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SUMMARY 

Particulate matter (PM) is important component of atmosphere, which can affect 

the planetary energy budget, visibility, and public health. While atmospheric PM can be 

complex mixtures of inorganic and organic components from a variety of sources, organic 

aerosols (OA) represent a significant fraction (20-90%) of tropospheric submicron PM. 

Therefore, a better understanding of atmospheric organic aerosols is essential for reliable 

evaluation of their impacts and effective regulations. The southeastern United States is 

known for its large biogenic volatile organic compounds (VOC) emissions from both 

conifer and deciduous forests, among which isoprene and monoterpenes are the most 

dominant biogenic VOC and SOA precursors, and thus attract substantial interests.  

Our knowledge of OA compositions advances with the development of 

measurement techniques in the past two decades. This thesis presents two-month 

measurements conducted at a rural site in the southeastern United States, with a focus on 

the comparison of data acquired by two mass spectrometers with different measuring 

capabilities, a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, 

Aerodyne) and a chemical ionization mass spectrometer equipped with a Filter Inlet for 

Gases and AEROsols (FIGAERO-CIMS, Aerodyne). We found FIGAERO-CIMS data 

with molecular-level information provides new perspective to the interpretation of AMS 

OA factors that have been identified in the southeastern United States for over a decade. 

Specifically, while the AMS Isoprene-OA factor has been largely attributed to isoprene 

epoxydiols (IEPOX) uptake in previous studies, more pathways of isoprene oxidation were 

identified. Notable isoprene particulate organic nitrates (pON) formation and ISOPOOH-



 xxi

SOA (isoprene hydroxy hydroperoxide oxidation products via non-IEPOX pathways) was 

observed; both pathways have not been resolved by AMS analysis before. AMS less-

oxidized oxygenated OA factor (LO-OOA) correlated well with nighttime ON-rich factor 

(NGT-ONRich) resolved by FIGAERO-CIMS, which contained a series of monoterpene 

SOA tracers, consolidating that monoterpene SOA composes a large fraction of LO-OOA 

in the southeastern United States. Nonetheless, the non-negligible isoprene-derived pON 

in NGT-ONRich factor also related it to nocturnal isoprene chemistry, which was not 

identified by previous AMS analysis. Molecular-based mass spectrometry is proven to be 

a good supplement to AMS factorization analysis, which together provide more insights 

into the nature of OA.   

In addition to the comprehensive characterization of OA in the southeastern United 

States, this thesis puts more focus on low-molecular-weight organic acids (LMWOA). 

Organic acids are ubiquitous atmospheric components, contributing to atmospheric acidity, 

affecting particle acidity, and directly participating in particle-phase reactions. LMWOA 

are normally end products of photochemical oxidation and linked to OA aging. Recent 

studies showed secondary formation from biogenic VOC oxidation is a largely 

underestimated source of LMWOA. In this study, the sources and partitioning of five most 

abundant LMWOA at a rural site in the southeastern United States were investigated. We 

propose that for formic and acetic acids, their gas and particle phases were largely 

decoupled; the majority of the gas-phase formic and acetic acids were formed rapidly and 

in situ through biogenic VOC photooxidation, while their particle-phase counterparts were 

likely from transport. For LMW dicarboxylic acids, their formation was more related to 

aqueous chemistry than gas-phase reactions, and their gas-particle partitioning was in 



 xxii 

thermodynamic equilibrium. Through the links between LMWOA and aged SOA, 

transport and local OA processing were identified as sources for aged SOA in this work, 

while the diurnal pattern of aged SOA was dominantly driven by boundary layer dynamics.  

Following up the findings that gas-phase formic and acetic acids were dominantly 

formed through biogenic VOC photooxidation, a series of chamber experiments were 

conducted to investigate formic and acetic acid formation in the photooxidation of isoprene 

and α-pinene, two of most abundant biogenic VOC in the southeastern United States. 

Chamber experiments were performed under different relative humidity (RH), using both 

effloresced and deliquesced ammonium sulfate seed particles to study the role of water 

vapor and aerosol water. We found the introduction of both gaseous and particulate water 

in general enhanced formic and acetic acids formation. Given the relatively high RH in the 

southeastern United States, tropospheric water would be a non-negligible factor affecting 

LMWOA formation, and including it in current modeling frameworks may improve 

simulations and help explain the large measurement-model discrepancies of formic and 

acetic acids observed in previous studies. 
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CHAPTER 1. INTRODUCTION 

1.1 Atmospheric Organic Aerosols 

1.1.1 Why Study Organic Aerosols 

The atmospheric aerosols are minute solid and liquid particles suspended in the air. 

Aerosols can affect the planetary energy budget by directly absorbing and scattering 

radiation and indirectly serving as cloud condensation nuclei (CCN) to affect cloud 

properties (Kanakidou et al., 2005;Kroll and Seinfeld, 2008;Shrivastava et al., 2017). In 

addition to their role in climate, aerosols also have important impact on visibility and public 

health. Epidemiological studies have revealed associations between exposure to ambient 

aerosols with mortality and damaging effects on the respiratory and cardiovascular systems 

(Dockery et al., 1993;Kanakidou et al., 2005;Facchini et al., 2008). While atmospheric 

aerosols are complex mixtures of inorganic and organic components from a variety of 

sources, organic aerosol (OA) represents a significant fraction (20-90%) of tropospheric 

submicron aerosols (Kanakidou et al., 2005;Zhang et al., 2007a;Kroll and Seinfeld, 2008). 

Therefore, a better understanding of atmospheric organic aerosols is essential for reliable 

evaluation of their impacts and effective regulations. 

There are two types of OA, primary OA (POA), which is directly emitted to 

atmosphere, and secondary OA (SOA), which is formed by the oxidation of volatile organic 

compounds (VOC). A simplified mechanism of SOA formation from precursor VOC can 

be described as the formation of functionalized, less volatile products from the oxidation 

of organic molecules by atmospheric oxidants (e.g., hydroxyl radical (OH), ozone (O3), 
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and nitrate radical (NO3)). Products of sufficiently low volatility will condense into the 

particle phase (Seinfeld and Pandis, 2016), and in the particle phase, organic molecules can 

undergo further reactions. Many studies consistently showed that SOA dominates OA 

burden (Goldstein and Galbally, 2007;Zhang et al., 2007a). However, due to the variety of 

oxidizable organics in the atmosphere and the complexity of processes these compounds 

undergoing, many uncertainties exist regarding SOA formation and degradation (Hallquist 

et al., 2009). 

1.1.2 Source Apportionment for Organic Aerosols 

A lot of efforts have been made to understand OA sources. Lim and Turpin (2002) 

used elemental carbon (EC) as primary organic carbon (OC) tracer and estimated that 

∼46% OC was secondary in Atlanta, and the fraction ranged up to 88% on short timescale. 

Based on the measurement of fine-particle organic compounds soluble in water (WSOC), 

Weber et al. (2007) showed that 70–80% of the carbon in summertime WSOC is of 

biogenic origin in Atlanta, while the formation of SOA was also controlled by 

anthropogenic sources. With the wide use of Aerodyne Aerosol Mass Spectrometer (AMS) 

to quantitatively characterize the chemical composition of submicron non-refractory (NR) 

species (DeCarlo et al., 2006;Canagaratna et al., 2007), several techniques have been 

developed to deconvolved AMS OA mass spectra, e.g. multiple component analysis 

(MCA) (Zhang et al., 2007a), positive matrix factorization (PMF) (Ulbrich et al., 2009), 

and multilinear engine (ME-2) (Canonaco et al., 2013). At most sites, the OA can be 

separated into oxygenated OA (OOA), hydrocarbon-like OA (HOA), and some other 

components depending on location and season, e.g. isoprene- or IEPOX-derived OA 

(Isoprene-OA), and biomass burning OA (BBOA) (Jimenez et al., 2009;Ng et al., 2010;Hu 
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et al., 2015;Xu et al., 2015a). OOA factor can be further divided into more-oxidized OOA 

(MO-OOA, characterized by higher O:C ratio) and less-oxidized OOA (LO-OOA, 

characterized by lower O:C ratio) (Setyan et al., 2012;Xu et al., 2015a), which have been 

named as low-volatility OOA (LV-OOA) and semi-volatile OOA (SV-OOA), respectively, 

in some studies (Ng et al., 2010;Jimenez et al., 2009). While HOA factor has been 

considered as a good surrogate for combustion POA (Zhang et al., 2005;Jimenez et al., 

2009;Ulbrich et al., 2009), multiple studies showed that OOA factor is secondary, and in 

general LO-OOA corresponds to fresh SOA, MO-OOA to aged SOA (Zhang et al., 

2005;Zhang et al., 2007a;Jimenez et al., 2009;Ng et al., 2010). The two OOA factor 

together dominates submicron OA (Jimenez et al., 2009), but the sources of LO-OOA and 

MO-OOA are still under debate. One aim of this thesis is to provide a better understanding 

on LO-OOA and MO-OOA compositions.  

1.2 Atmospheric Organic Acids 

1.2.1 Organic Acids as Gases and in Aerosols 

Organic acids are ubiquitous in both gas and particle phase. They are major 

contributors of atmospheric acidity (Keene and Galloway, 1984), especially in unpolluted 

areas, and can play a critical role on aerosol chemistry through their effects on particle 

acidity (Millet et al., 2015). Organic acids are also known to be sinks for hydroxyl radical 

and stabilized Criegee intermediates (SCI) (Jacob, 1986), and thus affect atmospheric 

radical budgets. Meanwhile, they also directly participate in particle-phase reactions like 

esterification to form low volatile compounds. 
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Sources of organic acids include direct emissions from terrestrial vegetation, soil, 

biomass burning, secondary photochemical production, and aqueous phase chemistry 

(Chebbi and Carlier, 1996;Khare et al., 1999;Paulot et al., 2011;Millet et al., 2015;Malecha 

and Nizkorodov, 2016;Sorooshian et al., 2007). Recent studies showed that the 

concentration of these small acids are largely underestimated by models and secondary 

formation from biogenic emissions could be an underrated sources (Paulot et al., 

2011;Millet et al., 2015). Small monocarboxylic acid, e.g. formic acid and acetic acid, are 

dominant in the gas phase, while the most abundant organic acid in the particle phase is 

normally oxalic acid followed by succinic and/or malonic acid (Kawamura and Bikkina, 

2016;Chebbi and Carlier, 1996). Dicarboxylic acids generally dominate aerosol phase, 

because their vapor pressures are 2 to 4 orders of magnitude lower than corresponding 

monocarboxylic acids (Chebbi and Carlier, 1996). Meanwhile, organic acids formed in the 

gas phase can partition to condensed phase, and vice versa. This process is mainly driven 

by pH (Facchini et al., 1992). while salt ions can also have an impact (Häkkinen et al., 

2014). 

1.2.2 Secondary Production of Organic Acids 

Multiple studies showed that secondary formation, especially from biogenic 

emissions, can be an important yet underestimated source for atmospheric organic acids 

(Paulot et al., 2011;Millet et al., 2015). Ozonolysis and OH-oxidation of a variety of VOC 

(e.g. isoprene, MACR, MVK, and monoterpenes) leads to low-molecular-weight organic 

acids (LMWOA) formation (Millet et al., 2015;Jacob and Wofsy, 1988). Oxalic acid is 

considered a tracer for aqueous processing (Chebbi and Carlier, 1996;Carlton et al., 2007), 

and can be formed in aqueous aromatics, glyoxal photooxidation (Carlton et al., 2007). The 
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reaction of dissolved formaldehyde in aqueous phase with OH radicals in cloud droplets 

produce formic acid (Chameides and Davis, 1983). Small organic acids can also be formed 

by the oxidation of larger acids (Carlton et al., 2006b), and photodegradation of SOA 

(Malecha and Nizkorodov, 2016).  

1.2.3 Importance of Organic Acids in a Changing Climate 

Recent studies showed that particle pH is related to toxicity (Fang et al., 2017). It is 

of great interest that the abundance of organic acids in the atmosphere and their role in 

influencing particle pH, especially when the emission of sulfur dioxide (SO2) and nitrogen 

oxides (NOx) have been continuously decreasing in the United States, and how organic 

acids partitioning will be influenced by the ongoing changes of acid-base balance, and in 

return affect aerosol concentrations and compositions, is also a hot topic. Specifically, 

small organic acids are normally end products of photochemical oxidation and linked to 

OA aging. Previous studies have shown good correlations between AMS CO2
+ (or m/z 44) 

signal, a widely used marker for oxygenated OA, with either individual organic acids or 

ensembles of organic acids (Takegawa et al., 2007;Sorooshian et al., 2010;Yatavelli et al., 

2015). Organic acids can be a proxy for a better understanding of MO-OOA formation and 

aged OA sources. 

1.3 Thesis Overview 

This thesis includes both field measurements and laboratory chamber studies, aiming 

to expand our knowledge of OA sources and formation mechanism in the southeastern 

United States with the advances of instruments, with a special focus on the sources and 

chemistry of LMWOA. Chapter 2 presents two-month measurements at a rural site in the 
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southeastern United States, where factorization analysis and molecular-level 

measurements were combined for a more comprehensive characterization of ambient OA. 

Chapter 3 presents more analysis about LMWOA formation and partitioning in the same 

field study, which also provides more insights to aged SOA sources in the southeastern 

United States. Chapter 4 presents a laboratory study investigating LMWOA formation in 

biogenic VOC photooxidation. Chapter 5 summarizes the findings and provides 

suggestions for future work. 
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CHAPTER 2. CHEMICAL CHARACTERIZATION OF 

SECONDARY ORGANIC AEROSOL AT A RURAL SITE IN THE 

SOUTHEASTERN U. S.: INSIGHTS FROM SIMULTANEOUS 

HR-TOF-AMS AND FIGAERO-CIMS MEASUREMENTS 

2.1 Background 

 The southeastern United States is known for its large biogenic VOC emissions from 

both conifer and deciduous forests, under the influence of intensive anthropogenic 

activities (Weber et al., 2007;Xu et al., 2015a). Isoprene and monoterpenes (α-pinene, β-

pinene, and limonene) are the most dominant biogenic VOC and SOA precursors in the 

southeastern United States and there is substantial interest in these compounds. For 

isoprene-derived SOA, isoprene epoxydiols (IEPOX) uptake followed by subsequent 

condensed-phase reactions (Surratt et al., 2010;Lin et al., 2012;Paulot et al., 2009b) is 

known to be the major pathway in the southeastern United States, approximately 

contributing 18 – 36 % to total OA in warm seasons (Budisulistiorini et al., 2013;Hu et al., 

2015;Xu et al., 2015a;Xu et al., 2015b). Isoprene organic nitrates formed from both 

photooxidation and nitrate radical oxidation have been characterized in ambient 

measurements and included in models (Lee et al., 2016;Bates and Jacob, 2019), as well as 

non-IEPOX SOA formed from hydroxy hydroperoxide (ISOPOOH) oxidation (Krechmer 

et al., 2015;Nagori et al., 2019). Monoterpene nocturnal reactions have been shown to be 

an important source of particulate organic nitrates in the southeastern United States (Xu et 

al., 2015a;Xu et al., 2015b;Pye et al., 2015), while more recent studies have demonstrated 

that monoterpenes are also the prominent source of total OA in the southeastern United 



 8

States given the large fraction of non-nitrogen-containing monoterpene-derived species 

(Zhang et al., 2018a;Xu et al., 2018a).  

A better understanding of OA composition is aided by advances in state-of-art real-

time aerosol instrumentation in the past two decades. Each instrument, with its unique 

capabilities, provides one piece of information to the SOA puzzle. The high-resolution 

time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne; henceforth referred 

to as AMS) (DeCarlo et al., 2006;Canagaratna et al., 2007), for example, has been widely 

used in both laboratory experiments and field measurements. Designed to quantitatively 

characterize chemical composition of submicron non-refractory (NR-PM1) aerosol, the 

AMS produces ensemble average mass spectra for organic and inorganic species. Different 

methods have been used to deconvolve AMS OA mass spectra, e.g., multiple component 

analysis (Zhang et al., 2007a), positive matrix factorization (PMF) (Ulbrich et al., 

2009;Canonaco et al., 2013). Oxygenated OA (OOA) is a subgroup, or factor, that has been 

ubiquitously resolved by AMS factorization analysis and normally used as a surrogate for 

SOA, while other OA factors can be more regional and seasonal, e.g., isoprene-derived OA 

(Isoprene-OA) and biomass burning OA (BBOA) (Jimenez et al., 2009;Ng et al., 2010;Hu 

et al., 2015;Xu et al., 2015a;Cubison et al., 2011). OOA can be further divided into more-

oxidized OOA (MO-OOA, characterized by higher O:C ratio) and less-oxidized OOA (LO-

OOA, characterized by lower O:C ratio) (Setyan et al., 2012;Xu et al., 2015a), which have 

also been named as low-volatility OOA (LV-OOA) and semi-volatile OOA (SV-OOA), 

respectively, in some studies (Ng et al., 2010;Jimenez et al., 2009). In general, LO-OOA 

corresponds to fresh SOA and MO-OOA corresponds to aged SOA (Zhang et al., 

2005;Zhang et al., 2007a;Jimenez et al., 2009;Ng et al., 2010). The two OOA factors 
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account for a large fraction of submicron OA worldwide (Jimenez et al., 2009), but the 

sources of LO-OOA and MO-OOA at different locations are still largely unknown. The 

Chemical Ionization Mass Spectrometer (henceforth referred to as CIMS) is a well-

established technique for online measurements of gaseous species (Huey, 2007), and the 

recent combination of a Filter Inlet for Gases and AEROsols (henceforth referred to as 

FIGAERO) to the CIMS (henceforth referred to as FIGAERO-CIMS) allows for the 

application of CIMS in aerosol molecular composition characterization (Lopez-Hilfiker et 

al., 2014). Source apportionment analysis has been performed on CIMS gas- and particle-

phase measurements in previous studies in a similar manner to that of AMS measurements 

(Yan et al., 2016;Massoli et al., 2018;Lee et al., 2018). Compared to traditional AMS 

source apportionment, FIGAERO-CIMS can provide more information on the identity of 

each factor, e.g., chemical formulae of tracer molecules and the location of the maximum 

desorption signal in temperature space (Tmax), by which enthalpy of sublimation and 

compound vapor pressure can be evaluated (Lopez-Hilfiker et al., 2014). The FIGAERO-

CIMS is highly complementary to the AMS and could substantially expand our knowledge 

of the AMS OA factors that have been known for over a decade. 

Here, we present results from two-month measurements at Yorkville, GA, a rural 

site in the southeastern United States, during a transitional season from summer to fall. 

Along with a suite of additional instrumentation (Nah et al. (2018a;2018b)), AMS and 

FIGAERO-CIMS were deployed, and factorization analysis was applied to measurements 

from both instruments, in an effort to gain new insights into established AMS OA factors. 

By combining AMS and FIGAERO-CIMS measurements, we show that isoprene and 

monoterpenes were dominant OA precursors during both day and night. We also identify 



 10

notable isoprene oxidation pathways, besides IEPOX uptake, and their contribution to 

particulate organic nitrates, which was less recognized by previous AMS measurements. 

2.2 Methods 

2.2.1 Site Description 

The ambient measurements took place from mid-August to mid-October 2016 at 

the South Eastern Aerosol Research and Characterization (SEARCH) field site at 

Yorkville, Georgia (33.92833 N, 85.04555 W, 394 masl). The instruments were housed in 

an air-conditioned trailer. The Yorkville site was a long-term field site located in a rural 

environment approximately 55 km northwest of Atlanta, immediately surrounded by 

forests and open pastures for cattle grazing. Compared to previous measurements at this 

site (Xu et al., 2015a;2015b), the sampling period of this study was characterized by a 

transition from warmer to colder season, which had a direct influence on biogenic VOC 

emissions, e.g. isoprene mixing ratio decreased from more than 2 ppb at the beginning of 

campaign to below 1 ppb at the end (daily average).  More details of this 2016 Yorkville 

campaign have been presented in recent publications by Nah et al. (2018a;2018b).  

2.2.2 Instrumentation 

An AMS (DeCarlo et al., 2006;Canagaratna et al., 2007) was used to characterize 

the composition of NR-PM1. Ambient air was sampled through a URG PM1 cyclone at 

16.7 L min-1 to remove coarse particles. A nafion dryer was placed upstream of the AMS 

to dry the particles (RH < 20 %) in order to eliminate the influence of RH on particle 

collection efficiency (CE) in the AMS (Matthew et al., 2008;Middlebrook et al., 2012). 
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Measurements were taken every minute and post-averaged to a 5-minute time interval. 

Gas-phase interference was eliminated by subtracting the signals when the AMS sampled 

through a HEPA filter. Ionization efficiency (IE) calibrations were performed with 300 nm 

ammonium nitrate particles, and sulfate relative ionization efficiency (RIE) calibrations 

were performed with 300 nm ammonium sulfate particles. Both calibrations were 

conducted on a weekly basis. AMS data were analyzed using the data analysis toolkit 

SQUIRREL (v1.57) and PIKA (v1.16G) within the Igor Pro software (v6.37, Wavemetrics, 

Portland, OR). The organics data matrix and error matrix for source apportionment analysis 

were also generated from PIKA v1.16G. Elemental ratios, including oxygen-to-carbon 

ratio (O:C), hydrogen-to-carbon ratio  (H:C), and nitrogen-to-carbon ratio (N:C), were 

obtained using the method outlined by Canagaratna et al. (2015). By comparing AMS with 

parallel particle-into-liquid sampler (PILS) coupled to ion chromatograph (IC) and filter 

measurements, a constant CE of 0.9 was applied to AMS measurements (Nah et al., 2018a).  

An iodide-adduct FIGAERO-CIMS was used to characterize particle-phase 

multifunctional organic species, given the advantage of its high selectivity towards highly-

polarizable species, such as carboxylic acids and polyols. A detailed description of 

FIGAERO-CIMS can be found in Lopez-Hilfiker et al. (2014), while a detailed description 

of the iodide ionization mechanisms can be found in Huey et al. (1995) and Lee et al. 

(2014). In brief, ambient air was sampled through a URG PM1 cyclone and PM1 particles 

were collected on a perfluorotetrafluoroethylene (PTFE) filter (2 µm pore size Zefluor™, 

Pall Corporation) in the FIGAERO unit for 25 minutes at a flow rate of 16.7 L min-1. To 

prevent potential positive artefact arising from gases sticking onto the filter during 

sampling, a 30-cm long parallel plate activated carbon denuder (Eatough et al., 1993) was 
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installed upstream of the FIGAERO inlet. After collection, particles were immediately 

desorbed off the PTFE filter by heated N2 flowing through the filter. The thermal desorption 

process took 35 minutes, during which the temperature was increased from room 

temperature (~ 25 C) to ~200 C in 15 minutes, held at ~200 C for another 15 minutes, 

and cooled for 5 minutes. One filter background measurement was taken for every five 

cycles by keeping the filter on the desorption line. Raw data were saved every second and 

were pre-averaged to a 10-second time interval before data processing. The data were 

analyzed using the data analysis toolkit Tofware (v2.5.11, Tofwerk, Thun, Switzerland and 

Aerodyne, Billerica, MA) within the Igor Pro software (v6.37, Wavemetrics, Portland, 

OR). The FIGAERO-CIMS particle data matrix was also generated from Tofware v2.5.11. 

