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ABSTRACT 
 

The presence of organonitrate and organosulfate was found at Mahabaleshwar, a high altitude site, during the pre-monsoon 
season of 2016. A Time of Flight Aerosol Chemical Speciation Monitor (ToF-ACSM) was used to measure the organic 
and inorganic components of non-refractory particulate matter (NR-PM1) aerosol. Positive Matrix Factorization (PMF) was 
performed on the (i) organics mass spectra of the aerosol (PMFOA), (ii) organics mass spectra merged with inorganics 
(PMFOA+IOA) and (iii) integrated mass spectra of organics with NO+ and NO2

+ ions (PMFOA+NOx) to derive the chemical 
information on organonitrate and organosulfate. The results of PMFOA were used as a reference for validating the factors 
obtained through the PMFOA+IOA and PMFOA+NOx results. The analysis of PMFOA resolved four PMF factors: hydrocarbon-
like OA (HOA); biomass burning OA (BBOA); oxygenated OA-1 (OOA-1) and OOA-2. The analysis of PMFOA+IOA 
identified two additional inorganic factors: sulfate organic aerosol (OA) and nitrate OA. Sulfate OA and nitrate OA 
contributed 36% and 6%, respectively, to the total aerosol mass. Although both originated as secondary organic aerosol, 
they displayed different diurnal profiles. The results of PMFOA+NOx were used for the quantification and apportionment of 
nitrate aerosol in two forms, organic nitrate and inorganic nitrate, which contributed 38% and 62%, respectively, to the 
total nitrate aerosol mass. The diurnal variation in organic nitrate highlights photochemical oxidation and nocturnal 
oxidation by the nitrate radical as the two major sources. This source apportionment study using a combined (organic and 
inorganic) dataset provides new source factors and improves our understanding about the sources and chemical nature of 
submicron aerosols in the atmosphere. However, uncertainties in the quantification of organosulfate remain a limitation. 
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INTRODUCTION 
 

Organic aerosol (OA) makes up a substantial fraction of 
tropospheric fine (submicron) particulate matter, accounting 
for 20–90% of the total aerosol mass. This important 
component of submicron aerosol is originated from a wide 
variety of natural (wildfires) and anthropogenic sources 
(fossil fuel combustion and biomass burning). A significant 
fraction of OA is also formed as a secondary organic 
aerosol (SOA) either by the oxidation of volatile organic 
compounds or aqueous-phase oxidation (Kroll and Seinfeld, 
2008; Lukács et al., 2009; Hallquist et al., 2009; Lim et 
al., 2010). Of the known SOA precursors, isoprene and 
monoterpenes contributes significantly to the global SOA 
budget, owing to their large global emission rates (Guenther 
et al., 1995) and high reactivity with atmospheric oxidants—
hydroxyl radical (OH), ozone (O3), and nitrate radical (NO3). 
Several studies have tracked down the nature of origin and 
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processes of OA through fast acquisition of OA mass 
spectrum using Aerosol Mass Spectrometers and/or 
Aerosol Chemical Speciation Monitors and analyzing 
them with positive matrix factorization (PMF) (Paatero 
and Tapper, 1994; Zhang et al., 2005; Mohr et al., 2012; 
Carbone et al., 2013; Aurela et al., 2015; Xu et al., 
2015a; Iwamoto et al., 2016; Sun et al., 2016). However, 
most of the previous studies have performed PMF on the 
OA spectra only, leaving behind the inorganic species 
(sulfate, nitrate, chloride and ammonium). Recently, a 
study by Sun et al. (2012) performed PMF analysis on the 
merged spectra of organic (OA) and inorganic aerosol 
(IOA), i.e., PMFOA+IOA and identified two additional 
factors—sulfate-OA (organosulfate) and nitrate-OA 
(organonitrate). Since the organic and inorganic species 
undergo different formation mechanisms in the 
atmosphere, it is believed that the OA factors associated 
with inorganics may provide insights into the intrinsic 
relationship between organic and inorganic species.  

Both laboratory-generated and air sampling studies 
have provided the evidence of presence of organosulfate 
(Iinuma et al., 2007; Liggio et al., 2007; Surratt et al., 2007; 
Surratt et al., 2008) and organonitrate (Nielsen et al., 1998; 
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Reemtsma et al., 2006; Ng et al., 2007; Fry et al., 2009; 
Stone et al., 2009; Bruns et al., 2010; Day et al., 2010; 
Lim et al., 2016) as an important component of SOA. 
Due to the lack of measurement approaches, the 
formation mechanisms and aging of organonitrate (ON) 
and organosulfate (OS) remains unexplored and is largely 
ignored in models. Organonitrates have been identified as 
significant component of NOy in the gas phase (Nielsen et 
al., 1998; Day et al., 2003; Perring et al., 2009) and is 
likely to affect the nitrogen cycle and ozone production 
(Rosen et al., 2004; Mao et al., 2012; Perring et al., 2013). 
ON are formed in the atmosphere either through 
photochemical (OH-initiated) or nocturnal (NO3-initiated) 
oxidation reactions of biogenic and anthropogenic VOCs 
in the presence of NOx (Hallquist et al., 1999; Pitts and 
Pitts, 1999). NO3 oxidation of isoprene and monoterpene 
have been identified as a significant source for ON (Ng et 
al., 2008; Fry et al., 2009) whereas photochemical 
oxidation of VOC produces minor ON (Atkinson and 
Arey, 2003). The low molecular weight ON product tends 
to remain in the gas phase while larger, multifunctional 
ON having lower vapor pressure undergoes partitioning and 
forms SOA. Despite lower ON yields during the daytime, 
model studies including ON production have reported that 
photochemically produced ON accounts for the significant 
fraction of SOA functionalization (Camredon et al., 2007).  

