasons
(IOP1 and IOP2, respectively). (a) Mass concentrations of components measured by the AMS.
The left axis scale refers to organic species, and the right axis refers to the inorganic species, as
indicated by arrows at the top of plot. Solid markers represent means, whiskers show 5
percentiles and 95 percentiles, boxes span interquartile range, and horizontal line inside boxes
indicates medians. Concentrations were adjusted to standard temperature (273.15 K) and
pressure (105 Pa). (b) Probability density function for particle numbers concentrations. Vertical
dashed lines indicate the medians of distributions. (c) Volume-diameter distributions measured
by a Scanning Mobility Particle Sizer (SMPS). Dm represents the mobility diameter.
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The observed increases can be rationalized in terms of important differences between the
wet and dry seasons. One relevant aspect is that meteorological factors such as less precipitation
and lower relative humidity (RH) in the dry season may lead to lower wet deposition (Figure G2). In addition, higher solar irradiance may favor the photochemical processing of VOCs and
thereby the production of PM, in spite of higher temperatures which may favor partitioning to the
gas phase (Figure G-2). As a direct result of lower wet deposition, higher particle number and
mass concentrations may be maintained (Figure G-1a-b). As an indirect result, particles with a
longer atmospheric lifetime can continue to grow to larger sizes through condensation, especially
given the increased solar irradiance, also leading to increased mass concentrations. A comparison
of volume-diameter distributions for the two seasons (Figure G-1c) shows that there was a shift
from peak Dm of 340 nm in IOP1 to 400 nm in IOP2.
Another relevant feature of the dry season is the basin-wide increased occurrence of fires
(Artaxo et al., 2013; Martin et al., 2016). Biomass burning can contribute both primary particles
and gaseous emissions that may be precursors for the production of secondary material. As
shown in Figure G-1b, there was a significant shift to large particle number concentrations from
IOP1 to IOP2, with median values of 1060 cm-3 and 3240 cm-3, respectively. Taken together,
these results suggest that the increased mass concentrations observed in the dry season compared
to the wet season were due to a combination of larger number concentrations and larger particle
diameters, driven both by meteorological and anthropogenic factors.
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Figure G-2. Statistical comparison of meteorological variables at T3 between the wet and
dry seasons (IOP1 and IOP2, respectively). Boxes represented interquartile ranges, markers
inside boxes represent medians, and lines represent means.
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Appendix H: Calculations of PM optical properties
In order to estimate the absorption coefficient of BrC at 370 nm, babs,BrC(370nm), the
absorption coefficient of BC at the same wavelength, babs,BrC(370nm), had to first be determined
(Eq. 4-2). The calculation of åabs,BC and consequently of babs,BC(370nm) was done through four
methods, of which Method 2 was used in the analysis described in the main text. In this
appendix, details and assumptions of the four methods as well as a comparison among their
results are presented.
The assumptions of each method and a description of their meaning is presented in Table
H-1. Methods 1 and 2 assume a constant absorption angstrom exponent åabs,BC across the
spectrum. Methods 3 and 4 assume a varying åabs,BC, and the difference between åabs,BC at longer
wavelengths and shorter wavelengths is accounted for by δ, which is the wavelength dependence
of the absorption angstrom exponent, also known as WDA (Wang et al., 2016). The value of δ is
calculated theoretically using Mie Theory and assuming spherical particles. The calculation also
assumes a range of BC size distributions and coatings unless measurements are available. Once
åabs,BC is estimated, babs,BC(370nm) can be calculated through Eq. 4-1.
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Table H-1. Assumptions and description of the four methods used to calculate the
absorption angstrom exponent of BC, åabs,BC.
Method Assumptions

Description

1

åabs,BC = 1

• åabs,BC is not wavelength dependent
• åabs,BC is equal to 1 at any point in time
(absorption is constant over the spectrum)

2

åabs,BC = åabs(700nm,880nm)

• åabs,BC is not wavelength dependent
• åabs,BC is calculated for each point in time from
aethalometer measurements at the two largest
wavelengths

3

åabs,BC = åabs(700nm,880nm) + δ • åabs,BC is wavelength dependent
• δ value was based on Wang et al. (2016),
δ = -0.1
which only used theoretical calculations

4

åabs,BC = åabs(700nm,880nm) + δ • åabs,BC is wavelength dependent
• δ value was based on Saturno et al. (2017),
δ = -0.3
which relied on BC size distribution
measurements at the T0a site

A comparison of the estimated values for babs,BC(370nm) through the different methods is
presented in Figure H-1. On average, babs,BC(370nm) values from method 1 are 45% larger than
method 2, and values from methods 3 and 4 are only 6 to 20% larger than method 2. Method 2
was chosen because (i) it represents an improvement over method 1, as it calculates åabs,BC
sample by sample and does not simply assume a value of 1, and (ii) although methods 3 and 4
consider a wavelength dependence of åabs,BC, this dependence is unknown for our study. Method
3 relies purely on Mie modeling, and assumes spherical particles and ranges of BC size
distribution and coating taken from global averages that might not be representative of our site.
Method 4 uses BC size distribution data from a different site, which is an improvement but might
still not be representative, and the mixing state is also not known. Since these methods might
bring additional uncertainty, method 2 is chosen as the base case. Because method 2 yields the
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lowest values, it can also be seen as a conservative method that establishes a lower bound for the
particle absorption properties.

Figure H-1. Comparison of babs,Brc values calculated through method 2 and through the
three other methods. Scatter plots depict results from methods (a) 1, (b) 3, and (c) 4 on the
ordinate against method 2 on the abscissa.
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