The signals reported for particles in later discussion were integrations over the thermal 

desorption process, with background subtracted.  The signals are in counts per second (Hz), 

if not specified in the following discussion, which implies a uniform sensitivity assumption 

for FIGAERO-CIMS measurements. Due to the nature of iodide reagent ion, which has a 

higher sensitivity towards oxygenated organic compounds (Lee et al., 2014), the 

importance of more oxidized compounds will be over-emphasized while less oxidized 

compounds under-emphasized. Nevertheless, a good correlation (R = 0.84) between total 

OA measured by AMS and FIGAERO-CIMS (Figure 2-1) suggests that the assumption of 

uniform sensitivity to some extent could be reasonable in this study. When we compared 

the FIGAERO-CIMS measurements with AMS measurements, the FIGAERO-CIMS 

signals were converted to mass concentrations by multiplying ion signals in Hz with the 

molecular weight (MW) of each ion, and the new unit is g mol-1 s-1. This conversion allows 

for an easier cross-instrument comparison between AMS and FIGAERO-CIMS. We are 
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aware that the unit g mol-1 s-1 is not an actual mass concentration; rather it is a scalar of the 

ion signal based on MW. 

This study focuses on AMS and FIGAERO-CIMS measurements. Other co-located 

instruments included PILS-ICs to measure water-soluble inorganic and organic acid 

species, CIMSs to measure gaseous species, PILS and mist chambers coupled to a total 

organic carbon (TOC) analyzer to measure particle- and gas-phase water-soluble organic 

carbon, and gas chromatography-flame ionization detector (GC-FID) with a Markes 

focusing trap to measure hourly resolved VOC, and a chemiluminescence monitor to 

measure NO and NO2.  

2.2.3 Source Apportionment Methods 

As organic measurements from the AMS and FIGAERO-CIMS are comprised of 

hundreds of species, source apportionment methods were applied to both measurements 

for a better understanding of OA sources and composition. Two widely used source 

apportionment methods, positive matrix factorization (PMF) and the multilinear engine 

(ME-2) algorithm, were used here. PMF is the most commonly used source apportionment 

method for AMS data (Lanz et al., 2007;Ulbrich et al., 2009;Jimenez et al., 2009;Ng et al., 

2010;Zhang et al., 2011). It is a least-squares approach based on a receptor-only 

multivariate factor analytic model to solve bilinear unmixing problems. PMF deconvolves 

the observed data matrix as a linear combination of various factors with constant mass 

spectra but varying concentrations across the dataset. The model solution of PMF is not 

unique due to rotational ambiguity. The ME-2 solver works in a similar manner to PMF. 

The difference between PMF and ME-2 is that ME-2 allows users to introduce a priori 
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information, in the form of a known factor time series and / or a factor profile, as inputs to 

the model to constrain the solution (Canonaco et al., 2013). In the following discussion, we 

applied PMF analysis to both AMS and FIGAERO-CIMS datasets, respectively. For the 

AMS dataset, we found that unconstrained PMF runs failed to identify reasonable 

solutions, i.e., the contribution form Isoprene-OA was largely overestimated, likely due to 

interferences as measurements were conducted during transition in seasons (isoprene 

emissions), which will be discussed later. Therefore we performed ME-2 analysis on the 

AMS dataset and constrained it with a fixed Isoprene-OA factor profile. The constraining 

method was known as a-value approach (Canonaco et al., 2013;Crippa et al., 2014), where 

the a-value (ranging from 0 to 1) determines how much a factor profile is allowed to vary 

from the input source profile. The Isoprene-OA factor profile (anchor profile) we used to 

constrain the ME-2 analysis was previously resolved by PMF from Centreville, Alabama, 

during the SOAS campaign (Xu et al., 2015a;Xu et al., 2015b) . A description of our ME-

2 analysis is provided in Section 3. 

2.2.4 Estimating Mass Concentration of Organic Nitrate Functionality from AMS 

Measurements 

The mass concentration of organic nitrate functionality (NO3,org) was calculated 

based on NO+/NO2
+ from AMS measurements (Farmer et al., 2010), by eq. 2.1-2.2.  

𝑁𝑂 ,  ,  (2.1) 

𝑁𝑂 ,  𝑁𝑂 , 𝑅 1  (2.2) 
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where Rmeas is the NO+/NO2
+ ratio from field measurements; RAN is the NO+/NO2

+ ratio of 

pure ammonium nitrate; and RON is the NO+/NO2
+ ratio of pure organic nitrates. Note that 

NO3,org refers to the mass concentration of nitrate functionality only (-ONO2). In this study, 

an RAN of 3 (average value from three IE calibrations of ammonium nitrate throughout the 

field measurements) was adopted for NO3,org calculation. For RON, two values, an upper 

bound of 10 and a lower bound of 5, derived from β-pinene+NO3 and isoprene+NO3 

systems, respectively, were adopted to acquire a NO3,org range for field measurements 

(Bruns et al., 2010;Boyd et al., 2015a;Xu et al., 2015b). 

2.3 Results and Discussion 

2.3.1 Campaign Overview and OA Bulk Properties 

The meteorological data of the campaign have already been discussed in detailed 

in Nah et al. (2018a). Briefly, the two-month measurements were characterized by 

moderate temperature (average 24.0 ± 4.0 C) and high RH (average 68.9 ± 17.9 %). 

Isoprene was the most abundant VOC (average 1.21 ± 1.08 ppb), followed by propane 

(average 0.84 ± 0.39 ppb), α-pinene (average 0.37 ± 0.40 ppb), and β-pinene (average 0.32 

± 0.29 ppb), making biogenic VOC the predominant OA precursors at Yorkville. A clear 

decreasing trend was observed for isoprene concentration as temperature decreased 

throughout the campaign, which is consistent with the seasonal variation of isoprene 

emission (Seinfeld and Pandis, 2016). The Yorkville site is located in a rural environment 

with low but non-negligible NOx level, with an average NO and NO2 concentrations of 0.15 

± 0.35 ppb and 2.2 ± 1.8 ppb, respectively.  NO was probably transported from roadways, 

peaking at around 9 am. 



 16

Organic species were the dominant component of NR-PM1 (average 5.0 ± 2.3 μg 

m-3), contributing 75 % to the total NR-PM1 aerosol mass measured by AMS. The study 

mean diurnal trends of OA elemental ratios measured by both the AMS and FIGAERO-

CIMS are shown in Figure 2-2. Since the nitrate functionality of organic nitrates largely 

fragments into NO+ and NO2
+ in the AMS (Farmer et al., 2010) and will result in 

underestimated O:C and N:C values for OA, the nitrogen mass and oxygen mass from 

NO3,org have been added back in AMS O:C and N:C analysis. Compared to the OA 

measured by AMS, the OA measured by FIGAERO-CIMS was more oxidized, with a 

lower H:C (by 0.08 compared to AMS H:C) and a higher O:C (by 0.17 compared to original 

AMS O:C, and by 0.10 compared to the upper bound of AMS O:C after including oxygen 

atoms from NO3,org). This difference can be explained by the selective sensitivity of the 

iodide reagent ion, which has a higher sensitivity towards oxygenated organic compounds 

(Lee et al., 2014). After including NO3,org in the AMS N:C calculation, the AMS N:C 

measurements fell into the range of the FIGAERO N:C measurements (average of 0.017 

from FIGAERO; average of 0.006 to 0.025 from AMS). Both AMS and FIGAERO-CIMS 

measurements consistently showed O:C peaked in the afternoon while N:C peaked at night, 

suggesting that OA at Yorkville was more oxidized in the afternoon and organic nitrates 

accounted for a larger OA fraction at night. 

2.3.2 Overview of Organic Compounds Detected by FIGAERO-CIMS 

Figure 2-3(a) shows the normalized spectra (signals in mixing ratio) of FIGAERO-

CIMS measurements. In total, 769 multifunctional organic compounds possessing 1 – 18 

carbons have been identified in this study, of which 423 were CHO species (pOC, 

containing at least one carbon atom, at least one oxygen atom, and an even number of 
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hydrogen atoms), and 346 were nitrogen-containing CHON species that match the formula 

of a particulate organic nitrate (pON, containing one nitrogen atom, at least one carbon 

atom, three or more oxygen atoms, and an odd number of hydrogen atoms). Compounds 

not attached to an iodide ion were excluded, as their ionization mechanisms were uncertain. 

Organic nitrates containing two or more nitrogen atoms were not included in the discussion 

given they are much less abundant compared to organic mononitrates. Since FIGAERO-

CIMS cannot distinguish compounds of the same molecular formula but with different 

molecular structures, the detected organic nitrate compounds can be peroxy nitrates or 

multifunctional alkyl nitrates.  

On average, pOC and pON contributed 87.7 ± 10.8 % and 12.3 ± 10.8 %, 

respectively, to total FIGAERO-CIMS signals (Table 2-1), while pOC and pON showed 

distinct diurnal patterns. pON had a higher contribution at night (Figure 2-3(b)), consistent 

with our observations of higher N:C at night, which was reported by previous FIGAERO-

CIMS studies at other sites (Lee et al., 2016;Huang et al., 2019). A 10 am peak was also 

observed for pON fraction, following NO peak which happened around 9 am, likely due to 

enhanced ON formation as NO level increased. The pON fraction was also estimated using 

AMS nitrate measurements, where we calculated lower and upper bound of NO3,org using 

a NO+/NO2
+ ratio of 10 and 5, respectively, and then applied an average MW of 220 g mol-

1 (effective MW of all pON measured by FIGAERO-CIMS) to convert AMS NO3,org to 

mass concentration of organic nitrates (sum of mass of both organic and nitrate 

functionalities of the organic nitrates). The resulting pON fraction (pON/(Org + NO3,org), 

5 – 18 %) was comparable to FIGAERO-CIMS measurements and also agreed with 

previous studies in the southeastern United States (Xu et al., 2015b;Ng et al., 2017). For a 
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group of pON or pOC with the same carbon atom number, a bell-shaped distribution was 

observed as a function of oxygen atom number (Figure 2-4 and Figure 2-5), similar to 

observations from previous field measurements (Lee et al., 2016;Lee et al., 2018;Huang et 

al., 2019).  

The average effective formulae of pOC and pON are C6.4H9.0O5.3N0 and 

C7.5H11.6O6.5N1, respectively. A series of small organic compounds (MW < 80 g mol-1) 

were detected by FIGAERO-CIMS in this study, some of which were in high abundance, 

e.g., CH2O2 and C2H4O3. These ions should not be detected in the particle phase due to 

expected high volatility and were likely thermal decomposition products of less-volatile 

molecules, not uncommon in FIGAERO thermograms (Stark et al., 2017;Schobesberger et 

al., 2018). The presence of these ions biased effective formulae and MWs calculations, 

thus the values reported in Table 2-1 could be smaller than the actual molecules. 

Meanwhile, these small but highly-oxidized fragments may also have a higher carbon 

oxidation state and bias the AMS elemental ratio calculation as well. pON molecules on 

average had around one more carbon than pOC molecules, meaning pON was composed 

of larger molecules compared to pOC. In Figure 2-3, to better illustrate the difference 

between pOC and pON composition, we grouped pOC and pON species into four 

subgroups based on the carbon atom number, C1-5, C6-10, C11-15, and C>15. For both pOC 

and pON, compounds with fewer than 15 carbon atoms accounted for majority of total 

signals (99.8 ± 0.1 % for pOC and 99.6 ± 0.2 % for pON), with C6-10 being the most 

dominant subgroup (53.4 ± 33.3 % in pOC and 65.8 ± 5.4 % in pON), followed by C1-5 

(42.4 ± 33.8 % in pOC and 26.9 ± 5.3 % in pON), and C11-15 (4.0 ± 0.7 % in pOC and 7.0 

± 1.1 % in pON) (Figure 2-3(c) and (d)). pON contained a higher fraction from C6-10 while 
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pOC contained a higher fraction from C1-5, explaining the difference in their average 

formulae. Each subgroup showed distinct diurnal patterns, while the same subgroup 

exhibited similar trends in pOC and pON (Figure 2-3(e) and (f)). Specifically, C1-5 species 

had a larger contribution during the daytime while C6-10 species were more dominant during 

the night. This is consistent with emission of their potential precursors, where C1-5 were 

more likely to arise from isoprene oxidation while C6-10 were more likely to arise from 

monoterpenes, though contributions from other sources, fragmentation of monoterpene 

products, and dimer formation in isoprene oxidation are also possible.  There was a lack of 

a clear day-night contrast for C11-15 species, likely due to their low concentrations, low 

instrument sensitivity, and/or formation from various sources.  

2.3.3 AMS OA Factors  

We started our analysis with unconstrained PMF runs using the Solution Finder 

(SoFi 6.4) software. Three factors can be resolved by unconstrained runs, which are 

Isoprene-OA, LO-OOA, and MO-OOA. This three-factor solution was consistent with 

previous AMS measurements conducted in summer at Yorkville (Xu et al., 2015a;Xu et 

al., 2015b), in which no primary OA factor was resolved. However, the contribution from 

Isoprene-OA appeared to be largely overestimated in our unconstrained PMF runs. The 

campaign-average Isoprene-OA fraction was 45 ± 15 % (Figure 2-6) and the fraction was 

as high as 90 % at the beginning of the campaign, when the emission of isoprene was higher. 

However, previous measurements at the same site showed that Isoprene-OA only 

accounted for 32.5 % of total OA in July (Xu et al., 2015a;Xu et al., 2015b). Meanwhile, 

the fC5H6O (C5H6O+/OA, a tracer for isoprene-derived SOA (Hu et al., 2015)) of the resolved 

Isoprene-OA was 7.0 ‰ (Figure 2-6(c)), while in previous studies Isoprene-OA had an 
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fC5H6O of around 20 ‰ (Hu et al., 2015;Xu et al., 2015b). These discrepancies indicated 

that the Isoprene-OA factor resolved by unconstrained PMF likely included interferences 

from other types of OA as measurements were conducted during transition in seasons 

(isoprene emissions), and that unconstrained PMF alone was not sufficient to identify the 

correct solution for this dataset. Therefore, we applied constraints in form of Isoprene-OA 

profile. In previous studies, only the POA profile, rather than SOA, has been fixed in ME-

2 analysis (Crippa et al., 2014;Elser et al., 2016). However, as Isoprene-OA is a commonly 

resolved biogenic SOA in the southeastern United States during summertime (Xu et al., 

2015a;Xu et al., 2015b;Hu et al., 2015;Budisulistiorini et al., 2016;Rattanavaraha et al., 

2016) and its profile shows consistency in different studies (Hu et al., 2015), we 

constrained the Isoprene-OA profile with a “clean” Isoprene-OA profile resolved in the 

southeastern United States during summer 2013 SOAS measurements at Centreville (Xu 

et al., 2015a;Xu et al., 2015b). The rotations were explored using the a-value approach 

(Lanz et al., 2008;Canonaco et al., 2013;Crippa et al., 2014). We tested five a-values for 

the Isoprene-OA profile, from 0 to 0.8, with an increment of 0.2. The determination of a 

final solution was guided by three criteria: mass fraction of each factor (Figure 2-7(b)), 

correlation between factor time series with external tracers, and the fC5H6O of resolved 

Isoprene-OA (Figure 2-7(c)). Different external tracers were also used for identifying OA 

factors. 2-methyltetrol is the ring-opening product of IEPOX and can be measured by I--

CIMS (Surratt et al., 2010;Lin et al., 2012;Hu et al., 2015). Lopez-Hilfiker et al. (2016) 

showed that the 2-methyltetrol signal detected in FIGAERO-CIMS may be derived from 

thermal decomposition of accretion products or other organics of lower volatility, but 

IEPOX uptake is still the major source for this fragment. Here, we still used the 2-
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methyltetrol (C5H12O4) signal measured by FIGAERO-CIMS as a tracer species for 

Isoprene-OA. Previous studies showed that organic nitrates made up a substantial portion 

of LO-OOA in the southeastern United States, correlating well with LO-OOA  (Xu et al., 

2015a), and used LO-OOA as a surrogate for pON-derived aerosol (Pye et al., 2015). Thus, 

in this work we used organic nitrate functionality as an external tracer for LO-OOA.  

Based on the above criteria, a three-factor solution with an a-value of 0 was chosen 

for the AMS dataset. The chosen three-factor solution gave the best correlations between 

Isoprene-OA and C5H12O4 signal (R = 0.85), LO-OOA and NO3,org (R = 0.84), and the 

highest fC5H6O (23 ‰) (Figure 2-7). The mass spectra and time series for the factors are 

shown in Figure 2-8. With ME-2 analysis, the fraction of Isoprene-OA was lower compared 

to unconstrained PMF. On average, Isoprene-OA, LO-OOA, and MO-OOA contributed 17 

± 5 %, 33 ± 15 %, and 50 ± 13 % to total OA, respectively. Over the course of the campaign, 

the fraction of Isoprene-OA in total OA decreased from 26% to 8% (daily averages), 

consistent with the decreasing temperature during season transition (Figure 2-9). Similar 

to previous measurements at the same site (Xu et al., 2015a;2015b), MO-OOA was 

characterized by a wide afternoon peak, likely related to strong daytime photochemistry, 

while LO-OOA had a nighttime enhancement, which can arise from changes in boundary 

layer height, temperature-driven partitioning, as well as nocturnal OA formation such as 

nitrate radical oxidation of biogenic VOC. The diurnal trend of Isoprene-OA also showed 

an afternoon enhancement, but the day-night contrast was less pronounced compared to 

MO-OOA.  MO-OOA had the highest O:C (0.91), followed by Isoprene-OA (0.63) and 

LO-OOA (0.49). 

2.3.4 FIGAERO-CIMS OA Factors 
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The integration of each thermogram, with background subtracted, was taken as the 

total particle-phase signal (255 desorption cycles were measured in total). The factorization 

analysis was performed on the integrated total particle-phase signals in the Igor Pro based 

PMF Evaluation Tool (version 2.06). Initially, the errors of integrated signals were 

estimated using Poisson statistics as follows:  

𝜎 √𝐼 (2.3) 

where I is the integrated ion signal in the unit of ions. However, we noticed that the 𝜎 

values estimated by Poisson statistics only provide a lower limit for the real noise, probably 

due to unaccounted variabilities introduced by thermogram integration, which can be 

subjected to overlapping peaks and fragmented ions. As a consequence, the Q/Qexp from 

the PMF analyses is >>1 (Figure 2-10), indicating that the estimated errors were 

underrepresented (Ulbrich et al., 2009). Given the complexity of uncertainties associated 

with the thermal desorption processes and a lack of well-developed methods to estimate 

these uncertainties, we developed an empirical scaling factor by comparing the time series 

of several pairs of highly-correlated ions (Figure 2-11). Figure 2-11(a), for example, shows 

a scatter plot of two ions that are highly correlated as a function of time.  The Poisson 

uncertainties for each data point, calculated according to eq. 1.3, are also shown.  The 

measured scatter does not have any clear trend with time and is clearly much larger than 

the calculated Poisson uncertainties.  Thus, the uncertainties input into the PMF analysis 

were empirically increased by a factor of 10 to better account for the observed scatter. This 

empirical scaling factor of 10 was applied to all errors, which gives more reasonable Q/Qexp 

values (Figure 2-12) and now only requires one factor to explain the highly-correlated ions. 

As discussed above, thermal decomposition processes could result in the production of a 
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series of small organic compounds (MW < 80 g mol-1). We included these small ions in 

the PMF analysis, since their time variations reflected those of their parent compounds, but 

including them will likely result in overestimation of the carbon oxidation state and 

underestimation of the effective MWs of the factors in later discussion.  

Carbon oxidation state of each FIGAERO-CIMS factor was calculated using a 

formula modified from that in Kroll et al. (2011) to include organic nitrate contributions, 

where a group oxidation state of -1 was applied to -ONO2 functionality: 

OS 2 O: C 3 N: C H: C N: C (2.4) 

which can be rewritten as 

OS 2 O: C H: C 5 N: C (2.5) 

As mentioned above, iodide reagent ion has a higher sensitivity towards oxygenated 

organic compounds. Meanwhile, the small and highly-oxidized organic compounds formed 

in potential thermal decomposition may have a higher carbon oxidation state than their 

parent molecules. Thus, the average carbon oxidation states calculated for FIGAERO-

CIMS factors could be higher than the actual values.   

Five FIGAERO-CIMS OA factors were resolved (Figure 2-13). Two factors 

showing clearly higher N:C (0.028 and 0.032) were distinguished by their diurnal trends 

and thus denoted as Day-ONRich (daytime ON-rich) factor and NGT-ONRich (nighttime 

ON-rich) factor. For the remaining three daytime factors with lower N:C (0.008, 0.009, 

and 0.011), one showed a significantly higher OS  and was denoted as Day-MO (daytime 

more-oxidized, OS  = 0.50) factor, while the other two were distinguished by their diurnal 
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trends and thus denoted as MRN-LO (morning less-oxidized) factor and AFTN-LO 

(afternoon less-oxidized) factor. Day-MO, Day-ONRich, MRN-LO, AFTN-LO, and NGT-

ONRich factors accounted for 25 ± 15 %, 12 ± 10 %, 21 ± 13 %, 23 ± 16 %, and 18 ± 13 

% of total signals measured by FIGAERO-CIMS, respectively. The average effective 

formulae and MWs were calculated for each factor, as well as for their pOC and pON 

components, and are shown in Table 2-1. Similar to the discussion in Section 3.2, the pOC 

and pON species of each factor were grouped into and discussed as C1-5, C6-10, C11-15, and 

C>15 subgroups (Figure 2-14). The concentration of C>15 subgroup was negligible, so we 

excluded them from the following discussion. Below, we evaluate and discuss tracer ions 

for each FIGAERO-CIMS OA factor, based on both their absolute abundance (i.e., ions of 

the highest signal in the mass spectrum of each factor) and their fractional abundance (i.e., 

ions dominantly presented in a certain factor). 

NGT-ONRich had the largest MW (193.4 g mol-1), highest effective carbon atom 

number (7.0), and lowest OS  (0.13), meaning this factor was composed of larger and less 

oxidized molecules. This feature can be seen more clearly in Figure 2-14. Compared to the 

other four factors, both pOC and pON of NGT-ONRich had a larger fraction from C6-10 

and C11-15 subgroups, and a smaller fraction from C1-5 subgroup. NGT-ONRich also had 

the highest effective nitrogen atom number (0.22), meaning one in every five molecules 

was an organic nitrate. The most abundant pON species in NGT-ONRich were C5H9NO7 

and C10H15NO8, accounting for 7.8 and 3.5 % of pON signals in this factor, respectively. 