Several studies (Romero and Oehme, 2005; Liggio et 
al., 2006; Reemtsma et al., 2006; Surratt et al., 2008) have 
reported the enhanced formation of organosulfate through 
oxidation of several biogenic VOCs including isoprene, 
limonene, α-pinene, β-pinene, in the presence of sulfate 
seed aerosol. Thus, the formation of organosulfate is 
influenced by both biogenic (BVOCs) and anthropogenic 
(which provides an acidic medium) emissions and it is 
identified as a secondary (or aged) product. Studies have 
also indicated the significant contribution of OS to SOA 
(Gao et al., 2006; Gilardoni et al., 2007; Altieri et al., 2009). 
Considering the aged nature, organosulfate may play an 
important role in aerosol microphysics. 

So far, the studies on PMF analysis of OA mass spectrum 
have been performed either at an urban or a rural site, 
dominated either by anthropogenic or biogenic emissions 
(Ng et al., 2010; Carbone et al., 2013; Aurela et al., 2015). 
Aurela et al. (2015) performed PMF on the organic mass 
spectra for residential area, highway, curbside and described 
OOA as the major fraction of submicron aerosol. A study 
by Hao et al. (2014) performed PMF analysis in the mixed 
environment, i.e., at a semi-urban site, which is influenced 
by both biogenic and anthropogenic sources. Weber et al. 
(2007) have also observed the significant impact of 
anthropogenic activities on biogenic emissions. In the 
present study, an attempt has been made to comprehend the 
likely interactions of organic species with inorganic species 
of the aerosol. The study was carried out in the pre-
monsoon season of 2016 at High Altitude Cloud Physics 
Laboratory (HACPL), Mahabaleshwar. Mahabaleshwar is a 
rural tourist town in the Western Ghats of India, where 
~80% of the land is covered with forest. Being a tourist 
place and forest covered site, HACPL observes both fresh 

anthropogenic emissions (vehicular, fossil fuel combustion, 
etc.) and biogenic emissions. This study mainly focuses on 
the identification of organic sulfate and organic nitrate in 
the ambient air at HACPL during the pre-monsoon season. 
The quantification of organic and inorganic nitrate has been 
performed using state of the art PMF methodology. This 
study is expected to not only strengthen our understanding 
about the sources, processes and associated chemical 
characteristics of OA in the ambient air but also improve 
the chemical composition derived hygroscopicity value (к) 
of aerosols using the knowledge of two forms of sulfate and 
nitrate. The hygroscopicity parameter is generally calculated 
by considering the measured sulfate and nitrate as purely 
inorganic in origin (hence overestimation) and thus assigns 
a high hygroscopicity value (~0.6–0.7). This uncertainty in 
chemically derived hygroscopicity value can be reduced by 
considering the actual concentration of inorganic species. 
 
METHOD 
 
Measurement Site 

The observatory, HACPL at Mahabaleshwar (17.92°N, 
73.65°E), is situated at a height of 1378 m above mean sea 
level (a.m.s.l.). The map in Fig. 1 gives a picturesque 
description of the sampling site. Mahabaleshwar serves as 
a tourist destination during the pre-monsoon season. The 
site is surrounded with dense vegetation, residential 
houses, hotels and a rural market. During the study period 
(March–May 2016), the site experiences high solar radiation 
(mean: ~471.4 ± 297.9 W m–2), high surface temperature 
(mean: ~26.3 ± 5.5°C), moderate relative humidity (mean: 
~46.4 ± 8.2%) and moderate wind speed (mean: ~2.5 ± 
1.6 m s–1). These meteorological parameters were measured 
using an Automatic Weather Station (AWS) at an interval 
of 1 minute. 
 
Time of Flight - Aerosol Chemical Speciation Monitor 

Time of Flight - Aerosol Chemical Speciation Monitor 
(ToF-ACSM) was used for measuring the submicron NR-
PM1 data at an interval of 10 minutes. This high resolution 
was averaged to 1 hour for the analysis. The chemical 
information of the mass spectra was extracted by following 
the protocol of Allan et al. (2004). The calibration and 
operation of ToF-ACSM is discussed elsewhere in detail 
(Ng et al., 2011; Fröhlich et al., 2013). In brief, the particle 
beam impacts on a resistively heated porous tungsten 
surface (T ≈ 600°C), flash vaporized into the non-refractory 
constituents that are ionized by electron impact (Ekin = 70 eV) 
and detection by ToF analyzer on the basis of respective 
mass-to-charge ratios. The mass spectral matrices of organic 
and inorganic species were extracted for subsequent PMF 
analysis. The details on QA/QC of ToF-ACSM are given 
in Mukherjee et al. (2018). 
 
Positive Matrix Factorization 

PMF was used to deconvolve the mass spectral matrix 
into source related factors (Paatero and Tapper, 1994). In 
this study, Unit Mass Resolution (UMR) matrix (m/z = 12–
220) and error matrix was generated for both organic and 
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Fig. 1. Map showing the Google Earth view of HACPL at Mahabaleshwar. 

 

organic + inorganic species, by using ToFware (Igor Pro; 
Wavemetrics, Inc.; Oregon, USA), following the protocol 
of Ulbrich et al. (2009). The ions (m/z) were chosen up to 
110 only for PMF analysis due to lower signal to noise 
ratio (S/N) at larger m/z (> 110). Ions with S/N ratio less 
than 0.2 were removed while the ions with 0.2 < S/N < 2 
were weighted by a factor of 2. Furthermore, the particulate 
ions, H2O

+, O+, HO+ and CO+ were also weighted to avoid 
the additional weighting by CO2

+. The rotational ambiguity 
in both the runs was tested by varying the forcing parameter, 
fpeak, between –1 and 1 with an increment of 0.2 and PMF 
solutions were tested up to 9 factors. 

The merged mass spectrum was prepared by integrating 
the inorganic fragment ions (nitrate, sulfate, ammonium and 
chloride) with OA matrix. The major fragment ions included 
for inorganic species are: NO+ (m/z = 30) and NO2

+ (m/z = 
46) for nitrate; SO+ (m/z = 48), SO2

+ (m/z = 64), SO3
+ (m/z 

= 80), HSO3
+ (m/z = 81) and H2SO4

+ (m/z = 98) for sulfate; 
Cl+ (m/z = 35) and HCl+ (m/z = 36) for chloride; NH+ (m/z 
= 15), NH2

+ (m/z = 16) and NH3
+ (m/z = 17) for ammonium. 

The sum of chosen ions represents a major fraction of 
nitrate (95.3%), sulfate (62.5%), chloride (75.6%) and 
ammonium (99.9%) respectively. These fragment ions 
correlated strongly (r2 ≈ 0.99; p-value = 0.005) with the 
mass concentration of respective inorganic species (Fig. S1). 
After PMF run, the 4-factor and 6-factor solution was 
selected as an optimum solution for OA mass spectra and 
merged mass spectra respectively. The optimal solution for 
PMFOA and PMFOA+IOA was determined by examining the 
scaled residuals of PMF fits, the change in Q/Qexp with 
increasing number of factors, factor correlations with 
external tracer, EC, and comparing the component mass 
spectra with reference mass spectra available in AMS 
spectral database (Ulbrich et al., 2009; Huang et al., 2010; 
He et al., 2011). The change in Q/Qexp, time series of change 
in Q/Qexp, scaled residual, factor correlations with external 
tracers and correlation of the resolved mass spectral 
profiles with reference mass spectra are provided in the 
supplementary material (Figs. S2–S4 and Table S1). An 

optimum fpeak value of 0 was used for PMF analysis in both 
the cases. The PMF analysis of merged mass spectra 
yielded two additional factors—SO4-OA (organosulfate) 
and NO3-OA (organonitrate).  
 
Quantification of Organic Nitrate 

In general, the nitrate measured by ToF-ACSM accounts 
for total nitrate functionality (–ONO2), which could arise 
from both organic and inorganic nitrates. So far, the direct 
measurements of organic nitrates are not available. However, 
a few studies (Bruns et al., 2010; Farmer et al., 2010; Sato 
et al., 2010) have suggested some indirect methods for 
quantifying organic nitrate in the atmosphere. Of the 
reported indirect methods, PMF method was used in this 
study to apportion the measured total nitrates. This method 
could unequivocally determine the relative contributions of 
organic and inorganic nitrates (Sun et al., 2012; Hao et al., 
2014; Xu et al., 2015a, b). The PMF analysis of merged 
(NO3 + org) mass spectra deconvolved a nitrate inorganic 
aerosol (NIA) factor along with other organic aerosol 
factors. The optimal solution for PMF analysis on the 
merged mass spectra was selected in a similar way as done 
with the PMF analysis of organic mass spectra. The 
selected factors were further validated by comparing the 
mass spectrum and mass concentration (Fig. 5) with the 
PMForg results (Fig. 3). The total nitrate functionality was 
apportioned into organic and inorganic signals with the 
following set of equations: 
 

  
 i org NOi

NO OA factor f       (1) 
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where [OA factor]i is the mass concentration of ith OA 
factor and fNOi and fNO2i are the mass fraction of NO+ and 
NO2

+ respectively in the ith OA factor. Since the mass 
spectrum of nitrate (measured by ACSM) was dominated 
with signals of NOx ions and the sum of which accounts 
for 95% to total nitrate mass, a factor of 0.95 was applied 
in Eq. (3). Finally, the nitrate functionality from inorganic 
nitrate was calculated by subtracting NO3 org from the total 
nitrate, measured by ACSM. 
 