C10H15NO8 has been characterized in multiple chamber studies as major products of α-/β-

pinene/limonene+NO3 and α-/β-pinene photooxidation with the presence of NOx (Nah et 

al., 2016;Lee et al., 2016;Faxon et al., 2018;Takeuchi and Ng, 2019). At Yorkville, the 
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majority of C10H15NO8 was presented in NGT-ONRich, implying that nocturnal chemistry 

is its most important source. Besides C10H15NO8, a series of C9,10 pON (C9H9,11,13NO8,9,10 

and C10H13,15,17NO8,9,10) were also dominantly presented in NGT-ONRich, which were 

similar to fingerprint ions reported by Massoli et al. (2018) for gaseous terpene nitrate 

factor at Centreville during the SOAS campaign. The NGT-ONRich we resolved here is 

likely the particle-phase counterpart of that gaseous terpene nitrate factor. C5H9NO7 was 

not solely present in NGT-ONRich. Instead, it contributed an even higher fraction to Day-

ONRich, suggesting that both daytime and nighttime pathways were critical for C5H9NO7 

at Yorkville. This is consistent with C5H9NO7 being detected in previous laboratory studies 

on isoprene+NO3 and isoprene photooxidation in the presence of NOx (Ng et al., 2008;Lee 

et al., 2016). Both C5H9NO7 and C10H15NO8 have also been identified at Centreville in 

rural Alabama, United States, during SOAS, among the top ten most abundant pON species 

(Lee et al., 2016). In another field study at the boreal forest research station SMEAR II 

located in Hyytiälä, southern Finland, C10H15NO8 has been suggested to be a fingerprint 

molecule for a daytime factor measured with NO3
--based CI-APi-TOF (Yan et al., 2016), 

but in this study it was more abundant at night. The pOC tracer of NGT-ONRich was 

C8H12O5, likely corresponding to 2-hydroxyterpenylic acid, which was proposed to be an 

α-pinene SOA tracer formed from further oxidation of terpenylic acid (Eddingsaas et al., 

2012a;Kahnt et al., 2014a;Kahnt et al., 2014b;Sato et al., 2016). Taken together, the high 

contribution from C6-10 subgroup and the presence of quite a few monoterpene SOA tracers 

in NGT-ONRich strongly related this factor to monoterpene chemistry, with a non-

negligible contribution from isoprene organic nitrates. NGT-ONRich also contained the 

highest fraction of C11-15 group. While most signals were from C11 ions, we also observed 
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some C14 and C15 compounds, e.g., pOC C14H18-22O5-7 and C15H20-24O5-7, pON C14H21-

25NO7 and C15H23-27NO7, which possibly originated from sesquiterpene oxidation, though 

more fundamental laboratory studies are needed to further constrain this.  

Day-ONRich had an effective nitrogen atom number of 0.16, lower compared to 

NGT-ONRich, but still significantly higher than other daytime factors. 23 % of Day-

ONRich pON signals was from C5H9NO7, implying isoprene as the crucial precursor of 

Day-ONRich, even considering half of C5H9NO7 signal may arise from fragmentation of 

other larger molecules (Figure 2-15(a)). The second highest pON ion, C5H7NO7, was also 

likely from isoprene. The high signals from C5H7NO7 and  C5H9NO7 made the C1-5 ON 

subgroup as prevalent as the C6-10 ON subgroup, which was a distinctive feature for Day-

ONRich (Figure 2-14). Meanwhile, the pOC of Day-ONRich also contained noticeably 

more C1-5 ions than other factors, probably due to fragmentation process being a favored 

pathway under high-NO conditions (Kroll and Seinfeld, 2008). As a result, Day-ONRich 

had the lowest effective MW (164.5 g mol-1) and the lowest effective carbon number (5.6). 

The most abundant pOC species of Day-ONRich were C3H4O5, C4H6O5, and C5H8O5.  The 

formula of C3H4O5 implied dicarboxylic acid and it has been reported in aqueous processes 

(Lim et al., 2010). However, the average thermogram of C3H4O5 showed two peaks (Figure 

2-15(b)), where the first peak (Tmax = 74.3 C) roughly matched the volatility of C3 

dicarboxylic acids and the second peak (Tmax = 113.2 C) likely came from thermal 

decomposition of molecules of lower volatility. Similar multiple-peak behavior was 

observed for C3H4O4, a tracer compound for Day-MO (Figure 2-15(c)). C4H6O5, possibly 

malic acid, has been reported as a higher-generation product of unsaturated fatty acids 

photochemistry (Kawamura et al., 1996), but has also been found in isoprene SOA in 
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several studies, including particle-phase reactions in isoprene photooxidation in the 

presence of NOx, non-IEPOX pathway via ISOPOOH+OH reaction (ISOPOOH-SOA), 

and isoprene ozonolysis (Nguyen et al., 2010;Xu et al., 2014;Krechmer et al., 2015). One 

isomer of C5H8O5, 3-hydroxyglutaric acid, has been used as a tracer for α-/β-pinene 

photooxidation SOA (Claeys et al., 2007), while other studies have identified C5H8O5 in 

isoprene SOA when the IEPOX pathway was suppressed (Nguyen et al., 2011;Krechmer 

et al., 2015;Liu et al., 2016). C5H8O5 was also found in the oxidation of 1,3,5-

trimethylbenzene (Praplan et al., 2014), toluene (Kleindienst et al., 2007), and 

levoglucosan (Zhao et al., 2014). There was no sign of prevalent anthropogenic emissions 

or biomass burning events during the measurements, so the presence of C5H8O5 was more 

likely linked to monoterpene photooxidation and/or non-IEPOX isoprene chemistry. 

Day-MO was dominated by pOC signals (accounting for 95 % of signals) and 

characterized by the highest OS  (0.50) of all factors. The tracer ions of Day-MO were 

C4H4O6, C5H6O6, and C5H8O6. Given their lower degree of saturation and considerably 

high O:C, these compounds were likely carboxylic acids, particularly di- or even tri-

carboxylic acids. For instances, C4H4O6, likely 2-hydroxy-3-oxosuccinic acid, was 

identified in OH initiated oxidation of aqueous succinic and tartaric acids (Chan et al., 

2014;Cheng et al., 2016). C5H8O6 was likely 2,3-dihydroxy-2-methylsuccinic acid, a 

product of aqueous cross photoreaction of glycolic and pyruvic acids (Xia et al., 2018), or 

methyltartaric acids (MTA), tracers of aged isoprene SOA (Jaoui et al., 2019). However, 

we cannot rule out the possibility that they were fragments from thermal decomposition of 

larger molecules. Techniques without thermal desorption processes will be beneficial in 

understanding the nature of highly-oxidized OA molecules in future studies. 
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Similar to Day-MO, pOC accounted for more than 90% of total signals in MRN-

LO and AFTN-LO. These two factors had similar fractions from each subgroup (Figure 

2-14), though they were dominated by different ions. For MRN-LO, the dominating ions 

were C8H12O5 and C3H4O4, while C7H10O5 also stood out. C8H12O5, as discussed above, 

was related to α-/β-pinene SOA, and C7H10O5 also likely corresponded to an α-pinene SOA 

tracer, i.e., 3-acetylpentanedioic acid (Kleindienst et al., 2007).  C3H4O4 could correspond 

to malonic acid or its isomers, but given its high desorption temperature (Figure 2-15(c)), 

C3H4O4 was more likely fragments of larger molecules. For AFTN-LO, the most prominent 

ions were C4H4O6, C5H10O4,5, and C9H14O4,5. C4H4O6, as discussed above, was likely 

related to aqueous processing. C9H14O4, likely pinic acid (Seinfeld and Pandis, 2016), was 

a well-established fresh α-pinene SOA tracer,  and C9H14O5 was probably related to α-/β-

pinene SOA (Kahnt et al., 2014a;Kahnt et al., 2014b;Sato et al., 2016). C5H10O5 has been 

shown to be a dominant product of ISOPOOH-SOA (Krechmer et al., 2015;D’Ambro et 

al., 2017), but has also been detected in isoprene ozonolysis and isoprene photooxidation 

under high-NO (Jaoui et al., 2019). It is interesting that a non-IEPOX isoprene SOA 

product was found to be one of the prominent tracers for an afternoon low-NO fresh SOA 

factor in our study. Previous factorization analysis of AMS measurements alone suggested 

that ISOPOOH-SOA accounted for only ~2 % of ambient OA at Centreville during summer 

2013 SOAS measurements (Krechmer et al., 2015). If the C5H10O5 we observed in AFTN-

LO was dominantly from ISOPOOH+OH reaction via non-IEPOX pathway, ISOPOOH-

SOA may account for a more considerable fraction of fresh isoprene SOA in our study 

compared to that reported in Centreville. Thus, the initial difficulty we encountered when 

resolving Isoprene-OA, which is believed to form mainly via the IEPOX pathway, from 
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PMF analysis of AMS data may be explained to some extent. Taken together, although 

both MRN-LO and AFTN-LO were relatively fresh SOA, MRN-LO had more contribution 

from monoterpenes, while AFTN-LO was more dominated by isoprene SOA. 

2.3.5 Tracer Species Detected by FIGAERO-CIMS and Their Implications 

As discussed in Section 3.4, a series of biogenic SOA tracers, mostly from isoprene 

and monoterpenes, has established their importance in more than one FIGAERO-CIMS 

OA factor. To better understand the OA formation mechanisms, we selected six isoprene 

and monoterpene SOA tracers to represent different oxidation pathways and examined their 

distributions in the five FIGAERO-CIMS OA factors (Figure 2-16).  

For isoprene SOA, C5H9NO7 was chosen here as pON tracer, C5H12O4 as IEPOX 

uptake tracer, and C5H10O5 as non-IEPOX tracer. Note that C5H10O5 can form from 

isoprene oxidation under various conditions: while C5H10O5 is a major product in 

ISOPOOH+OH when the IEPOX uptake pathway is suppressed (Krechmer et al., 

2015;D’Ambro et al., 2017), it also forms in isoprene+O3 and isoprene+ OH+NOx (Jaoui 

et al., 2019).  Most of the C5H9NO7 signals were found in Day-ONRich (39 %) and NGT-

ONRich (32 %), suggesting a non-negligible isoprene ON formation during both day and 

night. The efficient nocturnal isoprene oxidation is possibly via the reaction with nitrate 

radicals rather than with ozone (Ng et al., 2008;Brown et al., 2009;Schwantes et al., 

2015;Fry et al., 2018). In addition, the recent work by Fry et al. (2018) suggested a 

substantially longer nighttime peroxy radical lifetime in ambient air versus under chamber 

conditions, which allows for the formation of lower-volatility products and thus higher 

SOA yields from isoprene nocturnal chemistry. C5H12O4 was only noticeable in daytime, 
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non-ON-Rich factors, consistent with its low-NO photochemistry origin. C5H10O5 was also 

only present in daytime factors. However, different from C5H12O4, a noticeable fraction of 

its signal was in Day-ONRich, implying that C5H10O5 can also be formed under high-NO 

conditions. One interesting observation was that while C5H12O4 is an early-generation 

product of isoprene oxidation, it had a larger fraction in Day-MO (expected to be aged 

SOA) than in AFTN-LO (expected to be fresh SOA). Here, we hypothesize that the Day-

MO factor was closely related to particle-phase aqueous processes, and the presence of 

C5H12O4 in Day-MO can be explained by that IEPOX uptake to the particle phase requires 

aerosol water. Aqueous chemistry can also explain the acid-like ions observed in large 

abundance in Day-MO.  

For monoterpene SOA, C10H15NO8 was used here as pON tracer, C9H14O4, likely 

pinic acid (Seinfeld and Pandis, 2016), as fresh SOA tracer, and C8H12O6, likely 3-methyl-

1,2,3-butanetricarboxylic acid (MBTCA) (Szmigielski et al., 2007;Zhang et al., 

2010b;Müller et al., 2012;Eddingsaas et al., 2012b), as an aged SOA tracer. C10H15NO8 

was prominently present in the nighttime factor NGT-ONRich, implying that nocturnal 

oxidation, likely by nitrate radicals, was its major source. The majority of C9H14O4 signal 

was found in MRN-LO and AFTN-LO as expected, consolidating MRN-LO and AFTN-

LO as daytime fresh SOA factors. C8H12O6 was suggested to form from OH-initiated 

oxidation of pinonic acid in the gas phase (Müller et al., 2012;Szmigielski et al., 2007), but 

at Yorkville it was present in comparable abundance in MRN-LO, AFTN-LO, Day-MO, 

and NGT-ONRich, suggesting that complex aging pathways of fresh monoterpene SOA 

took place both day and night.  

2.3.6 Correlations between AMS OA Factors and FIGAERO-CIMS OA Factors 
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To compare AMS OA factors with FIGAERO-CIMS OA factors, we first converted 

FIGAERO-CIMS signals (Hz) to mass concentration (Hz g mol-1) by simply applying the effective 

MW to the time series of each factor, while still assuming uniform sensitivity for all compounds. 

The hourly averages were used for cross-instrument comparison and results are shown in Figure 

2-17. 

For both AMS and FIGAERO-CIMS measurements, only one nighttime factor was 

resolved, LO-OOA from AMS and NGT-ONRich from FIGAERO-CIMS. A good correlation (R 

= 0.77) in time series was observed between them (Figure 2-17(c) and (d)). As discussed above, 

the FIGAERO-CIMS measurements strongly related this factor to monoterpene chemistry, which 

was consistent with previous AMS measurements in the southeastern United States (Xu et al., 

2015a;Xu et al., 2015b). NGT-ONRich also showed a prevalent contribution from organic nitrates, 

with one fourth of molecules being pON species. However, FIGAERO-CIMS also identified a non-

negligible presence of isoprene-derived pON species in this factor, which the AMS was unable to 

resolve, implying the potential contribution from isoprene nocturnal organic nitrate formation. In a 

recent study, Xu et al. (2018a) showed that the major source of LO-OOA in the southeastern United 

States is from monoterpenes, but also includes contributions from sesquiterpene oxidation 

pathways. Our observation of a series of C14 and C15 species in NGT-ONRich is consistent with the 

presence of sesquiterpene SOA, though it cannot provide a further quantitative constraint.  

Two daytime factors were resolved for AMS measurements, while four were resolved for 

FIGAERO-CIMS measurements. Strong correlation was observed for the summation of the AMS 

daytime factors (Isoprene-OA + MO-OOA) and the summation of the FIGAERO-CIMS daytime 

factors (Day-MO + Day-ONRich + MRN-LO + AFTN-LO), with R = 0.89 (Figure 2-17(a) and 

(b)). For daytime factors, the Day-ONRich factor was unique to FIGAERO-CIMS. In the AMS, 

the nitrate functionalities of pON fragmented into NO+ and NO2
+ ions, which were not included in 
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source apportionment analysis, and may explain the difficulty of resolving daytime ON-rich factors 

for AMS dataset. Both AMS and FIGAERO-CIMS resolved one daytime aged SOA factor, i.e., 

AMS MO-OOA factor and FIGAERO-CIMS Day-MO factor, and these two factors were mildly 

correlated (R = 0.71). For AMS MO-OOA, different theories regarding its sources and formation 

pathways have been proposed (which are not mutually exclusive), including photochemical aging 

of fresh OA (Jimenez et al., 2009;Ng et al., 2010;Bougiatioti et al., 2014), aqueous processes (Xu 

et al., 2017b), formation of highly oxygenated molecules (HOMs) (Ehn et al., 2014), long-range 

transport (Hayes et al., 2013), and entrainment of aged SOA from the residual layer (Nagori et al., 

2019). In our previous discussion, we tentatively related FIGAERO-CIMS Day-MO, which 

correlated with AMS MO-OOA, to aqueous processes, but cannot rule out other processes. AMS 

resolved only one daytime fresh SOA factor, Isoprene-OA. Isoprene-OA was largely, but not 

entirely, attributed to IEPOX uptake (Xu et al., 2015a;Schwantes et al., 2015), and the enhanced 

signal at m/z 82 (C5H6O+) may arise from methylfuran-like structures (Robinson et al., 

2011;Budisulistiorini et al., 2013;Hu et al., 2015). FIGAERO-CIMS resolved two daytime fresh 

SOA factors, MRN-LO and AFTN-LO. The summation of MRN-LO and AFTN-LO showed good 

correlation with AMS isoprene-OA factor (R = 0.76). We observed various ions with high 

abundance in MRN-LO and AFTN-LO that were likely associated with isoprene organic nitrates, 

isoprene oxidation via non-IEPOX pathways, and monoterpene oxidation. Previous studies have 

shown that IEPOX-SOA was enhanced even under high-NO conditions (Jacobs et al., 

2014;Schwantes et al., 2019) and that α-pinene SOA could interfere with AMS Isoprene-OA 

apportionment (Xu et al., 2018a). All these observations may suggest a more complex origin for 

the AMS Isoprene-OA factor (i.e., not just IEPOX uptake).  

2.3.7 Change of the Abundance of Biogenic VOC and AMS OA Factors in a Transitional 

Period 
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This field campaign took place during the transition in seasons from summer to fall, 

where decreasing temperature led to changes in abundances of SOA precursors. Figure 

2-18 shows the mixing ratios of major VOC (isoprene, α-pinene, and β-pinene) and mass 

concentrations of AMS OA factors as a function of temperature. The FIGAERO-CIMS 

factors were not discussed here because fewer data points were measured by FIGAERO-

CIMS and were not sufficient to provide statistically reliable results. To eliminate the 

influence of daily meteorological variations, two sampling periods with relatively stable 

meteorological conditions were chosen to represent daytime (12:00 – 16:00, high 

temperature and boundary layer height, peak solar radiation) and nighttime (00:00 – 04:00, 

low temperature and boundary layer height, zero solar radiation), respectively. Isoprene 

mixing ratio showed a strong dependence on temperature in both day and night. The mixing 

ratios of α-pinene and β-pinene were moderately dependent on temperature when 

temperature was lower than 25 C, and remained relatively constant when the temperature 

was higher than 25 C, where most daytime data points resided. For AMS factors, Isoprene-

OA increased with temperature, followed the trend of isoprene, as expected. This can be 

explained by the longer lifetime of aerosol compared to gas species, and Isoprene-OA 

showed a delayed response to temperature changes. The strong dependence of Isoprene-

OA on temperature suggested isoprene as the dominant precursor of this factor, implying 

that Isoprene-OA resolved from AMS measurements is still a good surrogate of isoprene-

derived SOA even with the potential interference from monoterpene SOA as discussed 

above. LO-OOA showed similar trends to monoterpenes, consistent with our discussion 

above and previous literature that monoterpenes are the dominant precursors to LO-OOA 

in this region. For MO-OOA, a mild dependence on temperature was observed, suggesting 
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that at least some of its sources were affected by temperature, e.g., through aging of 

isoprene-derived SOA (emission of isoprene is temperature dependent).  

2.4 Conclusions 

Two-months of measurements were performed at a rural site in the southeastern 

United States during a transition in seasons. AMS and FIGAERO-CIMS measurements 

were combined to provide a better understanding of OA sources, composition, and 

properties. Both instruments consistently identified more oxidized OA in the afternoon and 

enhanced pON formation during the night, although the OA measured by FIGAERO-CIMS 

was more oxidized than that by AMS, due to the nature of iodide reagent ion that was used 

in FIGAERO-CIMS. Similar AMS OA factors were resolved compared to previous 

summer measurements at the same site, which were Isoprene-OA, LO-OOA, and MO-

OOA (and no HOA). The fraction of AMS Isoprene-OA in total OA decreased from 26 % 

to 8 % over the campaign, concurrent with decreasing isoprene mixing ratio, which was 

strongly dependent on temperature. For FIGAERO-CIMS, three daytime fresh OA factors 

with low N:C (MRN-LO, AFTN-LO, and Day-MO) each accounted for about one fourth 

of total signals measured by FIGAERO-CIMS, and two factors with high N:C (Day-

ONRich and NGT-ONRich) together accounted for the rest. MRN-LO and AFTN-LO were 

likely fresh biogenic SOA, with MRN-LO more dominated by monoterpene SOA and 

AFTN-LO more dominated by isoprene SOA. Day-MO was hypothesized to be a mixture 

of aged and fresh SOA whose formation was possibly aided by aerosol water. NGT-

ONRich was mostly from nocturnal monoterpene chemistry, while daytime isoprene 

oxidation under the effects of NOx was more important to Day-ONRich. Lastly, a series of 

C14 and C15 compounds were identified by FIGAERO-CIMS, possibly originated from 
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sesquiterpene oxidation pathways. In this study, a uniform sensitivity was assumed for all 

species measured by FIGAERO-CIMS, resulting in some uncertainties in the overall 

elemental ratios and carbon numbers. Future studies are warranted to continue to 

characterize and optimize instrument sensitivity for further quantitative analysis.  

Previous studies (Qi et al., 2019;Stefenelli et al., 2019) have shown that combinations 

of AMS and molecular based mass spectrometric information is a way forward to provide 

more insights into the nature of SOA in general. In this study, factor analysis of FIGAERO-

CIMS data provided new insights into the sources and composition of the typical AMS OA 

factors observed in the southeastern United States. Specifically, while the AMS Isoprene-

OA factor has been largely attributed to IEPOX uptake in previous studies, we identified 

more pathways of isoprene oxidation that contributed to isoprene SOA formation in 

addition to IEPOX uptake. Notable isoprene pON formation was observed, likely from 

photooxidation in the presence of NOx and nitrate radical oxidation, as well as notable 

ISOPOOH-SOA (ISOPOOH oxidation products via non-IEPOX pathways); both pathways 

have not been resolved by AMS analysis before. AMS LO-OOA factor correlated well with 

NGT-ONRich factor resolved by FIGAERO-CIMS, which contained a series of 

monoterpene SOA tracers, consolidating that LO-OOA was mostly attributed to 

monoterpene SOA in the southeastern United States. Nonetheless, the non-negligible 

isoprene-derived pON in NGT-ONRich factor also related it to nocturnal isoprene 

chemistry, which was not identified by previous AMS factorization analysis.  
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Table 2-1 Effective Molecular Composition of FIGAERO Factors. 