RESULTS AND DISCUSSION 
 
Mass Concentration and Diurnal Variation of NR-PM1 
Species 

With the mean mass concentration of 6.3 ± 5.1 µg m–3, 
organics contributed ~61% to the total NR-PM1 mass (10.3 
± 8.2 µg m–3). This was followed by sulfate, an inorganic 
constituent of NR-PM1 with ~23% contribution and an 
average concentration of 2.4 ± 1.7 µg m–3. Subsequently, 
ammonium, nitrate and chloride followed with percentage 
contribution of ~10%, ~5% and ~1% respectively. The mean 
mass concentration was measured as 1.0 ± 0.7 µg m–3 for 
ammonium, 0.6 ± 0.6 µg m–3 for nitrate and 0.1 ± 0.1 µg m–3 
for chloride. Each aerosol species exhibited different mean 
diurnal pattern. Organics, sulfate and nitrate displayed a 
daytime build-up and evening high, whereas chloride showed 
a morning and evening high (Fig. 2). Since the diurnal 
pattern of organics is governed both by primary emissions 
(anthropogenic activities) and secondary formation (gas to 
particle partitioning) (Almeida et al., 2014; Xu et al., 2015a; 
Sun et al., 2016), the sources of organics were identified 
by performing PMF. The daytime build-up of sulfate and 
nitrate was attributed to their photochemical formation 
from precursor gases—SOx and NOx respectively. Sulfate 

also displayed high background concentration throughout 
the day. This concentration was likely attributed to the 
regional transport. Nitrate high during the evening hours 
was attributed to gas-particle partitioning under high relative 
humidity and low surface temperature conditions (Fig. 2(f)). 
The high concentration of chloride during morning and 
evening hours was ascribed to local anthropogenic activities 
(biomass and fossil fuel burning). It is important to note 
that all NR-PM1 species reflected a significant peak during 
evening hours. This peak was attributed to the combined 
effect of source (or source processes) and low PBL height 
(Fig. S7). The diurnal pattern of ammonium represents the 
combined result of ammonium chloride, ammonium sulfate 
and ammonium nitrate. The amount of ammonium (NH4

+) 
required to achieve a charge balance with measured inorganic 
anions, SO4

2–, NO3
– and Cl–, was calculated and observed 

to be higher than measured NH4
+ (Fig. 2(e)). Few outliers 

deviating from one-to-one line of calculated vs measured 
NH4

+ were observed with the slope value of 1.12. The slope 
value greater than 1 is indicative of possible presence of 
organic associated nitrate, sulfate and chloride. This over-
prediction of NH4

+ was correlated with each inorganic 
anion. The satisfactory correlation of over-predicted NH4

+ 
with nitrate (r2 = 0.51; p-value = 0.001), sulfate (r2 = 0.43; 
p-value = 0.001) and chloride (r2= 0.40; p-value = 0.001) 
suggested relative presence of organonitrate, organosulfate 
and organochloride in the ambient air. 

To study the possible influence of regional transport on 
the measured mass concentrations, the Potential Source 
Contribution Function (PSCF) analysis was performed 
(Fig. S5). PSCF plot shows that the site is influenced by 
the possible contribution from Mumbai during the study 
period. This regional influence was also reflected by the 
diurnal variation in mass concentration of organics and

 

 
Fig. 2. Mean diurnal variation of (a) organics, (b) sulfate, (c) nitrate, (d) chloride, and (f) temperature and relative 
humidity. The vertical bar represents standard deviation. (e) shows the correlation between predicted NH4

+ and measured 
NH4

+. The dotted line represents one to one line. 
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sulfate. Further, the hourly time series of NR-PM1 species 
was studied (Fig. S6). The time series indicate different 
mass loading of NR-PM1 species during the study period. 
To foresee the effect of air-mass origin on observed mass 
concentrations, 3 time windows (Windows 1, 2 and 3) were 
selected randomly. Windows 1 and 3 exhibited comparatively 
low concentrations while Window 2 showed significantly 
high concentrations. The hourly backward trajectory analysis 
during the selected time windows revealed that the air-mass 
originated from the Arabian Sea (clean air mass) during 
Windows 1 and 3. On the other hand, air-mass originated 
mostly from the continent and carried pollutants along the 
trajectory pathway during Window 2. 
 
Positive Matrix Factorization (PMF) 
PMF: Organic Mass Spectra (PMFOA) 

PMF analysis of the organic mass spectra yielded four 
source related factors (Fig. 3). The mass spectrum of Factor 1 
was dominated with marker ions at m/z = 41 (C3H5

+), 55 
(C4H7

+) and 57 (C3H5O
+). Based on the close resemblance 

of mass spectrum of Factor 1 with previously reported HOA 
(hydrocarbon-like OA) spectra by Zhang et al. (2005), Factor 
1 was assigned as HOA. The morning and evening peak of 
HOA were related to vehicular emissions. The afternoon peak 
of HOA was related to cooking activities based on the 
fraction of mass sticks at m/z = 55 and 57. Since the mass 
spectrum of cooking OA (COA) is identical to HOA 
(Mohr et al., 2012; Sun et al., 2012) and they cannot be 
separated with UMR (unit mass resolution) data, some 
contribution from cooking emissions may be anticipated. 
The second factor showed morning and evening high with 
dominant marker ions at m/z = 60 (C2H4O2

+) and 73 

(C3H5O2
+). This factor was identified as BBOA—biomass-

burning OA. The morning and evening peaks of BBOA 
were attributed to fresh anthropogenic activities (wood 
burning). Furthermore, the evening peaks of HOA and BBOA 
were also attributed to low PBL height. The two factors, 
HOA and BBOA, were validated with EC (an external tracer 
for anthropogenic activities; r2 = 0.61, p-value = 0.003 
with HOA and r2 = 0.71, p-value = 0.002 with BBOA). 