 Effective 
Formula 

Effective 
MW 

(g/mol) 
O:C H:C N:C 𝐎𝐒𝐂 Marker Ions 

Day-MO C6.1H8.1O5.7N0.05 173.0 0.94 1.33 0.009 0.50  

Day-MO (pOC) C6.0H8.0O5.7N0 171.4 0.94 1.33 0 0.56 
C4H4O6, C5H6O6, 
C5H8O6  

Day-MO (pON) C6.9H9.8O6.0N1 203.0 0.87 1.41 0.14 -0.39  

Day-ONRich C5.6H8.1O5.4N0.16 164.5 0.96 1.43 0.028 0.35  

Day-ONRich (pOC) C5.5H7.6O5.1N0 154.8 0.94 1.40 0 0.47 
C3H4O5, C4H6O5, 
C5H8O5 

Day-ONRich (pON) C6.7H10.4O7.0N1 216.7 1.05 1.56 0.15 -0.22 C5H9NO7, C5H7NO7 

MRN-LO C6.6H9.3O5.2N0.06 172.2 0.79 1.41 0.008 -0.13  

MRN-LO (pOC) C6.5H9.1O5.2N0 170.2 0.80 1.40 0 0.19 
C8H12O5, C3H4O4, 
C7H10O5 

MRN-LO (pON) C7.6H11.7O5.7N1 207.0 0.75 1.55 0.13 -0.71  

AFTN-LO C6.7H10.1O5.4N0.07 177.7 0.79 1.49 0.011 0.04  

AFTN-LO (pOC) C6.7H9.8O5.3N0 174.5 0.80 1.48 0 0.12 
C4H4O6, C5H10O5, 
C5H10O4, C9H14O4, 
C9H14O5 

AFTN-LO (pON) C7.8H13.0O6.0N1 217.7 0.77 1.66 0.13 -0.76  

NGT-ONRich C7.0H10.0O6.0N0.22 193.4 0.85 1.41 0.032 0.13  

NGT-ONRich (pOC) C6.9H9.5O5.7N0 182.9 0.83 1.38 0 0.28 C8H12O5 

NGT-ONRich (pON) C7.7H11.7O7.0N1 230.0 0.91 1.51 0.13 -0.35 C5H9NO7, C10H15NO8 
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Figure 2-1 Correlation between FIGAERO total OA signals and AMS total OA mass 
concentration. 
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Figure 2-2 Study mean diurnal trends of elemental ratios measured by AMS (red) 
and FIGAERO-CIMS (blue). The AMS O:C and N:C with and without including 
NO3,org are in shaded area (with NO+/NO2

+ ratio of 5 and 10) and in dashed line, 
respectively. 
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Figure 2-3 Study mean (a) FIGAERO mass spectra, (b) fraction of pOC and pON 
compounds plotted as a function of time of a day, (c) and (d) fraction of ions of 
different carbon numbers (grouped as C1-5, C6-10, C11-15, and C>15) in pOC and pON, 
and (e) and (f) fraction of C1-5, C6-10, C11-15, and C>15 compounds in pOC and pON 
plotted as a function of time of day. 
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Figure 2-4 Normalized mass spectra of pOC ions measured by FIGAERO-CIMS, 
grouped by carbon atom number. 
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Figure 2-5 Normalized mass spectra of pON ions measured by FIGAERO-CIMS, 
grouped by carbon atom number. 
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Figure 2-6 (a) Time series, (b) mass fraction, (c) normalized mass spectra, and (d) 
diurnal profiles of AMS OA factors resolved by PMF. 
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Figure 2-7 (a) comparison of Isoprene-OA profile resolved by PMF and ME-2 (a-
value 0),  (b) average mass concentration for the three factors for the model runs, and 
(c) correlations R (Pearson) between the time series of selected factors and the time 
series of external data as a function of the model runs. 
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Figure 2-8 (a) Time Series, and study mean (b) mass fraction, (c) normalized mass 
spectra, and (d) diurnal profiles (standard deviations in shaded areas) of AMS OA 
factors resolved by ME-2. 
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Figure 2-9 Time series (daily averaged) of the mass fraction of Isoprene-OA in total 
OA (fIsoprene-OA) and temperature. 
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Figure 2-10 Diagnostic plots of PMF analysis on FIGAERO-CIMS measurements. 
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Figure 2-11 Scatter plots of pairs of highly-correlated ions, error bars representing 
estimated errors by simple Poisson statistics (left column) and after scaling by a factor 
of 10 (right column). 
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Figure 2-12 Diagnostic plots of PMF analysis on FIGAERO-CIMS 
measurements.Note that the input errors estimated from Poisson estimates were 
increased by a factor of 10 when performing PMF analysis.   
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Figure 2-13 (a) Time series, and study mean (b) fraction, (c) normalized mass spectra, 
and (d) diurnal profiles (standard deviations in shaded areas) of FIGAERO OA 
factors resolved by PMF. 
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Figure 2-14 Fraction of pOC and pON ions of different carbon numbers (grouped as 
C1-5, C6-10, C11-15, and C>15) in each FIGAERO OA factor. 
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Figure 2-15 Thermograms of (a) C5H9NO7, (b) C3H4O5, and (c) C3H4O4 ions measured 
by FIGAERO-CIMS. 
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Figure 2-16 Diurnal data of selected tracer species for isoprene and monoterpene 
SOA. (a) C5H9NO7 (isoprene+NO3, isoprene+OH+NOx); (b) C5H12O4 
(isoprene+OH, IEPOX uptake); (c) C5H10O5 (isoprene+OH, non-IEPOX pathway); 
(d) C10H15NO8 (α-/β-pinene+NO3, α-/β-pinene+OH+NOx); (e) C9H14O4 (fresh 
monoterpene SOA); (f) C8H12O6 (aged monoterpene SOA). 
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Figure 2-17 Comparison between AMS daytime factors and FIGAERO-CIMS 
daytime factors ((a), (b)), and AMS nighttime factor and FIGAERO-CIMS nighttime 
factor ((c), (d)). 

  



 54

 

Figure 2-18 Main biogenic VOC and AMS factor concentrations as a function of 
temperature. The data points are grouped in temperature bins of 2 C increment and 
colored by time of day, where afternoon (12:00 – 16:00) measurements are in red and 
night (00:00 – 04:00) measurements are in black. The mid-point line, lower and upper 
boxes, lower and upper whiskers, represent median, 25th percentiles, 75th 
percentiles, 10th percentiles, and 90th percentiles, respectively. 
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CHAPTER 3. LOW-MOLECULAR-WEIGHT ORGANIC ACIDS 

IN THE SOUTHEASTERN U. S.: FORMATION, PARTITIONING, 

AND IMPLICATIONS FOR ORGANIC AEROSOL AGING 

3.1 Background 

Organic acids are ubiquitous atmospheric components in the lower troposphere, 

abundant in both particle and gas phases. They are major contributors of atmospheric 

acidity in unpolluted areas (Keene and Galloway, 1984), and can play a critical role on 

aerosol chemistry through their effects on particle acidity (Millet et al., 2015) or by directly 

participating in particle-phase reactions (e.g. esterification) to form low volatile 

compounds. Organic acids are also known to be sinks for hydroxyl radical and stabilized 

Criegee intermediates (SCI) (Jacob, 1986), and thus affect atmospheric radical budgets. 

Sources of organic acids include direct emissions from terrestrial vegetation, soil, biomass 

burning, secondary photochemical production, and aqueous phase chemistry (Chebbi and 

Carlier, 1996;Khare et al., 1999;Sorooshian et al., 2007;Paulot et al., 2011;Millet et al., 

2015;Malecha and Nizkorodov, 2016). Generally, formic and acetic acids are the most 

dominant organic acids in the gas phase, while the most abundant organic acids in the 

particle phase are normally oxalic acid followed by succinic and/or malonic acids (Chebbi 

and Carlier, 1996;Kawamura and Bikkina, 2016). Dicarboxylic acids generally have vapor 

pressures lower by a factor of 102 to 104 than that of corresponding monocarboxylic acids 

(Chebbi and Carlier, 1996), and are dominantly present in the particle phase.  
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The high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, 

Aerodyne; henceforth referred to as AMS) (DeCarlo et al., 2006;Canagaratna et al., 2007) 

is a widely-used, sensitive, online instrument for quantitative characterization of submicron 

non-refractory (NR-PM1) aerosol composition. In the AMS, the carboxylic acids can 

undergo decarboxylation processes and produce high intensity of CO2
+ (m/z 44) ion, which 

is the most reliable marker of oxygenated organic aerosol (Takegawa et al., 

2007;Canagaratna et al., 2015). Through source apportionment analysis, e.g., multiple 

component analysis (Zhang et al., 2007a) and positive matrix factorization (PMF) (Ulbrich 

et al., 2009;Canonaco et al., 2013), AMS OA can be further deconvolved to different 

subgroups. One of a ubiquitously resolved subgroup, more-oxidized oxygenated OA (MO-

OOA) (Jimenez et al., 2009;Ng et al., 2010;Cubison et al., 2011;Setyan et al., 2012;Xu et 

al., 2015a;Hu et al., 2015), or low-volatility oxygenated OA (LV-OOA) in some studies 

(Jimenez et al., 2009;Ng et al., 2010), is characterized by high  fCO2+ in AMS spectra. MO-

OOA is normally interpreted as a surrogate for aged SOA (Zhang et al., 2011). Different 

theories regarding MO-OOA sources have been proposed (which are not mutually 

exclusive), including photochemical aging of fresh OA (Jimenez et al., 2009;Ng et al., 

2010;Bougiatioti et al., 2014), aqueous processes (Xu et al., 2017b), formation of highly 

oxygenated molecules (HOMs) (Ehn et al., 2014), long-range transport (Hayes et al., 

2013), and entrainment of aged SOA from the residual layer (Nagori et al., 2019). 

A two-month field study has been conducted in Yorkville, Georgia, US, in fall 2016, 

with a set of state-of-art instruments deployed for comprehensive gas and aerosol 

measurements of organic species, as well as speciated measurements of low-molecular-

weight organic acids (LMWOA) in both particle and gas phases. Related work from the 
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same campaign have been published elsewhere (Nah et al., 2018b;Nah et al., 2018a). In 

this study, we focus on understanding the sources and the determinant partitioning 

mechanisms for different LMWOA. In the following discussions, LMWOA will 

specifically refer to formic, acetic, oxalic, malonic, and succinic acids that were measured 

at Yorkville in this study. They are often the most abundant LMWOA in the lower 

troposphere. Meanwhile, through the links between LMWOA and MO-OOA, we aim to 

provide more insights into MO-OOA sources and organic aerosol aging pathways in the 

southeastern United States. 

3.2 Methods 

3.2.1 Site Description 

The ambient measurements took place from mid-August to mid-October 2016 at 

the South Eastern Aerosol Research and Characterization (SEARCH) field site at 

Yorkville, Georgia (33.92833 N, 85.04555 W, 394 masl). The Yorkville site was 

approximately 55 km northwest of Atlanta, immediately surrounded by forests and 

agricultural land. All instruments were housed in an air-conditioned trailer. The sampling 

period of this study concurred with a transition from warmer to colder season, with 

moderate temperature (24.0 ± 4.0 °C, average ± SE if not specified hereafter), high RH 

(68.9 ± 17.9 %). Isoprene was the most abundant volatile organic compounds (VOC, 1.21 

± 1.08 ppb), followed by propane (0.84 ± 0.39 ppb), α-pinene (0.37 ± 0.40 ppb), and β-

pinene (0.32 ± 0.29 ppb), making biogenic VOC the predominant OA precursors at 

Yorkville. A clear decreasing trend was observed for isoprene as temperature decreased 
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throughout the campaign, which is consistent with the seasonal variation of isoprene 

emission (Seinfeld and Pandis, 2016). 

3.2.2 Instrumentation 

A Particle-into-Liquid Sampler was connected to a Dionex ICS-4000 capillary 

high-pressure ion chromatography (HPIC) system to measure water-soluble organic acids 

in the particle phase (Nah et al., 2018a), while another PILS was connected to two Dionex 

ICS-1500 ICs (Thermo Fisher Scientific) for the measurement of water soluble inorganic 

cation and anions. A custom-built quadrupole chemical ionization mass spectrometer (Q-

CIMS) using sulfur hexafluoride ions (SF6
-) as reagent ions was used to measure organic 

acids in the gas phase (Nah et al., 2018a;Nah et al., 2018b). An AMS (Aerodyne) was used 

to characterize the composition of NR-PM1. A detailed description of AMS can be found 

in DeCarlo et al. (2006) and Canagaratna et al. (2007) A High Resolution Time-of-Flight 

Iodide-Adduct Chemical Ionization Mass Spectrometer coupled with a Filter Inlet for 

Gases and AEROsols (FIGAERO-HR-ToF-I--CIMS, Thun and Aerodyne, henceforth 

referred to as the FIGAERO-CIMS) was used to characterize both particle- (PM1) and gas-

phase multifunctional species. A detailed description of FIGAERO-CIMS can be found in 

Lopez-Hilfiker et al. (2014) while a detailed description of the iodide ionization 

mechanisms can be found in Huey et al. (1995) and Lee et al. (2014) Other co-located 

instruments included a gas chromatography-flame ionization detector (GC-FID) with a 

Markes focusing trap to measure hourly resolved VOC, and a chemiluminescence monitor 

to measure NO and NO2.  
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3.2.3 OA Source Apportionment Analysis 

A widely used source apportionment method, multilinear engine (ME-2) algorithm, 

were used to deconvolve OA measured by FIGAERO-CIMS and AMS. The ME-2 solver 

is based on the least-squares approach based on a receptor-only multivariate factor analytic 

model to solve bilinear unmixing problems, which deconvolves the observed data matrix 

as a linear combination of various factors with constant mass spectra but varying 

concentrations across the dataset (Lanz et al., 2007;Ulbrich et al., 2009;Jimenez et al., 

2009;Ng et al., 2010;Zhang et al., 2011). The ME-2 solver also allows users to introduce a 

priori information, in the form of a known factor time series and/or a factor profile, as 

inputs to the model to constrain the solution (Canonaco et al., 2013). In this study, we 

performed ME-2 analysis on AMS OA dataset with a fixed Isoprene-OA factor profile 

constrained. Details about source apportionment analysis for AMS OA can be found in 

Chen et al. (2020) Three OA factors have been resolved, isoprene-derived OA (Isoprene-

OA), less-oxidized oxygenated OA (LO-OOA), and more-oxidized  oxygenated OA (MO-

OOA), indicating secondary formation from biogenic precursors was the most important 

OA source at Yorkville during the studied period. The MO-OOA factor, characterized by 

high fCO2+ and a wide afternoon peak, was the most dominant factor that accounted for half 

of OA mass (50 ± 13 %). As a result, total OA concentration showed a good correlation 

with MO-OOA (R2 = 0.80).  

3.2.4 Liquid Water Content (LWC) and pH Calculation 

The water uptake by inorganic species (Wi) and pH was calculated by 

ISORROPIA-II, (Fountoukis and Nenes, 2007) and details regarding the calculation can 
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be found in (Nah et al., 2018a). Hygroscopicity measurements for organic species were not 

available, a hygroscopic parameter (κorg) of 0.126 (a typical value for biogenic SOA 

dominating rural southeatern United States (Guo et al., 2015)) was used for the calculation 

of water uptake by organic species (Wo). The results showed that Wo and Wi were 

correlated (Figure 3-1). In following discussions, (Wo + Wi) will be used as the LWC 

surrogate. 

3.3 Results and Discussion 

3.3.1 Overview of LMWOA Measured at Yorkville 

The particle-phase (p), gas-phase (g), and both-phase (p+g) concentration time 

series and diurnal profiles of each LMWOA were shown in Figure 3-2 and Figure 3-3. 

Campaign-average concentrations of each LMWOA were listed in Table 3-1. Both-phase 

concentration was calculated as the summation of particle- and gas-phase concentrations. 

The most abundant LMWOA in the particle phase was oxalic acid (74  48 ng m-3, in the 

form of oxalate), followed by acetic (64  25 ng m-3, in the form of acetate), formic (50  

26 ng m-3, in the form of formate), succinic (48  27 ng m-3, in the form of succinate), and 

malonic (11  11 ng m-3, in the form of malonate) acids. The most abundant LMWOA in 

the gas phase was formic acid (2150  160 ng m-3), followed by acetic (1860   1340 ng 

m-3), oxalic (28  19 ng m-3), succinic (18  13 ng m-3), and malonic (5  3 ng m-3) acids. 

An afternoon enhancement was observed for all five LMWOA, but the enhancement was 

less significant for particle-phase concentrations compared to their gas-phase counterparts. 

Higher temperature and lower aerosol pH in the afternoon (Figure 3-4), could account for 

some of this by suppressing gas-to-particle partitioning at that time. All five LMWOA gas-
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phase and both-phase concentrations started to increase at ~08:00 and reached peak at 

~20:00. The trends followed that of odd oxygen (Ox = O3 + NO2), a tracer of photochemical 

processing (Herndon et al., 2008), linking LMWOA to photochemical secondary formation. 

Compared to other LMWOA, acetic acid showed a higher rate of increasing from 18:00 to 

20:00 and ended up with a more pronounced evening maximum, which was different from 

the smooth afternoon peaks observed for the rest LMWOA (Figure 3-3). Formic-to-acetic 

(FA / AA) ratio has been used to distinguish primary and secondary sources (Talbot et al., 

1988;Khare et al., 1999), where a higher FA / AA ratio normally suggests secondary 

formation and a lower FA / AA ratio implies primary emissions. The greater-than-unit FA 

/ AA ratio (1.56  0.52) observed at Yorkville was comparable to previous studies (Talbot 

et al., 1988;Talbot et al., 1995;Khare et al., 1999;Millet et al., 2015;Baasandorj et al., 

2015), which indicated secondary production predominated over primary emissions. 

Meanwhile, as a result of different diurnal patterns of formic and acetic acids, FA / AA 

ratio was the highest and also relatively constant from 10:00 to 18:00, but dropped suddenly 

from 18:00 to 20:00 (Figure 3-5 (a)), implying that primary sources, either from nearby 

agricultural emissions or traffic emissions from nearby roads, may be temporarily 

important in the evening.  

3.3.2 Possible Secondary Formation Mechanisms of Different LMWOA 

Both-phase concentrations, which were not affected by partitioning, were used to 

investigate the sources and formation pathways of LMWOA. Extraordinarily strong 

correlations were observed for oxalic, malonic, and succinic acids (R2 = 0.87-0.96,Table 

3-2), implying three LMW dicarboxylic acids likely formed simultaneously. The 

correlation between formic and acetic acids was not as strong as that between dicarboxylic 



 62

acids (R2 = 0.66, Table 3-2). The correlation between acetic and dicarboxylic acids were 

even less significant (R2 = 0.41-0.47, Table 3-2). The weaker correlation between acetic 

acid with the rest LMWOA was likely due to a larger contribution to acetic acid from 

primary sources as discussed above. Correlations between formic and dicarboxylic acids 

were also remarkable (R2 = 0.67-0.69, Table 3-2), suggesting their secondary formation 

was from similar precursors or controlled by similar parameters. 

How different processes affect LMWOA formation was explored by using Ox as a 

tracer of photochemical processing and LWC and f(LWC) (f(LWC) = LWC / (LWC + OA 

+ sulfate + ammonium + nitrate)) to track aqueous processing. Three dicarboxylic acids 

were highly correlated and thus categorized as one group. All LMWOA correlated 

positively with Ox, and considering all LMWOA both-phase concentrations were enhanced 

in the afternoon when the photochemical reactions were the strongest (Figure 3-3 and 

Figure 3-4), photochemical processing was undoubtedly a dominant source of LMWOA. 

Meanwhile, the dependence of formic and acetic acids on Ox were stronger compared to 

three LMW dicarboxylic acids (Figure 3-6). When it comes to aqueous processing, formic 

and acetic acids were clearly negatively correlated with LWC and f(LWC), while LMW 

dicarboxylic acids showed little trend (Figure 3-6). The negative correlation between LMW 

monocarboxylic acids with LWC and f(LWC) was probably due to the opposite diurnal 

profiles of LWC to that of Ox (Figure 3-4). Ox mixing ratio reached its nadir in the early 

morning at ~07:00, and started to increase soon after sunrise, peaking at ~18:00. LWC and 

relative humidity (RH) showed almost opposite trends, reaching peak at ~07:00 and nadir 

in the late afternoon. Since formic and acetic acids strongly dependent on atmospheric 

oxidant concentrations and photochemistry intensity, their time variations followed Ox and 
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thus opposite to LWC. LMW dicarboxylic acids, however, may form comparably through 

both photochemical and aqueous processing (which can happen both day and night), given 

their positive correlation with Ox but different dependences on LWC compared to formic 

and acetic acids. As a result, the both-phase fraction of LMW dicarboxylic acids (oxalic + 

malonic + succinic) in total LMWOA (formic + acetic + oxalic + malonic + succinic) 

evidently decreased with Ox and increased with LWC and f(LWC) (Figure 3-6). While we 

cannot rule out aqueous processing as an effective source for formic and acetic acids, it is 

clearly more important for oxalic, malonic, and succinic acid formation. Moreover, the 

both-phase fraction of LMW dicarboxylic acids was enhanced at night, peaking at ~08:00 

(Figure 3-5(b)), suggesting appreciable LMW dicarboxylic acids nighttime formation, 

probably through aqueous processing (Altieri et al., 2008), which is not shared by LMW 

monocarboxylic acids. 

Previous studies from the same campaign showed that isoprene and monoterpenes 

(α-pinene, β-pinene, and limonene) were the predominant SOA precursors at Yorkville 

during this season (Chen et al., 2020), and hence their connections to LMWOA were also 

investigated. A series of isoprene and monoterpene oxidation products was selected to 

represent different pathways and reaction generations. All tracer species were measured by 

FIGAERO-CIMS as clusters adducted to one iodide ion and in the unit of counts per second 

(Hz). The both-phase concentration was used for comparison, where particle-phase signals 

were integrations over the whole thermal desorption process, with sampling time and flow 

rate applied. For isoprene, the OH-initiated oxidation produces hydroxy hydroperoxide 

(ISOPOOH) and isoprene epoxydiols (IEPOX) under HO2-dominated conditions, 37, 38 

methacrylic acid epoxide (MAE) and hydroxymethyl-methyl-lactone (HMML) under NO-
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dominated conditions (Nguyen et al., 2015a). C5H10O3I-, likely corresponding to both 

ISOPOOH and IEPOX, was selected to represent early-generation isoprene products under 

HO2-dominated conditions, and C4H6O3I-, likely corresponding to both MAE and HMML, 

was selected to represent early-generation isoprene products under NO-dominated 

conditions. IEPOX can undergo reactive uptake onto wet acidic aerosols, and produce 2-

methyltetrol (2-MT) (Surratt et al., 2010;Lin et al., 2012;Hu et al., 2015;Paulot et al., 

2009b), while HMML can form 2-methylglyceric acid (2-MGA) in the particle phase (Lin 

et al., 2013). C5H12O4I-, likely corresponding to 2-MT, and C4H8O4I-, likely corresponding 

to 2-MGA, were used to represent the two pathways. Besides IEPOX uptake, ISOPOOH 

can form SOA effectively through isomeric ISOPOOH, and C5H10O5I- was selected as its 

tracer (Krechmer et al., 2015;D’Ambro et al., 2017;Liu et al., 2016). For monoterpenes, 

pinic acid (C9H14O4I-) (Seinfeld and Pandis, 2016) and 3-methyl-1,2,3-butanetricarboxylic 

acid (MBTCA, C8H12O6I-) (Szmigielski et al., 2007;Zhang et al., 2010b;Müller et al., 

2012;Eddingsaas et al., 2012a) were used as fresh and aged monoterpene SOA tracers, 

respectively.  

Formic acid showed strong correlation with MAE+HMML (R2 = 0.76, Table 3-2) 

and ISOPOOH+IEPOX (R2 = 0.69, Table 3-2), linking its formation to isoprene oxidation, 

especially under NO-dominated conditions. Acetic acid also correlated the best with 

MAE+HMML (R2 = 0.30, Table 3-2) and ISOPOOH+IEPOX (R2 = 0.30, Table 3-2) 

compared to other tracers, but the correlations were not as strong as formic acid, since 

primary emissions had a greater contribution to acetic acid than to formic acid as discussed 

above. Both MAE+HMML and ISOPOOH+IEPOX are early-generation gas-phase 

photochemical products of isoprene, implying that formic acid and secondary acetic acid 
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were photochemically and rapidly produced in the lower troposphere through gas-phase 

reactions. The observations were consistent with previous modeling study that 

photochemical production from biogenic precursors, particularly isoprene, was the largest 

source of formic and acetic acids (Paulot et al., 2011). For LMW dicarboxylic acids, their 

strong correlations with 2-MT (R2 = 0.71-0.80, Table 3-2) stood out, while remarkable 

correlations were also observed for MBTCA (R2 = 0.64-0.68, Table 3-2) and 2-MGA (R2 

= 0.59-0.67, Table 3-2). 2-MT and 2-MGA are derived from isoprene photooxidation and 

formed in the particle phase. Compared to formic and acetic acids which correlated the best 

with isoprene gas-phase oxidation products, the observations that LMW dicarboxylic acids 

were more associated with condensed-phase processing could to some extent explain why 

LWC had a greater impact on them than on formic and acetic acids. Previous studies have 

shown that aqueous processing of isoprene oxidation products, centering glyoxal, 

methylglyoxal, and pyruvic acid, lead to the formation of C1 and C2 organic acids including 

formic, acetic, and oxalic acids (Lim et al., 2005;Carlton et al., 2006b;Ervens et al., 

2008;Paulot et al., 2009a;Perri et al., 2009;Nguyen et al., 2010;Carlton et al., 2006a). The 

formation pathways of larger organic acids, i.e. malonic and succinic acids, have not been 

fully explored yet to the best of our knowledge, but their formation has been observed in 

aqueous oxidation of intermediate isoprene oxidation products glycolaldehyde, 

methylgyoxal, and methyl vinyl ketone (Perri et al., 2009;Zhang et al., 2010a;Tan et al., 

2012). Studies have shown that succinic acid can be formed in the aqueous phase from 

lower MW compounds, e.g. through esterification of smaller organic acids or radical-

radical reactions (Wang et al., 2001;Altieri et al., 2008;Tan et al., 2012). Some of the 

reactions (e.g. esterification) can happen under dark conditions, pointing to nighttime 
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dicarboxylic acid formation. MBTCA was proposed as an aged monoterpene SOA tracer 

forming through gas-phase OH-initiated oxidation of pinonic acid (Zhang et al., 

2010b;Müller et al., 2012). Due to its low volatility and high water-solubility, MBTCA 

tends to condense onto existing particles or partition into aerosol liquid water right after its 

formation (Müller et al., 2012;Aljawhary et al., 2016). In this study, a campaign-average 

particle-phase fraction of > 99.99% was observed for C8H12O6I- ion through FIGAERO-

CIMS measurements. Zhang et al. (2010b) have shown that the OH-initiated oxidation of 

pinonic acid is the rate-limiting step in the formation of MBTCA, and thus MBTCA may 

be a suitable tracer for photochemical aging initiated by hydroxyl radicals. LMW 

dicarboxylic acids, especially oxalic acid, have been suggested as an aqueous processing 

proxy. (Chebbi and Carlier, 1996;Ervens et al., 2011) We also mentioned above that their 

formation was more dependent on LWC abundance than LMW monocarboxylic acids. It 

is interesting that MBTCA, whose formation is independent of aerosol water, was closely 

correlated with these LMW dicarboxylic acids. While the mechanism has not be well 

explored, the photochemical degradation of larger organic acids like MBTCA may lead to 

the formation of LMWOA. Aljawhary et al. (2016) have shown that the aqueous phase 

OH-initiated oxidation of MBTCA produced LMWOA including oxalic and malonic acids. 

The good correlation between MBTCA and LMW dicarboxylic acids seen in our data is 

consistent with MBTCA residing in the LWC-rich phase, participating in aqueous 

processing and forming LMWOA. 

While the correlations between LMWOA and biogenic SOA tracers implied 

isoprene to be the most important precursors for all LMWOA for the studied period, mono- 

and di-carboxylic acids responded differently to the instantaneous isoprene mixing ratio. 
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At lower isoprene abundance, both-phase LMW dicarboxylic acids accounted for a larger 

fraction of both-phase LMWOA (Figure 3-7). This shift was also favored under high LWC. 

One possible reason is the different time scale of mono- and di-carboxylic acid formation 

from isoprene. As discussed in the last section, formic and secondary acetic acids were 

likely formed rapidly through isoprene photooxidation, while the formation of LMW 

dicarboxylic acids, through aqueous reactions or even cloud-processing of later-generation 

product of isoprene oxidation, may take a longer time. Moreover, LMW dicarboxylic acids 

may have a greater variety of precursors than LMW monocarboxylic acids, e.g. through 

aqueous oxidation of monoterpene-derived products as discussed above, which also make 

them less dependent on isoprene availability.  

3.3.3 Unexpectedly High Particle-Phase Fraction of LMW Monocarboxylic Acids and 

Possible Explanations 

In a previous publication from the same campaign, Nah et al. (2018a) used 

thermodynamic models to explain the measured LMWOA gas-particle partitioning. While 

the measured oxalic acid gas-particle partitioning was in good agreement with the model 

prediction, the observed particle-phase fraction of formic and acetic acid concentrations 

were magnitudes higher than predictions. Figure 3-8(a) and (c) were adapted from Nah et 

al. (2018a) showing particle-phase fraction of formic (in the form of formate) and acetic 

(in the form of acetate) acids from measurements and ISORROPIA-II predictions as a 

function of aerosol pH. ε(HCOO-) and ε(CH3COO-) are defined as the particle-phase molar 

concentration divided by the both-phase molar concentration. While the ε(HCOO-) and 

ε(CH3COO-) were significantly underpredicted in the model, the largest deviations from 

predictions concurred with the lowest both-phase concentrations of formic and acetic acids. 
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When both-phase concentrations of formic and acetic acids were high, ε(HCOO-) and 

ε(CH3COO-) tended to approach predictions. Similar trends were not observed for oxalic 

acid (Figure 3-9). Extremely high ε(HCOO-) and ε(CH3COO-) only happened when formic 

and acetic acid both-phase concentrations were lower than ~1 μg m-3, ~10% of their highest 

values. In addition, the high ε(HCOO-) and ε(CH3COO-) also coincided with low isoprene 

abundance (Figure 3-8(b) and (d)), which was the major precursor of formic and secondary 

acetic acids based on our previous discussions. Therefore, the observed high ε(HCOO-) 

and ε(CH3COO-) were possibly a combined result of decreasing local formation of formic 

and acetic acids due to the lack of precursors, and the remaining high particle-phase formic 

and acetic acid concentrations. In last section we showed that instantaneous isoprene 

mixing ratio had a larger impact on mono- than di-carboxylic acids, and a higher isoprene 

mixing ratio normally led to a larger both-phase fraction of LMW monocarboxylic acids 

in total LMWOA (Figure 3-7). In the particle phase, however, an opposite trend was 

observed that monocarboxylic acids accounted for a larger fraction of total particulate 

LMWOA when isoprene was less abundant (Figure 3-10). Since on average > 95% of 

formic and acetic acids resided in the gas phase, the good correlations between their both-

phase concentrations with ISOPOOH+IEPOX and MAE+HMML were likely dominated 

by their gas-phase concentrations. Taken together, particle-phase formic and acetic acids 

seemed quite independent from the assumed precursor isoprene, and establishing no 

noticeable equilibrium with their gas-phase counterparts.  

Water-soluble nonvolatile cations (NVC, e.g. Na+, K+, Mg2+, Ca2+), which 

generally present in larger quantities in coarse mode and to a lesser extent in fine mode, 

were also found to coexist with organic acids in previous studies (Lee et al., 
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2002;Falkovich et al., 2004;Sullivan and Prather, 2007;Takahama et al., 2010).  In 

particular, Lee et al. (2002) showed that 95% of mineral dust particles contained water-

soluble organic acids in Atlanta based on single particle measurements. The formation of 

low-volatility organic acid salts with water-soluble NVC could be a possible explanation 

for particle-phase formate and acetate. In Figure 3-10, we colored the data points by NVC 

/ LMWOA charge ratio, which was calculated as ([Na+] + [K+] + 2[Mg2+] + 2[Ca2+]) / 

([HCOO-] + [CH3COO-] + 2[C2O4
2-] + 2[CH2(COO)2

2-] + 2[C2H4(COO)2
2-]), and found 

that the higher fraction of LMW monocarboxylic acids in LMWOA in the particle phase 

concurred with higher NVC / LMWOA charge ratio. As NVC had no known local sources 

and was more likely transported from elsewhere, combined with the fact that a higher 

particle-phase fraction of LMW monocarboxylic acids in total LMWOA was also 

associated with lower isoprene emissions, we tentatively proposed that particle-phase 

formic and acetic acids were likely components of aged background OA (i.e. OA from 

long-range transport) and was bounded with NVC. For example, formic and acetic acids 

can be produced during biomass burning accompanied by abundant NVC (i.e. K+) 

(Andreae, 2019), which allows the formation of nonvolatile formate and acetate salts. 

3.3.4 Links between Particulate LMWOA and MO-OOA 

In our previous discussions, we proposed that for formic and acetic acids, the gas 

and particle phases were largely decoupled; the majority of the gas-phase formic and acetic 

acids were formed rapidly and in situ through biogenic VOC photooxidation, while their 

particle-phase counterparts were likely from long-range transport, whereas LMW 

dicarboxylic acid formation was more related to aqueous chemistry than gas-phase 

reactions. We also proposed that the LMW monoacids in the gas and particle phases might 
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rarely interact, while the partitioning of LMW dicarboxylic acids (e.g. oxalic acid) was in 

thermodynamic equilibrium. In the particle phase, however, LMW monocarboxylic acid 

and LMW dicarboxylic acid concentrations showed substantially enhanced correlations 

compared to their both-phase concentrations (R2 = 0.41-0.69 for both-phase 

concentrations, Table 3-2; R2 = 0.65-0.87 for particle-phase concentrations, Table 3-3). All 

particulate LMWOA also correlated with total OA (R2 = 0.59-0.79, Table 3-3), but the 

correlations between LMWOA with MO-OOA factor were noticeably stronger (R2 = 0.67-

0.89, Table 3-3).  The best correlation was observed between total particulate LMWOA 

and MO-OOA (R2 = 0.90, Table 3-3 and Figure 3-11). The AMS MO-OOA factor was 

characterized by high intensity of the CO2
+ signal, a widely used marker for oxygenated 

OA. Good correlations between AMS CO2
+ (or m/z 44) signal with either individual 

organic acids or ensembles of organic acids have been observed in different studies. 

(Takegawa et al., 2007;Sorooshian et al., 2010;Yatavelli et al., 2015) Takegawa et al. 

(2007) showed that oxalic acid is the largest contributor of AMS m/z 44, accounting for 10 

± 4% of the signal at an urban site at Tokyo. Yatavelli et al. (2015) estimated molecules 

with carboxylic acid functionality constitute on average 28% (range 10–50%) of northern 

hemispheric continental OA mass. In this study, we found that the five measured LMWOA 

accounted for 5.5  1.1 % of OA mass and 10.2  2.1 % of MO-OOA mass. 

One thing intriguing is that different chemical reaction formation pathways appear 

to lead to the same destination. To investigate which process drove the correlations, a box 

model was constructed for MO-OOA following eq. 3.1 (Seinfeld and Pandis, 2016): 

𝑄 𝑅 𝑣 𝑐
∆

𝑐 𝑐 𝑐 𝑐  (3.1)  
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where 𝐻 𝑡  is the boundary layer (BL) height, 𝑐  is the BL concentration of species i, 𝑄  is 

the emission rate, 𝑅  is the chemical production and loss rate, and 𝑣  is the deposition 

velocity, 𝑐  is the background concentration of species i, 𝑐  is the aloft concentration of 

species i, and 𝑢 is the wind speed (with constant ∆𝑥 direction). MO-OOA, as an aged SOA 

factor, should have no emission sources and, over multiple diel cycles (in this case 7), the 

net impact of horizontal advection is assumed small. Therefore the emission term and 

advection term are set to be zero. For the chemical production and loss term, the reaction 

between fresh SOA (Isoprene-OA and LO-OOA) with hydroxyl radicals is considered as 

MO-OOA sources, while the reaction between MO-OOA and hydroxyl radicals is 

considered as MO-OOA sinks. eq. 3.1 can be rewritten as: 

𝑘 𝐼𝑠𝑜𝑝𝑂𝐴 𝑘 𝐿𝑂𝑂𝑂𝐴 𝑘 𝑀𝑂𝑂𝑂𝐴 𝑂𝐻 𝑣 𝑀𝑂𝑂𝑂𝐴

𝑀𝑂𝑂𝑂𝐴 𝑀𝑂𝑂𝑂𝐴  (3.2)  

where the reaction rates 𝑘 , 𝑘  , and 𝑘  are tentatively set to be 5×10-12, 1×10-12, and 1×10-

13 cm3 mol-1 s-1, respectively. 𝑘  is set to be 5% of the isoprene+OH reaction, accounting 

for the volatility of Isoprene-OA. (Kostenidou et al., 2018) This is higher than that derived 

from Hu et al. (2016), though, as noted by Kostenidou et al. (2018), the volatility and loss 

of Isoprene-OA was uncertain and Hu et al. (2016) were considering IEPOX alone, so a 

high value is chosen to capture the maximum likely impact of local chemical formation of 

MO-OOA. The lifetime of Isoprene-OA using this rate constant is slightly over a day.  𝑘   

is set to be 0.1% of the isoprene+OH reaction rate, and leads to a loss of about 2% per day, 

similar to, but more than, Malecha and Nizkorodov (2016).  While Kostenidou et al. (2018) 

found MO-OOA to be relatively volatile than LO-OOA, we assume that the reaction 
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products are largely in other forms of MO-OOA (i.e. more oxidized components of MO-

OOA), thus the net loss is small. 𝑘  is set to be 1% of the isoprene+OH reaction rate, 

which accounts for its volatility, which was less than Isoprene-OA (Kostenidou et al., 

2018), and its subsequent reaction to MO-OOA. The model is relatively insensitive to the 

reaction rates as currently set (particularly 𝑘  𝑎𝑛𝑑 𝑘 , and are included to assess the likely 

importance of local chemistry during a diel cycle. The maximum deposition velocity, 𝑣 , 

is set to be 0.3 cm s-1, and is scaled by diurnal constraints as described in Nguyen et al. 

(2015b).  The boundary layer heights are derived from the Weather Research and 

Forecasting model (WRF), and the OH concentrations are taken from a Community 

Multiscale Air Quality model (CMAQ) simulation, both to the same period (Gao et al., 

2020). The MO-OOA aloft concentration is considered to be a function of altitude, being 

fit to the observed MO-OOA concentration variation with BL height (Figure 3-12).  

The model well captured the observed MO-OOA diurnal trend (Figure 3-13 (a)), 

and suggested that MO-OOA variation was dominantly driven by BL dynamics and aloft 

MO-OOA mixing down (Figure 3-13(b)). Given the strong correlations between LMWOA 

and MO-OOA, similar processes likely dominated particulate LMWOA variation likewise. 

In our previous discussion we attributed LMW dicarboxylic acids to the oxidation of local 

biogenic SOA, but as LMW dicarboxylic acids are often end products of photochemical 

oxidation, their accumulation in background OA was anticipated, if the thermodynamic 

conditions are right. We have proposed that particulate LMW monocarboxylic acids were 

likely from transport and part of background OA, to remain in the particle they are either 

externally mixed with the majority of the bulk PM1 (i.e., pH will be too low if internally 

mixed (Figure 3-10)), or they are stabilized by some other unknown process. For particulate 
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LMW dicarboxylic acids, though associations were observed between them and fresh SOA 

tracers, their formation was attributed to aqueous-phase processing, which can happen both 

in cloud droplets and aerosol water. Cloud processing was suggested to act as a significant 

source of LMW dicarboxylic acids (Yu et al., 2005;Bikkina et al., 2017;Yao et al., 

2002;Ervens et al., 2004). In-cloud formed LMW dicarboxylic acids would mix down with 

background aged SOA as the BL rises, all the while maintain equilibrium between gas and 

particle phase component and with the majority of the partitioning favoring the particle 

phase (Figure 3-9). Taken together, MO-OOA was an ensemble of preexisting aged OA 

(e.g. from transport) and some contribution of more locally-formed SOA. The strong 

correlation between MO-OOA and particulate LMWOA is driven by the BL dynamics, but 

it does not contradict that they were formed from different precursors through different 

chemical processes.  

3.4 Conclusions 

In this study, we present real-time measurements of both particle- and gas-phase 

concentrations for five most commonly abundant low-molecular-weight organic acids 

(LMWOA) in a rural region in the southeastern United States during 2016 fall. Through 

comparison with secondary organic aerosol (SOA) tracers, we find that isoprene was the 

most important local precursor for all five LMWOA, but via different pathways. We 

propose that monocarboxylic acids (formic and acetic acids) were mainly formed through 

gas-phase photochemical reactions, while dicarboxylic acids (oxalic, malonic, and succinic 

acids) were more from aqueous processing. Unexpectedly high concentrations of particle-

phase formic and acetic acids (in the form of formate and acetate, respectively) were 

observed and likely components of long-range transport OA, decoupled from their gas-
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phase counterparts. In addition, extraordinary correlation was observed between particulate 

LMWOA and aged SOA, which we tentatively attributed to boundary layer dynamics. 
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Table 3-1 Campaign-average concentrations of LMWOA. 

 Formic Acetic Oxalic Malonic Succinic 

Gas-Phase (ng m-3) 2150  160 1860  1340 28  19 5  3 18  13 

Particle-Phase (ng m-3) 50  26 64  25 74  48 11  11 48  27 
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Table 3-2 Correlation coefficients (Pearson’s R2) of both-phase formic, acetic, oxalic, 
malonic, succinic acids and selected tracer species. LMWOA are in the unit of μg m-

3, and tracer species are in the unit of Hz. 

 LMWOA (p+g) Isoprene Oxidation Products (p+g) 
Monoterpene 

Oxidation Products 
(p+g) 

 Formic Acetic Oxalic Malonic Succinic 
ISOPOOH  
+ IEPOX 

2-
MT 

C5H10O5 
MAE + 
HMML 

2-
MGA 

Pinic 
Acid 

MBTCA 

Formic  1 0.66 0.68 0.67 0.69 0.69 0.35 0.54 0.76 0.45 0.07 0.20 

Acetic  1 0.47 0.41 0.45 0.30 0.08 0.21 0.30 0.24 0.02 0.07 

Oxalic   1 0.96 0.89 0.46 0.79 0.60 0.57 0.67 0.30 0.68 

Malonic    1 0.87 0.41 0.71 0.62 0.59 0.64 0.31 0.64 

Succinic     1 0.42 0.80 0.53 0.57 0.59 0.32 0.66 

ISOPOOH 
+ IEPOX 

     1 0.37 0.56 0.76 0.43 0.08 0.20 

2-MT       1 0.43 0.42 0.60 0.27 0.56 

C5H10O5        1 0.63 0.71 0.20 0.52 

MAE + 
HMML 

        1 0.57 0.26 0.37 

2-MGA          1 0.44 0.61 

Pinic Acid           1 0.45 

MBTCA            1 
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Table 3-3 Correlation coefficients (Pearson’s R2) of particulate LMWOA (by PILS-
IC) and OA factors (by AMS). All concentrations are particle-phase measurements 
in the unit of μg m-3. 

 Particulate LMWOA OA and OA Factors 

 Formic Acetic Oxalic Malonic Succinic 
Total 

LMWOA 
OA 

Isoprene-
OA 

LO-
OOA 

MO-
OOA 

Formic 1.00 0.69 0.87 0.81 0.65 0.90 0.73 0.54 0.11 0.78 

Acetic  1.00 0.70 0.65 0.67 0.82 0.59 0.43 0.07 0.67 

Oxalic   1.00 0.95 0.85 0.97 0.73 0.66 0.03 0.89 

Malonic    1.00 0.80 0.93 0.65 0.62 0.01 0.86 

Succinic     1.00 0.87 0.79 0.79 0.07 0.87 

Total 
LMWOA 

     1.00 0.78 0.67 0.06 0.90 

OA       1.00 0.83 0.34 0.80 

Isoprene-OA        1.00 0.15 0.73 

LO-OOA         1.00 0.03 

MO-OOA          1.00 
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Figure 3-1 (a) Time series of and (b) correlations between aerosol water content 
associated with organics (Wo) and inorganics (Wi). 
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Figure 3-2 (a) Particle-phase concentrations, (b) gas-phase concentrations, and (c) 
both-phase concentrations of formic, acetic, oxalic, malonic, and succinic acids. 
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Figure 3-3 Diurnal profiles of (a) formic acid, (b) acetic acid, (c) oxalic acid, (d) 
malonic acid, and (e) succinic acid in the gas, particle, and both phases. 
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Figure 3-4 Diurnal profiles of temperature, Ox mixing ratio, solar radiation, inorganic 
water content, relative humidity, and aerosol pH. 
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Figure 3-5 Diurnal profiles of (a) gas-, particle-, and both-phase formic-to-acetic (FA 
/ AA) ratio, and (b) both-phase fraction of dicarboxylic acids in total LMWOA. 
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Figure 3-6 The both-phase concentrations of formic, acetic, LMW dicarboxylic acids 
(oxalic + malonic + succinic), and fraction of LMW dicarboxylic acids in total 
LMWOA plotted against odd oxygen, LWC, and LWC fraction (f(LWC) = LWC / 
(LWC + OA + sulfate + ammonium + nitrate)), respectively. Data points are colored 
by sunlight intensity to distinguish day and night. The mid-point line, lower and 
upper boxes, lower and upper whiskers, represent median, 25th percentiles, 75th 
percentiles, 10th percentiles, and 90th percentiles, respectively.  
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Figure 3-7 The both-phase fraction of LMW dicarboxylic acids as a function of 
isoprene mixing ratio. Data points are colored by inorganic water fraction. 
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Figure 3-8 Analytically calculated S curves and ambient data plotted against 
ISORROPIA-predicted particle pH of (a) formic acid and (c) acetic acid (adapted 
from Nah, et al. 30); ambient (b) ε(HCOO-) and (d) ε(CH3COO-) plotted against their 
corresponding both-phase concentrations. Data points in (a) and (c) are colored by 
the corresponding both-phase concentrations, in (b) and (d) are colored by isoprene 
mixing ratio. The black line is the S curve calculated using the selected time period’s 
average temperature (23.4  4.0 C) and Wi (1.6  1.7 μg m-3). Th grey lines are S 
curves calculated using 1 standard deviation from the average temperature and Wi 
(i.e., temperature = 27.4 C and Wi = 0.5 μg m-3 for dotted grey line; temperature = 
19.4 C and Wi = 3.3 μg m-3 for solid grey line). 
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Figure 3-9 Analytically calculated S curves and ambient data plotted against 
ISORROPIA-predicted particle pH of oxalic acid (adapted from Nah et al. (2018a)). 
Data points were colored by the both-phase oxalic acid concentration. The black line 
is the S curve calculated using the selected time period’s average temperature (23.4  
4.0 C) and Wi (1.6  1.7 μg m-3). The grey lines are S curves calculated using 1 
standard deviation from the average temperature and Wi (i.e., temperature = 27.4 C 
and Wi = 0.5 μg m-3 for dotted grey line; temperature = 19.4 C and Wi = 3.3 μg m-3 
for solid grey line). 
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Figure 3-10 The particle-phase fraction of LMW monocarboxylic acids (formic + 
acetic, in the form of formate and acetate, respectively) in total LMWOA plotted 
against isoprene mixing ratio. Data points are colored by NVC / LMWOA charge 
ratio. 
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Figure 3-11 (a) Time series and (b) correlations of AMS MO-OOA factor and PILS-
IC total particulate LMWOA. 
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Figure 3-12 BL MO-OOA concentration as a function of BL height. 
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Figure 3-13 Diurnal profiles of (a) observed and modeled BL MO-OOA 
concentration; (b) simulated contributions from different processes to the total mass 
of MO-OOA in the boundary layer. 
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CHAPTER 4. LOW-MOLECULAR-WEIGHT ORGANIC ACIDS 

PRODUCTION IN BVOC PHOTOOXIATION UNDER AMBIENT 

RELEVENT CONDITIONS 

4.1 Background 

Formic (HCOOH, FA) and acetic (CH3COOH, AA) acids are ubiquitous atmospheric 

components. They are normally the most abundant organic acids in the gas phase (Chebbi 

and Carlier, 1996;Kawamura and Bikkina, 2016), and can also be pronounced in the 

aerosols (Liu et al., 2012;Yatavelli et al., 2014;Nah et al., 2018a). Sources of FA and AA 

include direct emissions from terrestrial vegetation, soil, biomass burning, secondary 

photochemical production, and aqueous phase chemistry (Chebbi and Carlier, 1996;Khare 

et al., 1999;Sorooshian et al., 2007;Paulot et al., 2011;Millet et al., 2015;Malecha and 

Nizkorodov, 2016). In recent studies, secondary photochemical production has been 

proposed to be a largely underestimated source for FA and AA (Paulot et al., 2011;Millet 

et al., 2015;Stavrakou et al., 2011), which may explain the observed large measurement-

model discrepancies, though the mechanism was still not well understood.  