The Factors 3 and 4 were identified as OOA-1 
(oxygenated OA-1) and OOA-2 (oxygenated OA-2), based 
on the fractional contribution of mass stick at m/z = 44 and 
O:C ratio. The mass spectrum of OOA-1 was identified 
with higher contribution from m/z = 44 (~0.31) and higher 
O:C ratio (~1.27) while OOA-2 was identified with lower 
contribution at m/z = 44 (~0.15) and low O:C ratio (~0.66). 
The O:C ratios were calculated by following the methodology 
of Bougiatioti et al. (2014). Based on the respective O:C 
ratios, OOA-1 was defined as an aged and processed aerosol 
and OOA-2 as freshly formed aerosol. The diurnal variation 
of OOA-1 showed daytime (12:00–16:00) maxima and 
evening high (18:00–21:00). The daytime high was likely 
due to secondary formation of aerosols under high solar 
radiation and temperature. The evening high was attributed 
to rapid oxidation of freshly emitted gas phase species to 
SOA under high relative humidity (~65–70%) and low 
temperature and low PBL conditions. Moreover, high 
background (1.3–1.8 µg m–3) of OOA-1 was also observed 
throughout the day. This background was probably due to 
the regional transport of processed/aged aerosols. OOA-1 
showed good agreement with sulfate (r2 = 0.92; p-value = 
0.003) and therefore, OOA-1 was assumed to be mixed 
aerosol (both secondarily formed and regionally transported).

 

 
Fig. 3. Mass spectral profile and diurnal variation by PMF analysis of OA mass spectrum (PMFOA) at four-factor solution 
with fpeak = 0. HOA, hydrocarbon-like organic aerosol; BBOA, biomass burning organic aerosol; OOA-1 and OOA-2, 
oxygenated organic aerosol 1 and 2. 
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OOA-2 was identified as IEPOX-OA based on fractional 
contribution of mass stick at m/z = 82 (C5H6O

+). This mass 
stick is related with isoprene degradation to SOA. The 
time series of m/z = 82 ion (r2 = 0.72; p-value = 0.05) and 
OOA-2 (r2 = 0.78; p-value = 0.05) correlated strongly with 
literature reported IEPOX-OA (isoprene epoxydiol-derived 
OA) factor (available in the AMS Spectral Database at 
http://cires.colorado.edu/jimenez-group/AMSsd/). On a 
diurnal scale, IEPOX-OA displayed daytime maxima, 
consistent with the isoprene chemistry and solar radiation 
cycle. IEPOX-OA also exhibited evening high due to low 
boundary layer height and high relative humidity conditions. 
The evening high may be attributed to gas particle 
partitioning under favorable meteorological conditions. In 
terms of relative contribution, OOA-1 contributed ~33% to 
the total OA mass followed by HOA (~32%), BBOA 
(~18%) and OOA-2 (~17%).  
 
PMF: Organic Mass Spectra Integrated with Inorganics 
(PMFOA+IOA) 

PMF analysis on the integrated mass spectra (organic 
and inorganic) yields 6 PMF factors. Fig. 4 gives the mass 
spectral profile and corresponding diurnal variation of 
these factors. Based on the mass sticks identified at m/z = 
15 (NH+), 16 (NH2

+), 17 (NH3
+), 30 (NO+), 46 (NO2

+), 48 
(SO+), 64 (SO2

+), 80 (SO3
+), 81 (HSO3

+) and 98 (H2SO4
+), 

two factors were identified as sulfate OA (SO4-OA) and 
nitrate OA (NO3-OA). However, a factor related to 
ammonium chloride was not identified. This may be due to 
the lower concentration of inorganic chloride in the 
atmosphere and thus was difficult to be retrieved by PMF. 
However, some fraction of chloride (m/z = 35 and 36) was 

apportioned with BBOA, suggestive of common emission 
source (biomass burning). The results of PMFOA were 
compared with PMFOA+IOA. The time series and spectral 
profile of HOA and BBOA exhibited similar pattern 
(Figs. 3–4), thereby indicative of minor influence of merged 
PMF analysis over these factors. However, slight differences 
were observed in the time series of OOA-1 and OOA-2. 
This may be probably due to the apportionment of some 
fraction of OOA-1 and OOA-2 to SO4-OA and NO3-OA. 
Since the chosen fragment ions of sulfate constitutes 63% 
of the total sulfate mass (measured by ACSM), we are 
reporting only the presence of ammonium sulfate and 
quantification of organic and inorganic constituents of 
sulfate remains a limitation in this study. Besides this, 95% 
contribution of NOx ions to the total nitrate mass enabled 
quantification of two forms (organic and inorganic) of 
nitrate. This was achieved by following the protocol outlined 
in Xu et al. (2015b) (see Section Quantification of Organic 
Nitrate) and will be discussed in Section Quantification of 
Organic and Inorganic Nitrate. 

The fraction of mass sticks related to NH4
+ and SO4

+ 
accounted for 70% of the total mass of SO4

–-OA factor. 
This indicated that SO4

–-OA factor is primarily composed 
of ammonium sulfate. With high degree of oxidation (O:C 
ratio ≈ 0.7), SO4

–-OA factor displayed a relatively flat 
pattern along the day. This observation indicated the aged 
and processed nature of SO4

–-OA, likely contributed by the 
regional transport. Based on the (i) close resemblance with 
sulfate diurnal, (ii) high correlation with sulfate mass (r2 = 
0.98; p-value = 0.004) and CO2

+ ion (r2 = 0.82; p-value = 
0.004), this factor may be characterized as the feature of 
transported aerosol. Nevertheless, remaining 30% of sulfate

 

 
Fig. 4. Mass spectral profile and diurnal variation by PMF analysis of OA mass spectrum merged with inorganics 
(PMFOA+IOA) at six-factor solution with fpeak = 0. HOA, hydrocarbon-like organic aerosol; BBOA, biomass burning organic 
aerosol; OOA-1 and OOA-2, oxygenated organic aerosol 1 and 2; nitrate-OA, nitrate-organic aerosol; sulfate-OA, sulfate-
organic aerosol. 
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related ions were found to form association with organics, 
as evident from the mass spectral profile of OOA-1 and 
OOA-2. It was inferred that the significant noontime peak of 
OOA factors may account for the photochemical formation 
of organosulfate, in agreement with the higher rate of 
sulfuric acid production. The apportionment of SO4

+ related 
ions in different factors indicated the sources of sulfate 
aerosol as (i) long-range transport and (ii) photochemical 
formation. 

Another factor, nitrate OA, was dominantly composed of 
NH4

+ and NO3
+ related ions. With percentage contribution 

of 69% to the total nitrate mass, this factor was primarily 
identified as ammonium nitrate. The diurnal pattern of 
nitrate OA displayed increase in concentration during the 
evening hours (19:00–21:00) under enhanced relative 
humidity and low temperature conditions (Fig. 2(f)). This 
diurnal profile of nitrate OA synchronized well with the 
diurnal profile of equilibrium constant between particle 
phase nitrate and gas phase nitric acid, indicative of the 
formation of particulate nitrate (Dall’Osto et al., 2009; 
Petetin et al., 2016). However, lower concentrations were 
observed during other hours of the day. An appreciable 
fraction of NO+ related ions were found to be associated 
with OOA factors. These OOA factors displayed a significant 
noon peak which suggests photochemically produced OOA 
factors as probable source of organic nitrate (Mather et al., 
2004). With the percentage fraction of 36%, SO4

–-OA 
contributed majorly to the total aerosol mass. This was 
followed by OOA-1 (21%), HOA (17%), BBOA (10%), 
OOA-2 (10%) and nitrate OA (6%). 
 
Quantification of Organic and Inorganic Nitrate 

PMF analysis of OA mass spectra integrated with NO+ 

and NO2
+ ions (PMFOA+NOx) was performed to quantify the 

organic and inorganic components of nitrate. An additional 
factor, nitrate inorganic aerosol (NIA), was resolved while 
retaining the previously resolved PMF factors—HOA, 
BBOA, OOA-1 and OOA-2 (Fig. 5). The mass spectra and 
diurnal variation of PMF factors are given in Fig. 5 and 
Table S2 gives the correlation between mass spectra and 
time series of PMF factors resolved through PMFOA and 
PMFOA+NOx. A good correlation (r = 0.96–0.98) among 
different factors validated the individual PMF methodology. 
In terms of percentage contribution, OOA-1 (32%) 
contributed maximum to the total aerosol mass followed by 
HOA (29%), BBOA (17%), OOA-2 (16%) and NIA (6%). 
The NIA factor was characterized by the signals of NO+ 
and NO2

+ at m/z = 30 and 46 respectively. On mass basis, 
these two ions formed 65% of this factor, with remaining 
species from organic fragments. The ratio of NO+/NO2

+ for 
NIA factor was observed as 1.28, which is very much 
close to 1.11—a value for NH4NO3 determined during 
calibration of ACSM. Moreover, the mass concentration of 
NIA factor correlated strongly (r2 = 0.96; p-value = 0.004) 
with the mass concentration of nitrate (as measured with 
ACSM), thus referring this factor as NH4NO3 factor. Based 
on different physicochemical properties of organic and 
inorganic components of nitrate, NOx ions tend to form 
association with other organic factors as well. Consequently, 
62% of NOx-ions were apportioned to NIA factor, 19% to 
OOA-2, 13% to OOA-1, with minor contributions to BBOA 
(4%) and HOA (2%) (Fig. 6). Based on this distribution of 
NOx ions with organic and inorganic factors, an estimation 
of nitrate in organic and inorganic form was made, referred 
to as organic nitrate and inorganic nitrate respectively. 
Considering only the OA factors, approximately 86% of 

 

 
Fig. 5. Mass spectral profile and diurnal variation by PMF analysis of OA mass spectrum merged with NO+ and NO2

+ ions 
(PMFOA+NOx) at five-factor solution with fpeak = 0. HOA, hydrocarbon-like organic aerosol; BBOA, biomass burning 
organic aerosol; OOA-1 and OOA-2, oxygenated organic aerosol 1 and 2; NIA, nitrate inorganic aerosol. 
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Fig. 6. Mass fraction of NOx ions: apportionment NOx ions 
among PMF factors. 