The presence of water vapor can change chemical mechanism, radical fates, and 

secondary organic aerosol (SOA) compositions (Jonsson et al., 2006;Nguyen et al., 

2011;Boyd et al., 2015a;Hinks et al., 2018). In addition, aqueous phase photochemistry is 

known to be effective in organic acids production (Chameides and Davis, 1983;Ervens et 

al., 2008;Perri et al., 2009;Lee et al., 2011;Eugene et al., 2016). One gap to fill between 

measurements and models is that, most parameters used in models were obtained from 
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previous laboratory experiments performed under dry conditions, while the relative 

humidity (RH) of ambient environments can be fairly high in most regions. Therefore, in 

this study, we investigate the effects of both water vapor and aerosol liquid water on FA 

and AA formation in the photooxidation of isoprene and α-pinene, two of the most studied 

biogenic volatile compounds (BVOC). Chamber experiments are performed under both 

dry and high-RH conditions. Taking advantage of the property of ammonium sulfate seed 

particles, we investigate the role of aqueous phase chemistry by using effloresced or 

deliquesced ammonium sulfate seed to introduce different amount of aerosol liquid water 

(Faust et al., 2017).  

4.2 Methods 

4.2.1 Chamber Experiments 

Chamber experiments were conducted in the Georgia Tech Environmental 

Chamber (GTEC) facility. Details of the facility have been described in Boyd et al.(Boyd 

et al., 2015b) Prior to the experiment, the Teflon chamber was flushed with zero air for ~24 

h. Seed aerosol was first introduced by atomizing 15 mM ammonium sulfate solution (AS). 

Precursor BVOC, isoprene (99%, Sigma-Aldrich) or α-pinene (99 %, Sigma-Aldrich), was 

injected into a glass bulb and zero air was passed over the solution until it evaporated. H2O2 

(50% aqueous solution, Sigma-Aldrich) was then injected as an OH precursor. Once the 

concentrations of all species stabilized, UV lights were turned on to initiate photooxidation. 

The photolysis of H2O2 yielded an OH concentration on the order of 106 molecules/cm3 

under low-NO conditions. In order to investigate the role of water vapor, experiments were 

performed at 22 C under different RH conditions (~5%, ~50%, and ~70%) with same 
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precursor and H2O2 concentrations. For 50% RH experiments, both effloresced AS (DAS) 

and deliquesced AS (WAS) seed particles were used to investigate the role of aerosol water. 

For one isoprene experiment, 1:2 magnesium sulfate + sulfuric acid seed (MSSA, 8 mM 

magnesium sulfate + 16 mM sulfuric acid solution) was used to investigate the influence 

of acidic seed. For dry seed experiments, seed aerosols passed through a nafion dryer 

before entering the chamber. Experimental conditions are detailed in Table 4-1. In each 

experiment, after SOA formation reached peak growth, UV lights were turned off for 1 

hour with all instruments still running. 

4.2.2 Instrumentation  

A custom-built quadrupole chemical ionization mass spectrometer (Q-CIMS) using 

sulfur hexafluoride ions (SF6
-) as reagent ions was used to measure organic acids in the gas 

phase. (Huey et al., 1995;Nah et al., 2018a;Nah et al., 2018b) A high resolution time-of-

flight aerosol mass spectrometer (AMS, Aerodyne, Billerica, MA) was used to characterize 

the composition of NR-PM1. (DeCarlo et al., 2006;Canagaratna et al., 2007) AMS data 

were analyzed using the data analysis toolkit SQUIRREL (v1.57) and PIKA (v1.16G) 

within the Igor Pro software (v6.37, Wavemetrics, Portland, OR). A High Resolution Time-

of-Flight Iodide-Adduct Chemical Ionization Mass Spectrometer (Huey et al., 1995;Lee et 

al., 2014) coupled with a Filter Inlet for Gases and AEROsols (Lopez-Hilfiker et al., 2014) 

(FIGAERO-HR-ToF-I--CIMS, Tofwerk, Thun, Switzerland and Aerodyne, Billerica, MA, 

henceforth referred to as the FIGAERO-CIMS) was used to characterize both particle- 

(PM1) and gas-phase multifunctional species. FIGAERO-CIMS data were analyzed using 

the data analysis toolkit 5 Tofware (v2.5.11, Tofwerk, Thun, Switzerland and Aerodyne, 

Billerica, MA) within the Igor Pro software (v6.37, Wavemetrics, Portland, OR). Aerosol 
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volume concentrations and distributions were measured using a scanning mobility particle 

sizer (SMPS; TSI) consisting of a differential mobility analyzer (DMA; TSI 3040) and a 

condensation particle counter (CPC; TSI 3775). A gas chromatography-flame ionization 

detector (GC-FID) with a Markes focusing trap to measure hourly resolved BVOC. 

Temperature and RH were monitored using a hydro-thermometer (Vaisala HMP110). 

4.2.3 Measurements of FA and AA 

FA and AA were detected in the deprotonated form HCOO- (m/z 45) and CH3COO- 

(m/z 59), respectively. A 2 min background measurement was performed every 1 h during 

the experiments by passing the sampled air flow through an activated charcoal scrubber 

prior to delivery into the CIMS instrument. The scrubber can remove > 99% of the targeted 

species in ambient air. A 3 min FA calibration measurement was performed every 3 h 

during the experiments by adding standard FA to sample air flow, while AA calibration 

measurement was performed after experiments. The FA and AA calibration sources were 

permeation tubes (VICI Metronics) with emission rates of 66 and 97 nL min-1, respectively.  

Wall loss of formic acid was conducted under dry and 50% RH, by sending ~50 

ppb formic acid to clean chamber. Over the experiment time (~ 6 h), formic acid wall loss 

is minor compared to total formic acid production. The loss is ~10% under humid 

conditions, and negligible under dry conditions  

4.3 Results and Discussion 

4.3.1 FA and AA Production in “Clean” Chamber 
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Blank experiments were conducted in “clean” Teflon chamber, in which only 

oxidant was introduced into the chamber (with or without seed particles) in the absence of 

BVOC precursors. While negligible FA and AA formation was observed under dry 

conditions, noticeable FA and AA was formed in “clean” chamber at 30% RH (Figure 4-1). 

Increasing RH from 30% to 70% or introducing seed particles had little effect on FA and 

AA production. In the following discussions, we took the average production of FA and 

AA in blank experiments as background, and subtracted it from BVOC photooxidation 

experiments that conducted under ~50% and ~ 70% RH. The formation of FA and AA in 

“clean” chamber may relate to the photooxidation and photolysis of the highly aged organic 

films on chamber walls (Malecha and Nizkorodov, 2016;Link et al., 2020), which can also 

be an underestimated sources of atmospheric FA and AA. 

4.3.2 FA and AA Production in BVOC Photooxidation Experiments  

The molar yields of FA and AA are shown in Figure 4-1. The yields were calculated 

as the ratio of FA (or AA) mixing ratio produced in the experiment when SOA reached 

peak growth, with background subtracted, with respect to the mixing ratio of reacted 

BVOC precursor. Limited by the time scale that can be achieved in the laboratory, FA and 

AA formation has not plateaued when the UV lights were turned off, and therefore the 

yields we reported here were only “instantaneous” yields, while the yields can be higher in 

real ambient environments. The reported FA and AA yield under dry conditions (16.8% 

FA and 10.4% AA in isoprene photooxidation, 12.3% FA and 10.7% AA in α-pinene 

photooxidation) were comparable to previous studies (Orlando et al., 2000;Paulot et al., 

2009a;Lee et al., 2006).  Water clearly affected FA and AA formation, but the influences 

are different in different BVOC systems.  
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In isoprene photooxidation, the addition of both water vapor and aerosol water 

enhanced FA formation. Under dry conditions, while acidic seed (MSSA) greatly changed 

the chemical pathways by enhancing isoprene epoxydiols (IEPOX) uptake followed by 

subsequent condensed-phase reactions (Surratt et al., 2010;Lin et al., 2012;Paulot et al., 

2009b), the yields of FA and AA were comparable to experiments using DAS seed, 

implying that IEPOX-derived SOA was not a pronounced source of FA and AA in the time 

scale of ~ 6h in this study, though we cannot rule out the further processing of IEPOX-

derived SOA can produce FA and AA effectively. Compared to dry experiments, FA 

formation was obviously enhanced under humid conditions and in the presence of aerosol 

water, implying that both gas-phase and particle-phase processes contribute to FA 

formation. FA molar yield increased by 150% (from 16.8% to 42.4%) under 70% RH with 

WAS seed compared to dry conditions. AA formation, however, was only enhanced when 

RH was higher than 70%, with yield doubled (from 10.4% to 20.9%) under 70% RH with 

WAS seed compared to dry conditions.  

In α-pinene photooxidation, FA and AA showed consistent trends that water in both 

gas and particle phase substantially enhanced organic acid formation, with FA molar yield 

increased by 350% (from 12.3% to 55.2%) and AA yield increased by 230% (from 10.7% 

to 34.9%) under 70% RH with wet AS seed compared to dry conditions.  

4.3.3 Potential Mechanism of FA and AA Formation Enhanced by Water 

In both isoprene and α-pinene experiments, FA and AA formation stopped 

immediately once UV lights were turned off (Figure 4-3(a),(b) and Figure 4-4(a),(b)), 
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which implied photochemical reactions as predominant source of FA and AA in these 

experiments.  

In isoprene photooxidation experiments, accompanying ceased FA formation 

(Figure 4-3(a)), CH4O3 (detected as the cluster adducted to one iodide ion if not specified 

hereafter), likely corresponding to hydroxymethyl hydroperoxide (HMHP), showed an 

immediate increase after UV was turned off under humid conditions, but no noticeable 

change was observed under dry conditions (Figure 4-3(c)). HMHP can be formed by the 

reaction between CH2OO with water and the oxidation of formaldehyde by HO2 radicals 

(Gäb et al., 1985;Su et al., 1979). The decomposition of HMHP leads to the formation of 

formic acid (Neeb et al., 1997), and studies have shown that water vapor can assist this 

process (Aplincourt and Ruiz-López, 2000). Therefore, the decomposition of HMHP may 

explain the substantial enhancement of FA formation in the presence of water vapor. 

Similarly, the enhanced AA formation under 70% RH was likely linked to C5H8O4, since 

after UV was removed, the ceased AA formation under 70% RH was accompanied by 

C5H8O4 increase (Figure 4-3(b) and (d)), which was not observed for other experiments. 

Paulot et al. (2009a) have proposed that decomposition of 2,4-dihydroxy-2-methyl-3-

oxobutanal (one isomer of C5H8O4) can be an effective source of acetic acid in isoprene 

photooxidation experiments. Our observation here may suggest that this process is of 

greater importance under high RH. It is noted that carbonyls like formaldehyde, glyoxal, 

and hydroxyacetone, which are known precursors of FA and AA, were not measured in 

this work. Future work is warranted to evaluate how their chemistry changes in the 

presence of water. Figure 4-2 also showed that under 50% RH, FA yield was higher in the 

experiment with wet AS (32.4%) compared to dry AS (25.9%), implying particle-phase 
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formation pathways of FA assisted by the aerosol water. In Figure 4-3 we showed the time 

series of two early-generation isoprene oxidation products, C5H12O4 (2-methyltetrols) 

(Surratt et al., 2010;Surratt et al., 2007b), and C5H12O6 (isoprene dihydroxy 

dihydroperoxides, or ISOP(OOH)2 for short) in the particle phase (Figure 4-3(e) and (f)) 

(Krechmer et al., 2015;Liu et al., 2016;D’Ambro et al., 2017). For both C5H12O4 and 

C5H12O6 species, compared to experiments with dry AS seed, their partitioning to particle 

phase was obviously enhanced in experiments with wet AS seed, likely due to their 

hydrophilic nature. Meanwhile, compared to experiments under dry conditions, particulate 

C5H12O4 and C5H12O6 in humid experiments also decayed fast after reaching peak. Prior 

studies have shown that the degradation of fresh SOA can lead to the formation of FA and 

AA (Malecha and Nizkorodov, 2016). 

The mechanism of FA and AA formation in α-pinene photooxidation were less 

studied. In our α-pinene photooxidation experiments, accompanying ceased FA and AA 

formation (Figure 4-4 (a) and (b)), we observed that gaseous C10H18O3 showed immediate 

increase after UV was removed, and is probably linked to enhanced FA and AA formation 

under humid conditions (Figure 4-4 (c)), while the mechanism is not clear. In the particle 

phase, under same 50% RH, experiment using wet AS seed contains more small molecules 

compared to experiment using dry AS seed (Figure 4-4 (d)), indicating the presence of 

aerosol water favors fragmentation processes and produce small molecules, including FA 

and AA. 

4.4 Conclusions 
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In this study, we quantitatively investigated the formation of FA and AA by isoprene 

and α-pinene photooxidation, with special focus on the effects of gaseous and particulate 

water. We found in general the presence of water, in both gas and particle phase, can 

enhance FA and AA formation. Under 70% RH with wet AS seed, which is relevant to wet 

seasons of the southeastern United States and Amazon rain forest, FA and AA formation 

yield can increase by 100-350% compared to dry conditions. This may help explain the 

measurement-model discrepancies observed in previous studies. In addition, we also 

noticed the formation of FA and AA in “clean” chamber, likely related to the 

photooxidation and photolysis of the highly aged organic films on chamber walls, which 

can also happen on surfaces in ambient environment and thus sources for FA and AA.  
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Table 4-1 Summary of experimental conditions. 

No. Precursor [BVOC]0 RH (%) Seed Type 

1 Isoprene 49 3-6 (Dry) effloresced (NH4)2SO4 (DAS) 

2 Isoprene 45 50-54 (50%RH) effloresced (NH4)2SO4 (DAS) 

3 Isoprene 47 51-54 (50%RH) deliquesced (NH4)2SO4 (WAS) 

4 Isoprene 46 67-70 (70%RH) deliquesced (NH4)2SO4 (WAS) 

5 Isoprene 47 2-6 (Dry) deliquesced MgSO4/H2SO4 (MSSA) 

6 α-pinene 41 2-4 (Dry) effloresced (NH4)2SO4 (DAS) 

7 α-pinene 43 49-52 (50%RH) effloresced (NH4)2SO4 (DAS) 

8 α-pinene 43 50-54 (50%RH) deliquesced (NH4)2SO4 (WAS) 

9 α-pinene 44 66-69 (70%RH) deliquesced (NH4)2SO4 (WAS) 
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Figure 4-1 FA and AA time series in photooxidation experiments in humidified 
“clean” chamber. 
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Figure 4-2 Summary of formic and acetic acid molar yields under different 
conditions. 
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Figure 4-3 Time Series of (a) FA, (b) AA, and tracer compounds: (c) CH4O3 (g), (d) 
gaseous C5H8O4, (e) C5H12O4 (p), and (f) C5H12O6 (p) in isoprene photooxidation 
experiments. The yellow shade indicates UV lights were on, while grey shade indicates 
UV lights were off. Note that C5H12O4 (p) and C5H12O6 (p) signals in experiment with 
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MSSA seed (yellow) were scaled by a factor of 1/10. 
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Figure 4-4 Time Series of (a) FA, (b) AA, and tracer compound (c) C10H18O3 (g) in α-
pinene photooxidation experiments, and (d) difference between normalized particle 
mass spectra 50% RH, WAS experiment and 50% RH, DAS experiment. In (a)(b)(c), 
he yellow shade indicates UV lights were on in all experiments, and blue shade 
indicates that UV lights were off in three humid experiments but still on in the dry 
experiment, while grey shade indicates UV lights were off in the dry experiment. In 
(d), positive values mean ions have a higher abundance in 50% RH WAS experiment, 
while negative values mean ions have a higher abundance in 50% RH DAS 
experiment.  

  

25

20

15

10

5

0

F
A

 (
pp

b)

5004003002001000
Elapsed Time (min)

16

14

12

10

8

6

4

2

0

A
A

 (
pp

b)

5004003002001000
Elapsed Time (min)

(a) (b)

 Dry, DAS
 50% RH, DAS
 50% RH, WAS
 70% RH, WAS

100

80

60

40

20

0

C
10

H
18

O
3
 (

g,
 H

z)

5004003002001000
Elapsed Time (min)

2.0x10
-2

1.5

1.0

0.5

0.0

-0.5

-1.0

F
ra

ct
io

n 
of

 S
ig

na
l

400300200100
m/z

Signal x10

(50% RH, WAS - 50% RH, DAS)

(c) (d)



 106

CHAPTER 5. SUMMARY AND FUTURE WORKS 

5.1 Summary 

This thesis presents two-month measurements at Yorkville, GA, a rural site in the 

southeastern United States, during a season transition from summer to fall. The high-

resolution molecular-based measurements by FIGAERO-CIMS well supplement the bulk-

level measurements by AMS, and more chemical pathways have been identified to explain 

the AMS OA factors. Notable SOA formation was identified from isoprene and 

monoterpenes during both day and night. In addition to the well-recognized isoprene-

derived SOA formation via IEPOX uptake, notable ISOPOOH-derived SOA via non-

IEPOX pathways and abundant isoprene-derived organic nitrates was also observed. AMS 

LO-OOA factor has been mostly attributed to nighttime monoterpene SOA formation by 

previous AMS factorization analysis, while FIGAERO-CIMS measurements identified 

nocturnal isoprene chemistry also leads to the formation of LO-OOA. 

The sources and partitioning of five most abundant LMWOA were further 

investigated for Yorkville, GA campaign. While these LMWOA can form in similar 

reactions and shared certain physicochemical properties, their formation and partitioning 

can be driven by quite different processes. For example, we found that the gas- and particle-

phase formic and acetic acids were largely decoupled: the majority of the gas-phase formic 

and acetic acids were formed rapidly and in situ through biogenic VOC photooxidation, 

while their particle-phase counterparts were likely from transport and bonded to NVC, 

whereas the gas-particle partitioning of oxalic acid was in equilibrium and can be well 

captured by thermodynamic model. As LMWOA are normally end products of 
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photochemical oxidation and linked to OA aging, we also observed links between 

LMWOA and aged SOA. Particulate LMWOA showed strong correlation with MO-OOA, 

and can be a good tracer for aged SOA while their correlation was largely attributed to 

boundary layer dynamics.  

A series of chamber experiments were conducted to quantitatively investigate 

formic and acetic acid formation in the photooxidation of isoprene and α-pinene, two most 

abundant biogenic VOC measured in Yorkville, GA campaign. We found the presence of 

both gaseous and particulate water in general enhanced formic and acetic acids formation. 

Given the relatively high RH in the southeastern United States, tropospheric gaseous and 

aerosol water would be a non-negligible factor affecting LMWOA formation. Including it 

in current modeling frameworks may help improve simulations and explain the large 

measurement-model discrepancies of formic and acetic acids observed in previous studies. 

5.2 Future Works 

5.2.1 OA Characterization Aided by Instrument Improvements 

Chapter 2 presents field measurements using both HR-ToF-AMS and FIGAERO-

CIMS, combining factorization analysis with molecular measurements for a better 

characterization of OA composition. The AMS has been developed for over two decades, 

and has been widely used in both ambient and laboratory studies. With limited resolution, 

the AMS only provide bulk-level chemical information, while factorization analysis takes 

full advantage of its measuring capability. Meanwhile, the wide usage of AMS allows for 

a well-established global database of AMS OA factors. The utilization of FIGAERO-CIMS 

for OA characterization is relatively new, but more information can be acquired with its 
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higher resolution. We show in Chapter 2 that FIGAERO-CIMS is a good supplement to 

AMS and brings more insights into the AMS factors that have been known for long.  More 

parallel measurements using AMS and molecular-based online instruments would be 

worthwhile, which may allow a new interpretation of the AMS-based global OA 

distribution map. In addition, the fast advances of online mass spectrometry enable high 

time-resolution measurements of thousands of compounds. New data analysis techniques 

are needed to make full use of these large complex datasets.   

5.2.2 Sources of Aged SOA 

AMS MO-OOA factor, normally a surrogate of aged SOA, has been resolved 

ubiquitously and normally constitutes a considerable fraction of OA. Different theories 

have been proposed about MO-OOA sources. In Chapter 3, we show the five measured 

LMWOA strongly correlated with MO-OOA, but can only explain 10% of MO-OOA mass. 

It is still unclear what the majority of MO-OOA is. We also propose that the five LMWOA 

were of different origins, where particulate formate and acetate was from transport and 

oxalate was formed in aqueous processing of local biogenic SOA. Understanding how 

these different sources contribute to total MO-OOA would be helpful for future air 

pollution regulations. 

5.2.3 Conducting Laboratory Experiments under Ambient-Relevant Conditions 

In Chapter 4 we show that the presence of water can substantially change the yields 

of small organic acid formation from BVOC photooxidation. Traditionally, most chamber 

experiments have been conducted under dry conditions, while gaseous and particulate 

water is ubiquitous and abundant in ambient environment. Recent studies consistently 
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showed a large measurement-model discrepancies for formic and acetic acids, implying a 

missing source for these LMWOA. A gap to fill is that many parameters used in current 

model frameworks are from experiments conducted under dry conditions, and need to be 

updated. While increasing RH in chamber experiments introduces more uncertainties, e.g. 

background production of small molecules and wall loss of intermediate products, it is 

worth efforts to conduct experiments under more ambient-relevant conditions. 
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APPENDIX A. RESPONSE OF THE AERODYNE AEROSOL MASS 

SPECTROMETER TO INORGANIC SULFATES AND 

ORGANOSULFUR COMPOUNDS: APPLICATIONS IN FIELD AND 

LABORATORY MEASUREMENTS 

A.1  Background 

Organosulfur compounds have been identified in both laboratory-generated and 

ambient aerosols (Liggio and Li, 2006;Surratt et al., 2007a;Surratt et al., 2008;Riva et al., 

2015;Stone et al., 2012;Tolocka and Turpin, 2012;Iinuma et al., 2007b;Iinuma et al., 

2007a;Liao et al., 2015). It has been suggested that these compounds can comprise a 

substantial fraction of organic aerosol (OA) mass (Surratt et al., 2008;Tolocka and Turpin, 

2012;Liao et al., 2015). Organosulfur compounds are generally of low volatility (Iinuma 

et al., 2007b;Iinuma et al., 2007a), and can be an important component of high molecular 

weight (MW) compounds in ambient aerosols. Due to their surface-active nature and 

chemical stability (Liggio and Li, 2006;Olson et al., 2011;Darer et al., 2011), organosulfur 

compounds can play a potentially important role in altering aerosol physicochemical 

properties (Stone et al., 2012;Tao et al., 2014;Estillore et al., 2016). Organosulfur 

compounds are also thought to be good tracers for aqueous particle-phase secondary OA 

(SOA) formation (McNeill et al., 2012). Given their importance, different methods have 

been explored to quantify organosulfur compounds in ambient aerosols. Offline methods 

such as Fourier transform infrared (FTIR) transmission spectroscopy have been used to 

measure C-O-S functional groups (Maria et al., 2003). The difference between total 

particulate sulfur measured by X-ray emission techniques and water soluble inorganic 
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sulfate measured by ion chromatography (IC) has been used to provide an upper-limit 

estimation of atmospheric organosulfur compounds (Surratt et al., 2008;Tolocka and 

Turpin, 2012;Sorooshian et al., 2015;Lukács et al., 2009). However, this method suffers 

uncertainties from instrument cross-calibrations (Lukács et al., 2009). Liquid 

chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) is 

widely used to identify and quantify organosulfur compounds (Stone et al., 2012), but the 

quantification of total organosulfur compounds is limited by the availability of authentic 

standards (Olson et al., 2011;Hettiyadura et al., 2015). For online methods, Particle 

Ablation by Laser Mass Spectrometry (PALMS) single particle mass spectrometer has 

been used to measure certain organosulfur compounds in single particles (Liao et al., 

2015;Froyd et al., 2010), but as a single particle mass spectrometer, PALMS suffers from 

quantification issues (Murphy, 2007). 