 

the organic nitrate was found to be associated with OOA 
factors. 

Fig. 7 gives the diurnal variation of organic nitrate (ON) 
and inorganic nitrate (ION). The mean mass concentration 
of ON and ION was found to be 0.17 ± 0.1 µg m–3 and 
0.29 ± 0.2 µg m–3 respectively. The two forms contributed 
38% (organic) and 62% (inorganic) to the total nitrate 
mass. The diurnal variation of ION closely resembled the 
variation of nitrate aerosol with higher mass concentration 
than ON throughout the day. Lower ION concentration 
observed during the daytime with significant enhancement 
in the evening (19:00–21:00). This evening high may be 
due to gas-particle partitioning of HNO3 under high relative 
humidity and low temperature conditions (Fig. 2(f)). This 
feature was evident from Fig. S8 as well where production 
of ION follows synchronous variation with Kp, an 
equilibrium constant of partitioning of ammonium nitrate. 
Kp was calculated using equation:  
 

    298 298 298
298 exp a 1 b 1 ln

T T T
k T k

                     
 (4) 
 
where, T is the ambient temperature in Kelvin. k(298) = 
3.35× 1016 (atm–2), a = 75.11 and b = –13.5.  

However, Kp and ION displayed different variation 
during the morning hours. This variation may be due to (a) 
less or no availability of precursor gases (sources were 
mostly inactive) and (b) comparatively high wind speed. 
Further ON aerosol observed a relatively flat pattern with 
higher concentration during daytime (14:00–16:00) and 
evening hours (20:00–22:00). Since formation of ON did 
not follow the Kp path, it is believed that the daytime high 
was due to photochemical production of ON from the 
oxidation of biogenic VOCs in the presence of NOx, while 
nocturnal oxidation of VOCs by nitrate radical led to 
nighttime concentration of ON. The sampling site, being a 
high-altitude forested site observes high solar intensity and 
moderate surface temperature, thereby making conditions 
favorable for the enhanced biogenic VOC emissions and 
hence a significant source for ON aerosol. Beside this, the 

NO+/NO2
+ ratio for nitrate associated with OOA-2 was 

observed as ~6.1, much higher than ratio of NH4NO3. The 
higher contribution of organic nitrate (38%) to total nitrate 
explains the statistically different values for NOx ratio. The 
value of ~6.1 lies close to value of organic nitrate produced 
from isoprene oxidation (~5; Fry et al., 2009; Bruns et al., 
2010) and thus indicative of photochemical oxidation of 
isoprene as a probable source of organic nitrate at this site. 
On an average, organic nitrate makes up to 2% of the total 
NR-PM1 aerosol with dominance of inorganic nitrate over 
organic nitrate. To validate the source apportionment 
result, we have calculated the organic nitrate concentration 
with conventional NOx ratio method assuming the ratio of 
NO+/NO2

+ (RON) first as 5 (formed from isoprene) and 
second as 10 (formed from monoterpene). The mean 
concentration of organonitrate (0.17 ± 0.1 µg m–3) obtained 
from PMF apportionment methodology lies between the 
mean organonitrate concentration obtained from NOx ratio 
method (0.19 ± 0.1 at RON = 5 and 0.15 ± 0.1 at RON = 10). 
Fig. S9 shows the correlation of calculated organonitrate 
by the two methods—PMF method and NOx ratio method. 

The results are indicative of the presence of organonitrate 
and organosulfate in the ambient air. However, while 
dealing with UMR data of ACSM, some interference 
(~4%) by organic components were observed at m/z = 30 
in this study. Therefore, this may lead to uncertainty in the 
quantification of organic nitrate and thus the mass 
concentrations of organic nitrate may be read as an upper 
limit. Since these aerosol components are the product of 
atmospheric processing (gas to particle conversion through 
subsequent adsorption), they are believed to be highly 
oxidized and aged in nature. These species are hence 
expected to act as cloud condensation nuclei after attaining 
optimum size under favorable meteorological conditions. 
However, the quantification of organosulfate warrants 
further study. 
 