The high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, 

Aerodyne; henceforth referred to as AMS) has also been used to estimate the lower bound 

of ambient organosulfur compound concentrations based on the signal intensity of 

organosulfur ions (CxHyOzS+) and their fractional contributions in pure organosulfur 

compound standards (Huang et al., 2015). However, most sulfate and sulfonate 

functionalities in organosulfur compounds fragment to HxSOy
+ ions (Farmer et al., 

2010;Huang et al., 2015).  Meanwhile, HxSOy
+ ions in the AMS are often misinterpreted 

as arising only from inorganic sulfates in subsequent analysis. This potential misattribution 

can result in an underestimation of organic mass and a corresponding overestimation of 

inorganic sulfate mass, and it also causes underestimation of S/C. Docherty et al. (2011) 

have shown that when including the S content of organosulfates in elemental analysis 
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calculations, S/C can increase by a factor of 30 for an ambient study. Methanesulfonic acid, 

which is an important organosulfur compound in  marine aerosols (Facchini et al., 

2008;Ovadnevaite et al., 2014), has been quantified with the AMS based on their signature 

organosulfur fragments (sometimes complemented by PMF analysis) (Phinney et al., 

2006;Zorn et al., 2008;Ge et al., 2012;Huang et al., 2015;Ovadnevaite et al., 2014;Huang 

et al., 2017;Willis et al., 2016), which are much more abundant due to the C-S bonding 

rather than C-O-S bonding, and the smaller size of methanesulfonic acid compared to other 

organosulfur compounds (Oae, 1991).  

In this study, we developed a method to estimate the concentration of organosulfur 

compounds based on AMS-measured sulfate mass spectra. 16 standard organosulfur 

standards (including organosulfates, sulfonates, and sulfonic acids) were tested in the 

laboratory. Methanesulfonic acid was evaluated and discussed separately from other 

organosulfur compounds because of its distinctive mass spectrum. We applied this method 

to both chamber and ambient measurements and discussed their atmospheric implications. 

Four different AMSs were used in standard calibrations and chamber/ambient 

measurements, which will be referred hereafter as GT AMS (Georgia Institute of 

Technology group), Galway AMS (National University of Ireland Galway group), 

TROPOS AMS (Leibniz Institute for Tropospheric Research group), and Boulder AMS 

(University of Colorado-Boulder group) hereafter.  

A.2 Methods 

A.2.1 Laboratory Characterization of Standard Compounds 
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The fragmentation patterns of standard compounds were obtained by directly 

atomizing 10 - 140 μM aqueous solutions of standard compounds into the AMS. The 

particles were generated by an ultrasonic nebulizer (U-5000AT, Cetac Technologies Inc., 

Omaha, Nebraska, USA), and passed through a nafion dryer to remove excess water prior 

to entering the AMS. In this study, 3 inorganic sulfates and 16 organosulfur compounds 

were tested with the GT AMS (Table A-1). The 3 inorganic sulfates are ammonium sulfate 

(AS), acidic AS (1:1 mixture of ammonium sulfate and sulfuric acid), and sodium sulfate 

(SS). The 16 organosulfur compounds include 4 linear alkyl organosulfate salts (sodium 

methyl sulfate, sodium ethyl sulfate, sodium n-heptyl sulfate, and sodium n-octyl sulfate), 

2 oxygenated organosulfate salts, one containing a carboxylic acid functional group 

(potassium glycolic acid sulfate) and the other containing a carbonyl functional group 

(potassium hydroxyacetone sulfate), 6 aromatic organosulfate salts (potassium o-cresol 

sulfate, potassium p-cresol sulfate, potassium m-cresol sulfate, sodium benzyl sulfate, 

potassium 4-nitrophenyl sulfate, and potassium 4-hydroxy-3-methoxyphenylglycol 

sulfate), 2 sulfonate salts (sodium 1-butanesulfonate and sodium benzenesulfonate), and 2 

sulfonic acids (methanesulfonic acid and ethanesulfonic acid). Pure sulfuric acid mass 

spectrum was acquired with the Boulder AMS. Methanesulfonic acid (MSA) will be 

discussed separately from other organosulfur compounds due to its unique fragmentation 

patterns in the AMS. Organosulfate, sulfonate, and sulfonic acid standards tested in this 

study but excluding MSA will be referred to as OS hereafter. 

Structures of standard compounds are shown in Table A-1. Hydroxyacetone sulfate, 

glycolic acid sulfate, and benzyl sulfate were synthesized in the laboratory according to the 

method described in Hettiyadura et al. (2015); o-cresol sulfate, p-cresol sulfate, and m-
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cresol sulfate were synthesized in the laboratory according to the method described in 

Staudt et al. (2014); the rest of organosulfur standards are commercially available. Among 

all OS standards evaluated in this work, glycolic acid sulfate (OS-3) is one of the most 

abundant atmospheric organosulfates quantified so far (Olson et al., 2011;Hettiyadura et 

al., 2015;Liao et al., 2015;Huang et al., 2018). Hydroxyacetone sulfate (OS-4), methyl 

sulfate (OS-1), o-cresol sulfate (OS-7), p-cresol sulfate (OS-8), m-cresol sulfate (OS-9), 

and benzylsulfate (OS-10) have also been detected in ambient aerosols in prior studies 

(Hettiyadura et al., 2015;Staudt et al., 2014). 

A.2.2 Characterization of Chamber-Generated Biogenic SOA and Ambient OA 

One isoprene photooxidation experiment under low-NO condition and four sets of 

field measurements conducted by different groups with different AMS were investigated 

in this study to probe the time variations and abundance of organosulfur compounds in 

well-controlled single VOC system and in different ambient environments, including 

biogenic VOC (BVOC) dominated southeastern US measurements (Centreville 

measurements), MSA abundant coastal and cruise measurements (Mace Head and 

Polarstern measurements), and high acidity aircraft measurements (WINTER 

measurements). Four different AMS are included in the discussions, GT AMS (chamber 

isoprene SOA and Centreville measurements), Galway AMS (Mace Head measurements), 

TROPOS AMS (Polarstern measurements), and Boulder AMS (WINTER measurements). 

A.2.2.1 Chamber Experiment 

Isoprene photooxidation SOA under low-NO condition were generated in the 

Georgia Tech Environmental Chamber (GTEC) facility. Details of the facility have been 
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described in Boyd et al. (2015a) and details of the experiment have been described in (Tuet 

et al., 2017). Briefly, the experiment was performed at 25 oC under dry (RH < 5 %) 

condition. Prior to the experiment, the chamber was flushed with zero air for ~24 h. Seed 

aerosol was first introduced by atomizing 15 mM AS solution and seed volume 

concentration was stabilized at ~ 25 μm3/cm3. Aerosol volume concentrations and 

distributions were measured using a scanning mobility particle sizer (SMPS; TSI) 

consisting of a differential mobility analyzer (DMA; TSI 3040) and a condensation particle 

counter (CPC; TSI 3775). Isoprene (99%, Sigma-Aldrich) was injected into a glass bulb 

and zero air was passed over the solution until it evaporated. The initial concentration of 

isoprene was 97 ppb. H2O2 (50% aqueous solution, Sigma-Aldrich) was then injected as 

an OH precursor. Once the concentrations of all species stabilized, UV lights were turned 

on to initiate photooxidation. The photolysis of H2O2 yielded an OH concentration on the 

order of 106 molecules/cm3 under low-NO conditions. 

A.2.2.2 Field Measurements 

The Centreville measurements were performed in Centreville, Alabama (USA), 

from 01 June to 15 July 2013 during the Southern Oxidant and Aerosol Study (SOAS) with 

the GT AMS (Xu et al., 2015a;Xu et al., 2015b). The Centreville site is a rural site located 

in a forested area, with high biogenic emissions, especially isoprene and monoterpenes. 

Biogenic volatile organic compounds (BVOC)-derived organosulfur species have been 

identified as an abundant contributor to total OA in the southeastern US (Surratt et al., 

2008;Tolocka and Turpin, 2012), making this location ideal for organosulfur compound 

measurements. 



 116

The Mace Head measurements were performed at the Mace Head Global 

Atmosphere Watch research station, Ireland, from 12 July 2010 to 9 September 2010 with 

the Galway AMS (Ovadnevaite et al., 2014). This is a ground site located on the west coast 

of Ireland and facing westward to the northeast Atlantic, where clean marine air coming 

onshore can be perturbed by (mostly local) anthropogenic sources. In the summertime high 

oceanic biological activity results in abundant atmospheric MSA at this site. 

The Polarstern measurements were performed on the German research vessel (RV) 

Polarstern during a cruise from Cape Town, Republic of South Africa to Bremerhaven, 

Germany, from 20 April to 20 May 2011 with the TROPOS AMS (Huang et al., 2017). 

The cruise took place during the autumn in the Southern hemisphere, when both dimethyl 

sulphide and MSA concentrations are expected to be relatively low, and spring in the 

Northern hemisphere, where phytoplankton blooms were often encountered, resulting in 

high MSA concentrations. This spatial contrast was reflected in the MSA concentration 

time series. 

The Wintertime Investigation of Transport, Emissions, and Reactivity (WINTER) 

aircraft campaign took place out of the NASA Langley Research Center (Hampton, VA) 

from February 1 to March 15, 2015 aboard the National Center for Atmospheric Research 

(NCAR) C-130 aircraft, with the Boulder AMS (Schroder et al., 2018). One campaign 

objective was to look at the temporal evolution of power plant plumes under low 

temperature/stagnant conditions typical of the winter months in the northeastern United 

States. 

A.2.3 Sulfate Apportionment Method 



 117

A.2.3.1 AMS Sulfate Mass Spectra of Standard Compounds 

Organosulfates, sulfonates, and sulfonic acids predominantly fragment into 

separate organic (CxHyOz) and sulfate fragments (SOx) rather than organosulfur fragments 

(CxHyOzS) in the AMS (Figure A-1), suggesting that most C-O-S (corresponding to 

organosulfates) and C-S (corresponding to sulfonates and sulfonic acids) bonds are not 

retained after vaporization and ionization. Sulfonate and sulfonic acid molecules do not 

contain a sulfate functional group, but the HxSOy
+ fragments they produce in the AMS 

would be counted as sulfate concentrations in standard data processing. Therefore, these 

HxSOy
+ fragments produced by sulfonates and sulfonic acids will still be referred to as 

“sulfate” fragments hereafter. For all OS tested in this study, organosulfur fragments only 

contribute 0.02 - 4% to the total signal, depending on the MW, structure, and bonding types 

(Figure A-1). Generally, OS with smaller MW of carbon backbones tend to produce a 

larger fraction of organosulfur fragments, but the structure of the carbon backbones and 

bonding types may also play a role. For instance, methyl sulfate (OS-1, H3C-O-SO3
-) and 

MSA (H3C-SO3
-) have the same carbon backbone, but MSA retains a much higher portion 

of organosulfur fragments (16%) because of the different bond types between 

sulfate/sulfonate groups and the carbon backbones. This difference becomes negligible 

when one more methyl group is added to the carbon backbone (Figure A-1, ethyl sulfate 

(OS-2) and ethanesulfonic acid (OS-15)). Phenyl sulfonates produce a higher fraction of 

organosulfur fragments compared to other OS with similar MW of carbon backbones 

(Figure A-1, benzenesulfonate (OS-14)), possibly due to the stabilization by resonance 

between benzene ring and sulfonate group.(Oae, 1991) Due to their small signals, the 

organosulfur fragments are subject to interference by stronger neighboring signals in the 
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most common V-mode resolution (m/dm~2500) for the AMS when sampling complex 

matrices such as ambient aerosols, posing a barrier to estimating OS mass only by 

organosulfur fragments. In contrast, the major sulfate fragments have strong signals and 

can be well fitted (Figure A-2). Consequently, we focused on using the sulfate fragments 

to understand the fragmentation patterns of different inorganic sulfates and organosulfur 

compounds in the AMS. 

The typical V-mode AMS high-resolution sulfate mass spectra of AS, MSA, SS, 

and an OS standard (sodium benzyl sulfate, OS-10) are shown in Figure A-5(a). The 

spectra obtained in this study show a very similar pattern to those reported elsewhere.(Zorn 

et al., 2008;Huang et al., 2015;Ge et al., 2012;Hogrefe et al., 2004) Among all the 

fragments produced by the fragmentation of these different sulfate/sulfonate-containing 

compounds, the main ions are SO+, SO2
+, SO3

+, HSO3
+, and H2SO4

+ (Canagaratna et al., 

2007). Here, we referred to the sum of these five ions as ΣHSO and normalized each of the 

five ions to HSO. The normalization can be expressed by eq.A.1-6: 

2 3 3 2 4HSO = SO  + SO  + SO  + HSO  + H SO      (A.1) 

SO
 = 

HSOSOf



 (A.2) 

2

2SO
 = 

HSOSOf



 (A.3) 

3

3SO
 = 

HSOSOf



 (A.4) 
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3

3HSO
 = 

HSOHSOf



 (A.5) 

2 4

2 4H SO
 = 

HSOH SOf



 (A.6) 

The normalized SO+, SO2
+, SO3

+, HSO3
+, and H2SO4

+ abundance is shown in 

Figure A-5(b). For all standards, smaller ions like SO+, SO2
+ and SO3

+, account for most 

of the HSO signals, which can be explained by the extensive thermal decomposition 

during vaporization and fragmentation after electron impact (EI) ionization. Meanwhile, 

the HSO3
+ fragment is only produced by MSA and AS (at different relative abundances), 

and H2SO4
+ fragment is exclusively produced by AS. These observations can be explained 

by their different chemical structures. For organosulfates, it takes less energy to break the 

O-S bond than the C-O bond,(Sanderson, 1971) so it is more likely for the organic part to 

retain the oxygen during fragmentation and result in small sulfate fragments with at most 

three oxygens.  For MSA, the sulfur molecule is bonded to three oxygens so that the H2SO4
+ 

ion cannot be produced, while the HSO3
+ ion can be produced by breaking the C-S bond. 

For ammonium sulfate, sulfate decomposes to either dehydrated SO3 (+H2O) or intact 

H2SO4,(Allan et al., 2004b) and the water signal produced due to the dehydration process 

is calculated based on an empirical sulfate fragmentation table (Table A-2).(Allan et al., 

2004b) For the other sulfate/sulfonate-containing species discussed in this study (MSA, 

OS, and SS), there is no pathway to produce water fragments, therefore a sulfate 

fragmentation table without water fragments was used for these species (Table A-2). 

The distinctive HSO3
+ and H2SO4

+ ion fractions in different standard compounds 

provide the basis for our method of distinguishing different types of sulfate/sulfonate-
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containing compounds. Figure A-5(c) shows the 
2 4H SOf vs. 

3HSOf  for all standard 

compounds. The four types of standards (AS, OS, SS, and MSA) together defined a 

triangle-shaped space, with OS and SS occupying indistinguishable regions in this space.  

There are some variations in 
3HSOf  and 

2 4H SOf  among all OS (Table A-3), but the 

variations are small, thus the average value for all OS was used hereafter. Different types 

of inorganic sulfates and organosulfur compounds fall into different regions in this space 

and thus can be distinguished. The relative contribution from each type of sulfate/sulfonate-

containing compounds can be estimated for any point in this space. The mass spectra of 

AS and MSA obtained by the Galway AMS, TROPOS AMS, and Boulder AMS are also 

shown in Figure A-5(c). The differences in the same type of compounds among different 

AMS likely arise from instrument-to-instrument and time-to-time variability. Therefore, 

when applying the apportionment method, calibrations with SS/OS, AS, and MSA 

standards to define the triangle region are required for the particular instrument and time 

period. In addition, calibrations of RIE for the standard species are required for accurate 

quantification. 

A.2.3.2 Development of Sulfate Apportionment Method 

Based on the different 
3HSOf  and 

2 4H SOf  for different types of sulfate/sulfonate-

containing compounds, we developed an approach to deconvolve total sulfate signals into 

components of inorganic and organic origins. Based on the 
3HSOf  and 

2 4H SOf values 

determined for pure standard compounds in the laboratory, the measured HSO3
+, H2SO4

+, 

and ΣHSO can be expressed as: 
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meas AS OS/SS MSAHSO HSO HSO HSO     (A.9) 

 

The subscript “meas” denotes the measured mass concentration of sulfate fragments, and the 

subscript “standard” denotes measured fractions of standard compounds. ΣHSOAS, 

ΣHSOOS/SS, and ΣHSOMSA are ΣHSO for AS, OS or SS, and MSA, respectively, which can 

be solved by:  

3 3 3

2 4 2 4 2 4

1

, , , / , , ,AS 3,meas

OS/SS , , , / , , , 2 4,meas

MSA meas

HSO  HSO  

HSO H SO

HSO HSO1 1 1

HSO AS standard HSO OS SS standard HSO MSA standard
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f f f
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 (A.10) 

Afterwards, the fractions of ΣHSO in AMS total sulfate signals (i.e., 
standardtotal sulfate

HSO 
 
 

) 

acquired for each type of species during the calibrations will be used to convert ΣHSO 

signals from above calculations to total sulfate signals. 

For OS and SS, they are indistinguishable in the 
3HSOf  vs. 

2 4H SOf space, but their 

relative contributions to total sulfate in ambient data can be highly dependent on the 

measurement locations. SS is considered as a refractory species and cannot be completely 

vaporized at 600 oC (default AMS vaporizer temperature) (Allan et al., 2004a). As a result, 
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for typical continental sites, SS signals may be a minor component compared to OS. For 

coastal and cruise measurements, SS cannot be neglected due to its abundance. In the 

following discussion, we will treat ΣHSOOS/SS resolved for a continental site (Centreville) 

as dominantly from OS (except for a short period of crustal events), and for coastal or 

marine measurements (Mace Head and Polarstern), we will treat OS and SS as one 

component, i.e., the summation of OS and SS. 

A.2.3.3 Laboratory Calibration of Sulfate RIE 

The sulfate RIE (relative ionization efficiency of the species of interest relative to 

nitrate) (Canagaratna et al., 2007) in the AMS (RIESO4) can be calibrated with pure 

ammonium sulfate (Hu et al., 2017). The default RIESO4 of 1.2 was used for ammonium 

sulfate in this study because this calibration was not performed for the majority of the field 

studies discussed here. Our two-year records (2017 - 2018) of RIESO4 on the GT AMS is 

1.20  0.15, validating that 1.2 is a good estimation.  The RIESO4 of organosulfate 

compounds can be lower than that of ammonium sulfate, since during the fragmentation 

and ionization processes, the electronegative sulfate/sulfonate groups have a reduced 

tendency to retain the charge (Docherty et al., 2011;Aiken et al., 2007;Aiken et al., 2008). 

The RIESO4 was determined for two commercially available organosulfur compounds 

(MSA and ethyl sodium sulfate (OS-2)) with the GT AMS. Size-selected (300 nm) pure 

MSA (or OS-2) was atomized to the AMS and a condensation particle counter (CPC; TSI 

3775) simultaneously. Sulfate concentration based on particle number was calculated by: 

4

3

4 CPC ,[SO ]
6

CPC p
SO formula

n D
f


  (A.11) 
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where CPCn  is the particle number concentration measured by CPC,  is the density of 

organosulfur compounds, Dp is the selected particle diameter, and 
4 ,SO formulaf  is the sulfate 

functionality mass fraction according to the compound formula (e.g., 81/96 for MSA). The 

collection efficiency (CE) of 1 was applied to AMS data. Viscosity measurements of 

organosulfur compounds are lacking in literature. Here we assumed that MSA and OS-2 

particles are of low viscosity given their low MW (Shiraiwa et al., 2017;DeRieux et al., 

2018), while uncertainty regarding this assumption exits. A RIESO4 of 0.77 was calculated 

for MSA and a RIESO4 of 0.82 is calculated for OS-2 (Figure A-6). The reason for the lower 

RIESO4 for MSA is because a higher fraction of organosulfur fragments was produced in 

the fragmentation process of MSA compared to OS-2 (Figure A-1), and these fragments 

were not accounted in the sulfate concentration in eq. A.11. For the subsequent analysis, 

we tentatively applied an RIE of 0.8 to sulfate produced by organosulfur compounds. A 

default RIE of 1.2 was applied to “AS sulfate”.  

A.2.3.4 Uncertainty Analysis 

Recall that ΣHSOAS, ΣHSOOS/SS, and ΣHSOMSA are calculated by eq. A.10 in the 

main text. Including the error of each term we can get:  

3 3 3 3 3 3
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 (A.12) 

For laboratory calibration of standard compounds, 
3HSOf  and 

2 4H SOf  of pure 

standard compounds (AS and MSA) were calculated as the standard deviation during 

calibration when signals were stable, while  
3HSOf  and 

2 4H SOf  of OS/SS were calculated 

as the standard deviation of all OS and SS compounds calibrated in this study. For 

uncertainties in the measured mass concentratin of sulfate fragments, HSO  was 

calculated by error propagation:    

 2 2 2 2 2
2 3 3 2 4HSO= ( SO ) ( SO ) ( SO ) ( HSO ) ( H SO )               (A.13) 

The uncertainties of apportionment results (ΣHSOAS, ΣHSOOS/SS, and ΣHSOMSA) 

can be then assessed via Monte Carlo approach.  For the scaling factor, 

standardtotal sulfate

HSO 
 
 

, used to convert ΣHSO signals from above calculations to total 

sulfate signals, the uncertainty was acquired from the standard calibration. The 

uncertainties of IE determination (~ 10%), CE determination (~ 30%), and RIE 

determination (~ 15%) were also encapsulated.(Bahreini et al., 2009) 

A.3 Results and Discussion 

A.3.1 Sulfate Apportionment for Laboratory-Generated Binary Mixtures 

The sulfate apportionment method was first validated with laboratory-generated 

aerosols of known compositions. Two different types of standard compound solutions were 

pre-mixed and nebulized into an AMS (GT AMS). Particles with a mobility diameter of 

300 nm were selected.  
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We first tested the mixture of AS with MSA. MSA and AS were dissolved in DI 

water in different molar ratios (3:1, 2:1, 1:1, 1:2, 1:3). The mixture solution was 

immediately nebulized into the AMS. After obtaining ΣHSOMSA and ΣHSOAS by eq. A.10, 

total sulfate signals by MSA (“MSA sulfate”) and AS (“AS sulfate”) were calculated by: 

MSA
4,MSA

SO4,MSA 4 MSA,standard

ΣHSO ΣHSO
SO

RIE SO

 
  

 
 (A.14) 

AS
4,AS

SO4,AS 4 AS,standard

ΣHSO ΣHSO
SO

RIE SO

 
  

 
 (A.15) 

Figure A-7(a) shows “MSA sulfate” to “AS sulfate” molar ratio calculated by 

apportionment method as a function of MSA to AS molar ratio in the particles. The MSA 

to AS ratio in the particles was assumed to be the same as that in the solution (Matthew et 

al., 2008;Xu et al., 2017a;Xu et al., 2018b). MW of 98 g/mol and 81 g/mol are used for 

“AS sulfate” and “MSA sulfate”, respectively, to calculate their molar ratios. The 

calculated “MSA sulfate” to “AS sulfate” ratio agreed well with particle compositions 

(slope = 0.97 ± 0.02).  

A similar binary mixture apportionment analysis was carried out for mixtures of 

AS and OS standards. The results of AS and ethanesulfonic acid (OS-15) mixtures are 

shown in Figure A-7(b). Similarly, the calculated sulfate produced by OS (“OS sulfate”) 

to “AS sulfate” ratio is highly correlated with particle composition. The slope is lower than 

1 (0.88 ± 0.04) but still within the uncertainty of AMS measurements. 

A.3.2 Effect of Particle Acidity on AS Fragmentation Pattern 
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Considering marine and stratospheric aerosols are rich in sulfuric acid 

(Ovadnevaite et al., 2014;Murphy et al., 2007), and the particle pH is low in the 

southeastern United States (Guo et al., 2015), we investigated the fragmentation pattern of 

acidic AS. Acidic sulfate (1:1 mixture of ammonium sulfate and sulfuric acid) was tested 

with the GT AMS, and pure sulfuric acid was tested with the Boulder AMS. The results 

are shown in Figure A-8(a). All 
3HSOf  and 

2 4H SOf are normalized to those of AS from the 

specific AMS to minimize the influence from instrument-to-instrument variability, so that 

AS would always be at point (1,1) in the 
2 4H SOf  vs. 

3HSOf  space. Acidic AS shows a 

similar fragmentation pattern to AS, with a slightly higher production of HSO3
+ and 

H2SO4
+ fragments (Table A-3 and Figure A-8(a)). However, pure sulfuric acid shows 

almost twice higher fractions of HSO3
+ and H2SO4

+ fragments (Figure A-8(a)) compared 

to AS. We speculate that the reason is that a much larger fraction evaporates intact for pure 

sulfuric acid, compared to the fraction of the sulfate that evaporates as sulfuric acid for AS 

and acidic AS, and dehydration is more likely to happen for sulfate salts than sulfuric acid 

(Allan et al., 2004b;Drewnick et al., 2015). Since vaporization equilibrium between H2SO4 

and SO3 + H2O can shift with changing temperature, a precise temperature control of the 

AMS vaporizer and a  MS tuning that favors a non-mass dependent response are necessary 

(Hu et al., 2017). 

The Boulder AMS was also deployed in the WINTER aircraft campaign (Schroder 

et al., 2018), where it intercepted a strong coal-fired power plant plume (~ 50 ppb SO2). 

As shown in Figure A-8(b), the estimated particle pH (calculated with the E-AIM model 

(Clegg et al., 1998;Wexler and Clegg, 2002;Clegg et al., 2003)) decreased rapidly to -1 in 
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the core of the plume. The highest 
3HSOf  and 

2 4H SOf values in the plume are 72% and 21% 

higher, respectively, compared to pure AS from the same AMS. In this strong plume, the 

sulfate concentration is an order of magnitude higher than ammonium, nitrate, and organics 

concentrations, thus the change in 
3HSOf  and 

2 4H SOf is attributed to the near sulfuric acid 

conditions and very high acidity. The shifts in 
3HSOf  and 

2 4H SOf  to values outside the 

region defined by the OS/SS-AS-MSA triangle suggest that caution is needed when 

applying the apportionment method to data obtained under high acidity (near pure H2SO4 , 

molar ratio of NH4:SO4 < 0.8) conditions. Nevertheless, for ground studies the ambient 

particles are less acidic than pure sulfuric acid particles in most cases (Zhang et al., 

2007b;Bougiatioti et al., 2016;Guo et al., 2017b;Liu et al., 2017;Guo et al., 2017a). 

A.3.3 Sulfate Apportionment for Chamber-Generated Isoprene SOA 

Organosulfates can be formed in isoprene photooxidation reactions (Surratt et al., 

2007a;Surratt et al., 2010). Here, we applied the sulfate apportionment method to quantify 

OS formation in an isoprene photooxidation experiment (Tuet et al., 2017). The reaction 

profile is shown in Figure A-9. The increase in total sulfate concentration as SOA started 

to form is likely due to increase in collection efficiency (CE) with the condensation of 

organics (Docherty et al., 2013;Bahreini et al., 2005). We assumed all O-S bonds in C-O-

S structures (corresponding to organosulfates) are broken. Thus no organosulfur fragments 

are produced, and sulfate/sulfonate functionality MW is 80 g/mol (corresponding to SO3) 

for all OS. With these, we estimated that 7% of AS seed has become organosulfate as SOA 

reaches peak growth, and the “OS sulfate” could contribute to 7% of total SOA. CxHyOzS+ 

ions only account for 0.07% of total SOA, consolidating our assumption that almost all O-
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S bonds in C-O-S structures are broken to form “OS sulfate”. Prior studies have shown that 

the formation of isoprene-epoxydiol (IEPOX) organosulfate (one of the abundant isoprene-

derived organonsulfates) is strongly enhanced in the presence of acidic sulfate seed (Surratt 

et al., 2007a;Surratt et al., 2010;Lin et al., 2012;Riedel et al., 2016;Zhang et al., 2018b;Cui 

et al., 2018). As our chamber experiment was conducted under dry conditions with 

ammonium sulfate seed, the contribution of organosulfates to total organic aerosols is 

expected to be lower than those under humid acidic conditions (Surratt et al., 2007a;Surratt 

et al., 2010). 

A.3.4 Application to Field Measurements for OS Estimation 

We applied the sulfate apportionment method to the SOAS data from Centreville 

to deconvolve sulfate from AS, OS, and MSA, respectively. The average “OS sulfate” mass 

is 0.12 μg/m3 for the whole campaign, which means that 4% of measured sulfate is from 

OS. We note that there are some negative values (6% of all the data) in the calculated “OS 

sulfate” concentration, which is due to data points falling outside the AS-MSA line in the 

triangle (Figure A-10(a)), as expected due to measurement noise. Our apportionment result 

is consistent with recent airborne and ground measurements in the same region.  Liao et al. 

quantified IEPOX-sulfate using PALMS during flight measurements and determined that 

it accounted for ~5% of the total sulfate mass measured by AMS (Liao et al., 2015). Hu et 

al. (2015) also indicated that IEPOX-sulfate accounted for ~5% of total sulfate mass for 

SOAS measurements. Previous study by Guo et al. (2015) showed that AMS total sulfate 

is 20% higher than inorganic sulfate measured by particle-into-liquid-sampler coupled to 

an ion chromatograph (PILS-IC) during SOAS. After excluding the OS sulfate calculated 
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from our apportionment method, the resulting AMS “AS sulfate” shows a better agreement 

(slope = 0.97) with PM1 inorganic sulfate measured by PILS-IC (Figure A-11(a)).  

We also compare our OS with speciated organosulfur compounds quantified in 

PM2.5 filter samples collected at Centreville during SOAS, using offline hydrophilic 

interaction liquid chromatography (HILIC) and a triple quadrupole mass spectrometer 

(TQD MS) against authentic standards (Hettiyadura et al., 2017). We focus on OS 

compounds that are both used in the apportionment method development in this study and 

quantified in the filter analysis. The “OS sulfate” time series calculated by sulfate 

apportionment method is shown in Figure A-11(b), together with total sulfate measured by 

the AMS (Xu et al., 2015a;Xu et al., 2015b), methyl sulfate, glycolic acid sulfate and 

hydroxyacetone sulfate quantitatively measured by offline HILIC-TQD (Hettiyadura et al., 

2017), and isoprene-OA resolved by PMF (Xu et al., 2015a;Xu et al., 2015b). The AMS 

“OS sulfate” shows a moderate correlation (R = 0.52) with speciated organosulfur 

compounds measured by offline HILIC-TQD. Two periods 6/17/2013 - 6/18/2013 and 

6/24/2013 - 6/28/2013 are excluded when calculating the R value, because these two 

periods overlap with the crustal events when mineral cations are abundant and the 

contribution of SS is not negligible (Allen et al., 2015). For the “OS sulfate” spike on 

6/26/2013, we speculated that it is due to the overlap of crustal event with strong isoprene-

related OS formation. Further, we compared “OS sulfate” with AMS isoprene-OA factor 

under different isoprene-OA abundances to study the role of isoprene-derived OS at 

Centreville. As shown in Figure A-11(c), the correlation between “OS sulfate” and 

isoprene-OA is enhanced as the fraction of isoprene-OA in total OA increases. The 

improved correlation between “OS sulfate” and isoprene-OA as isoprene-OA fraction 
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increases is consistent with isoprene-derived OS being an important source of OS at 

Centreville in summer when isoprene is abundant (Hettiyadura et al., 2017). Such 

enhancement in correlation is not observed for other OA factors (Figure A-12), suggesting 

that even if other factors may contribute to OS, they are not the major sources.  

A recent new study characterized 12 types of organosulfur compounds in filter 

samples of PM2.5 collected from SOAS (Hettiyadura et al., 2018). The sulfate mass 

associated with these 12 organosulfates over the studied period averaged 0.37 μg/m3, with 

2-methyltetrol sulfate accounting for 80% of the “OS sulfate” mass. These filter results 

imply that total “OS sulfate” could account for 16% of the total sulfate mass, which is 

higher than our estimation and prior studies by Liao et al. (2015) and Hu et al. (2015). Two 

instruments measuring particles of different sizes (PM1 by the AMS and PM2.5 by filter) 

and uncertainties in different instrument/measurement techniques likely contribute to the 

different observations. In this study, we cannot exclude the possibility that the 

fragmentation pattern of 2-methyltetrol sulfate in the AMS is different from other OS 

standards. Future work is warranted to expand the analysis to encompass an even wider 

suite of OS standards as they become available and characterize OS sulfate measured by 

different techniques.  

A.3.5 Application to Field Measurements for MSA Estimation 

For measurements at coastal sites and from cruises, we focused on resolving MSA 

time variation for Mace Head and Polarstern measurements, in a similar manner to OS 

estimation, using 96 g/mol as MSA MW and 81 g/mol as sulfonic acid functionality MW. 
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Previous studies have reported the quantification of MSA with the AMS by a well-

developed signature fragments method (Phinney et al., 2006;Zorn et al., 2008;Huang et al., 

2015;Ovadnevaite et al., 2014;Huang et al., 2017) based on ions such as CH3SO2
+, 

CH4SO3
+, etc., which are almost solely produced by MSA. Based on the fragmentation 

pattern of the pure MSA standard, ambient MSA concentration can be calculated using the 

intensity of signature fragments and their relative contributions in pure MSA. Here, we 

compared MSA concentration calculated by the signature fragments method and sulfate 

apportionment method presented in this study. The results for Mace Head and the RV 

Polarstern measurements are shown in Figure A-13. For both datasets, the MSA 

concentration estimated by the two methods shows good correlation (R2 = 0.675 for Mace 

Head data, and R2 = 0.710 for Polarstern data). Compared to the signature fragments 

method, the average concentration estimated by sulfate apportionment method is higher by 

30% for Mace Head measurements and 150% for Polarstern measurements. The reason is 

currently unknown, but a possible cause could be that the high acidity of submicron marine 

aerosols (Fridlind and Jacobson, 2000;Keene et al., 2004) affects sulfate fragmentation 

pattern as discussed above. For instance, for the Polarstern measurements, even accounting 

for the presence of large amount of sea salt sulfate, most data points have higher fractions 

of HSO3
+ and H2SO4

+ fragments than the AS standard (Figure A-10(c)). Meanwhile, some 

data points fall outside the OS/SS-AS line in the triangle (Figure A-10(b), (c)), resulting in 

negative concentrations in MSA estimation (Figure A-13), which requires further 

investigation. Nevertheless, this shows that the sulfate apportionment method is capable of 

determining the presence of MSA and its approximate concentration, and of approximately 

separating the MSA contribution from that of AS and OS species. 
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A.4 Conclusions 

In this study, a novel sulfate apportionment method was developed for AMS 

analysis. We showed that sulfate fragments originated from organosulfur compounds can 

be resolved from those of inorganic sulfate based on their different sulfate fragmentation 

patterns, providing insights into the quantity and time variations of organosulfur 

compounds in the atmosphere. The advantage of this method is that the contribution of “AS 

sulfate”, “OS/SS sulfate”, and “MSA sulfate” can be directly estimated using AMS 

measurements with high time resolution. One thing to note is that the sulfate apportionment 

method only estimates the mass concentration of sulfate/sulfonate functionalities in 

organosulfur molecules. The estimation of total OS contribution can be dependent on a 

good estimation of OS MW.  

We note that there are several limitations of this study. First, while we have 

considered an extensive set of atmospherically relevant OS standards, given the variety and 

complexity of atmospherically relevant organosulfur compounds, additional standards 

should be evaluated to explore the robustness of the fragmentation patterns of organosulfur 

compounds presented here. Second, we found that the sulfate fragmentation pattern can be 

very different under high acidity, making this method not directly applicable under near 

sulfuric acid conditions, though such extreme particle acidity is not common in typical 

continental surface measurements. Third, when data points fall outside the triangular region 

defined by OS/SS-AS-MSA, the estimated concentrations (either OS/SS, AS, or MSA, 

depending on where the data point falls) could be negative. As this will always occur to 

some degree due to the impact of random noise, averaging of longer data periods may be 

more meaningful under low concentration conditions.  
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Currently, the AMS sulfate is often misinterpreted as being entirely inorganic 

sulfate. Here, we applied the sulfate apportionment method to both chamber and ambient 

measurements. Our apportionment results clearly demonstrate that organosulfur 

compounds could be a non-negligible source of sulfate fragments in the AMS. Future 

studies need to take this into account when reporting organic and inorganic mass 

concentrations from AMS measurements. Overall, quantitative measurements of 

organosulfur compounds with high-time resolution will allow for improved constraints of 

their abundance in different environments and help advance the understanding of 

organosulfur compounds formation and related chemical processes in the atmosphere.  
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Table A-1 Standard Compounds. 

Compound Molecular Structure Family Source 

Sodium methyl 
sulfate 

(OS-1)  

Organosulfate 
Commercial 

(99%) 

Sodium ethyl sulfate  

 (OS-2) 
 

Organosulfate 
Commercial 

(96.31%) 

Potassium glycolic 
acid sulfate 

(OS-3) 
 

Organosulfate 
Lab 

Synthesized a 

(> 98%) 

Potassium 
hydroxyacetone 

sulfate 

(OS-4)  

Organosulfate 
Lab 

Synthesized a 

(> 98%) 

Sodium n-heptyl 
sulfate 

(OS-5)  
Organosulfate 

Commercial 

(99%) 

Sodium n-octyl 
sulfate 

(OS-6)  
Organosulfate 

Commercial 

(> 95%) 

Potassium o-cresol 
sulfate 

(OS-7) 
 

Organosulfate 
Lab 

Synthesized b 

(> 98%) 

Potassium p-cresol 
sulfate 

(OS-8) 
 

Organosulfate 
Lab 

Synthesized b 

(> 98%) 

Potassium m-cresol 
sulfate 

(OS-9) 
 

Organosulfate 
Lab 

Synthesized b 

(> 98%) 

Sodium benzyl 
sulfate  

 (OS-10) 
 

Organosulfate 
Lab 

Synthesized b 

(> 98%) 
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Potassium 4-
nitrophenyl sulfate 

(OS-11) 
 

Organosulfate 
Commercial 

(> 98%) 

Potassium 4-
hydroxy-3-

methoxyphenylglycol 
sulfate 

(OS-12)  

Organosulfate 
Commercial 

(> 98%) 

    

Sodium 1-
butanesulfonate 

(OS-13)    

Sulfonate 
Commercial 

(> 99%) 

    

Sodium 
benzenesulfonate 

(OS-14) 
 

Sulfonate 
Commercial 

(97%) 

Methanesulfonic acid 

(MSA) 
 

Sulfonic Acid 
Commercial 

(> 99%) 

Ethanesulfonic acid 

(OS-15) 
 

Sulfonic Acid 
Commercial 

(95%) 

Ammonium Sulfate 

(AS) 
(NH4)2SO4 

Inorganic 
Sulfate 

Commercial 

(> 99%) 

 

Sodium Sulfate   

(SS) 
Na2SO4 

Inorganic 
Sulfate 

Commercial 

(> 99%) 

a Hettiyadura et al. (2015). 

b Staudt et al. (2014). 
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Table A-2 Sulfate Fragmentation Table. 

Ion HR_frag_sulfate (AS) HR_frag_sulfate (MSA, OS, SS) 

O 0.04*HR_frag_sulfate[H2O] - 

HO 0.25*HR_frag_sulfate[H2O] - 

j18O 0.00205499*HR_frag_sulfate[O] - 

H2O 0.67*HR_frag_sulfate[SO2], 
0.67*HR_frag_sulfate[SO] 

- 

Hj18O 0.00205499*HR_frag_sulfate[HO] - 

H2j18O 0.00205499*HR_frag_sulfate[H2O] - 

S 0.21*HR_frag_sulphate[SO2], 
0.21*HR_frag_sulphate[SO], 

0.068*HR_frag_sulphate[HSO3], 
0.068*HR_frag_sulphate[H2SO4] 

0.21*HR_frag_sulphate[SO2], 
0.21*HR_frag_sulphate[SO], 

0.068*HR_frag_sulphate[HSO3], 
0.068*HR_frag_sulphate[H2SO4] 

j33S 0.00789557*HR_frag_sulphate[S] 0.00789557*HR_frag_sulphate[S] 

j34S 0.0447416*HR_frag_sulphate[S] 0.0447416*HR_frag_sulphate[S] 
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Table A-3 Normalized Sulfate Fragments for Pure Compounds from GT AMS. 

Name fSO fSO2 fSO3 fHSO3 fH2SO4 

OS-1 0.3760 0.6014 0.0215 0.0010 0.0000 

OS-2 0.3821 0.5620 0.0528 0.0028 0.0003 

OS-3 0.3686 0.6139 0.0174 0.0000 0.0002 

OS-4 0.3755 0.6060 0.0184 0.0001 0.0000 

OS-5 0.3655 0.5976 0.0364 0.0004 0.0000 

OS-6 0.3864 0.5453 0.0671 0.0009 0.0002 

OS-7 0.3772 0.5790 0.0433 0.0004 0.0001 

OS-8 0.3735 0.5922 0.0336 0.0005 0.0002 

OS-9 0.3754 0.5931 0.0310 0.0005 0.0000 

OS-10 0.3664 0.6037 0.0285 0.0012 0.0002 

OS-11 0.3684 0.5983 0.0333 0.0000 0.0000 

OS-12 0.3807 0.5705 0.0481 0.0006 0.0001 

OS-13 0.3754 0.6167 0.0061 0.0017 0.0001 

OS-14 0.3712 0.6171 0.0044 0.0072 0.0001 

OS-15 0.3796 0.6115 0.0021 0.0068 0.0000 

MSA 0.4040 0.5358 0.0014 0.0587 0.0001 

AS 0.3338 0.4223 0.1596 0.0546 0.0297 

Acidic AS 0.3494 0.4667 0.0949 0.0567 0.0324 

SS 0.3773 0.5914 0.0294 0.0013 0.0006 
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Figure A-1 Fractions of organosulfur fragments produced by standard organosulfur 
compounds in the AMS as a function of the molecular weight of carbon backbones. 
The data points are colored by their carbon backbone structures and bonding types. 
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m/z 48 m/z 64 

   

m/z 80 m/z 81 

   

m/z 98  

 

 

Figure A-2 Peak fit of main sulfate fragments for OS-10. 

 

  



 140

m/z 48 m/z 64 

 
 

m/z 80 m/z 81 

   

m/z 98 m/z79 

   

Figure A-3 Peak fit of main sulfate fragments and CH3SO2
+ for MSA. 
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m/z 80 m/z 81 

   

m/z 98  

 

 

Figure A-4 Peak fit of main sulfate fragments for Centreville measurements. 
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Figure A-5 (a) Typical normalized sulfate mass spectra of organosulfur compounds 
(OS; OS-10 refers to sodium benzyl sulfate in Table A-1), ammonium sulfate (AS), 
methanesulfonic acid (MSA), and sodium sulfate (SS), not including water fragments. 

(b) Mass fraction of main familyHSO ions. (c) 
2 4H SOf  vs. 

3HSOf for standard 

compounds. For OS, the shown 
3HSOf  and 

2 4H SOf  are averages for all 15 OS. OS and 

SS standard calibrations were only performed with the GT AMS, while MSA and AS 
standard calibrations were performed with multiple AMS.  
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Figure A-6 RIESO4 calibration results for MSA and sodium ethyl sulfate (OS-2). The 
collection efficiency (CE) of 1 was applied to AMS data considering that atomized 
organosulfur particles were liquid droplets. The slope is acquired with intercept 
forced through zero. 
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Figure A-7 (a) “MSA sulfate” to “AS sulfate” ratio calculated by sulfate 
apportionment method as a function of MSA / AS molar ratio in particles. (b) “OS 
sulfate” to “AS sulfate” ratio calculated by sulfate apportionment method as a 
function of OS / AS molar ratio in particles for OS-15 / AS mixture. The slopes and 
intercepts are obtained by orthogonal distance regression (ODR). The Pearson’s R is 
obtained by linear least-squares fit. 
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Figure A-8 (a) 
2 4H SOf  vs. 

3HSOf for standard compounds and the strong SO2 plume 

(average data) during the WINTER aircraft campaign. Both  
3HSOf and 

2 4H SOf  are 

normalized to those of AS from the specific AMS, so that AS would always be at (1,1) 

(b) Evolution of  
3HSOf and 

2 4H SOf  (normalized to pure AS), pH, and AMS species in 

a power plant plume in WINTER aircraft campaign. Acidic AS is 1:1 mixture of 
ammonium sulfate and sulfuric acid. 
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Figure A-9 Reaction profile of the chamber isoprene photooxidation experiment. The 
fAS and fOS refer to fraction of “AS sulfate” and “OS sulfate”, respectively, in total 
sulfate. 
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(a) Centreville 

   
(b) Mace Head 

   
(c) Polarstern 

 

Figure A-10 
2 4H SOf vs. 

3HSOf  for ambient measurements and time series of “AS 

sulfate”, “OS/SS sulfate” and “MSA sulfate” for (a) Centreville; (b) Mace Head; (c) 
Polarstern. OS and SS standard calibrations are from GT AMS, while MSA and AS 
standard calibrations are from the AMS that was used for the corresponding ambient 
measurements. 
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Figure A-11 (a) Comparison of AMS total sulfate and AMS “AS sulfate” (calculated 
by sulfate apportionment method) with PM1 inorganic sulfate (measured by PILS-
IC). (b) Time series of total sulfate (measured by the AMS), “OS sulfate” (calculated 
by sulfate apportionment method), sulfate functionality concentration of main 
organosulfur compounds (measured by offline HILIC–TQD), and isoprene-OA 
factor (resolved by PMF). (c) Comparison of “OS sulfate” with isoprene-OA. The 
Pearson’s R is obtained by linear least-squares fit. 
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(a) LO-OOA 

 

(b) LO-OOA 

 

(c) BBOA 

 

Figure A-12 Comparison of “OS sulfate” with (a) LO-OOA factor; (b) MO-OOA 
factor; (c) BBOA factor for Centreville measurements. The AMS factor time series 
are from (Xu et al., 2015a;Xu et al., 2015b) The Pearson’s R is obtained by linear 
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least-squares fit. 
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Figure A-13 Comparison of MSA mass concentration estimated by sulfate 
apportionment method and signature fragments method for (a) Mace Head 
measurements and (b) Polarstern measurements. The Pearson’s R is obtained by 
linear least-squares fit. 
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