CONCLUSION 
 

A ToF-ACSM was used to measure the NR-PM1 aerosol 
at Mahabaleshwar during the pre-monsoon season of 2016. 
To obtain intrinsic information on the interactions between 
organic and inorganic components of the aerosol, PMF 
analysis was applied to both the organic mass spectra 
merged with inorganics (PMFOA+IOA) and the organic mass 
spectra integrated with NO+ and NO2

+ ions (PMFOA+NOx). 
The results of PMFOA+IOA provided evidence of the presence 
of organosulfate and organonitrate based on two additional 
inorganic factors—sulfate OA and nitrate OA. The major 
sources of the sulfate OA were regional transport and 
photochemical formation, as indicated by diurnal variation 
in this aerosol, whereas the sources of the nitrate-OA were 
probably gas-particle partitioning of nitric acid and 
photochemically formed OOA. On average, sulfate OA 
and nitrate OA contributed 36% and 6%, respectively, to 
the total aerosol mass. The PMFOA+NOx analysis enabled us 
to quantify the organic nitrate aerosol, and we determined 
that the total nitrate functionality received a contribution of 
~38% from organic nitrate and a contribution of ~62% from 
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inorganic nitrate. The photochemical oxidation of VOCs 
by hydroxyl and the nocturnal oxidation by the nitrate 
radical were recognized as the major sources of organic 
nitrate during the daytime and late evening, respectively. This 
research ascertained the relative importance of both biogenic 
and anthropogenic emissions as sources of organosulfate 
and organonitrate at this site during the study period.  
 
ACKNOWLEDGMENTS 
 

HACPL is fully funded by Ministry of Earth Sciences 
(MoES), Government of India, New Delhi. The data used 
in this study are from the data repository of HACPL, part 
of IITM, Pune. Authors are thankful to the Director, IITM, 
for his support and encouragement. Vyoma Singla extends 
special thanks to DST, SERB for N-PDF fellowship 
(fellowship number: PDF/2017/002428) and Director, 
IITM, for providing all the facilities. 
 
SUPPLEMENTARY MATERIAL 
 

Supplementary data associated with this article can be 
found in the online version at http://www.aaqr.org. 
 
REFERENCES 
 
Allan, J.D., Delia, A.E., Coe, H., Bower, K.N., Alfarra, 

M.R., Jimenez, J.L., Middlebrook, A.M., Drewnick, F., 
Onasch, T.B., Canagaratna, M.R., Jayne, J.T. and 
Worsnop, D.R. (2004). A generalised method for the 
extraction of chemically resolved mass spectra from 
Aerodyne aerosol mass spectrometer data. J. Aerosol 
Sci. 35: 909–922.  

Almeida, G.P., Brito, J., Morales, C.A., Andrade, M.D.F. 
and Artaxo, P. (2014). Measured and modelled cloud 
condensation nuclei (CCN) concentration in São Paulo, 
Brazil: the importance of aerosol size-resolved chemical 
composition on CCN concentration prediction. Atmos. 
Chem. Phys. 14: 7559–7572. 

Altieri, K.E., Turpin, B.J. and Seitzinger, S.P. (2009). 
Oligomers, organosulfates, and nitroxyorganosulfates in 
rainwater identied by ultra-high resolution electrospray 
ionization FT-ICR mass spectrometry. Atmos. Chem. 
Phys. 9: 2533–2542. 

Atkinson, R. and Arey, J. (2003). Atmospheric degradation 
of volatile organic compounds. Chem. Rev. 103: 4605–
4638. 

Aurela, M., Saarikoski, S., Niemi, J.V., Canonaco, F., 
Prevot, A.S., Frey, A., Carbone, S., Kousa, A. and Hillamo, 
R. (2015).Chemical and source characterization of 
submicron particles at residential and traffic sites in the 
Helsinki Metropolitan area, Finland. Aerosol Air Qual. 
Res. 15: 1213–1226. 

Bougiatioti, A., Stavroulas, I., Kostenidou, E., Zarmpas, 
P., Theodosi, C., Kouvarakis, G., Canonaco, F., Prévôt, 
A.S.H., Nenes, A., Pandis, S.N. and Mihalopoulos, N. 
(2014). Processing of biomass-burning aerosol in the 
eastern Mediterranean during summertime. Atmos. 
Chem. Phys. 14: 4793–4807. 

Bruns, E.A., Perraud, V., Zelenyuk, A., Ezell, M.J., Johnson, 
S.N., Yu, Y., Imre, D., Finlayson-Pitts, B.J. and Alexander, 
M.L. (2010). Comparison of FTIR and particle mass 
spectrometry for the measurement of particulate organic 
nitrates. Environ. Sci. Technol. 44: 1056–1061. 

Camredon, M., Aumont, B., Lee-Taylor, J. and Madronich, 
S. (2007). The SOA/VOC/NOx system: An explicit model 
of secondary organic aerosol formation. Atmos. Chem. 
Phys. 7: 5599–5610.  

Carbone, S., Saarikoski, S., Frey, A., Reyes, F., Reyes, P., 
Castillo, M., Gramsch, E., Oyola, P., Jayne, J., Worsnop, 
D.R. and Hillamo, R. (2013). Chemical characterization 
of submicron aerosol particles in Santiago de Chile. 
Aerosol Air Qual. Res. 13: 462–473. 

Dall’Osto, M., Harrison, R.M., Coe, H. and Williams, P. 
(2009). Real-time secondary aerosol formation during a 
fog event in London. Atmos. Chem. Phys. 9: 2459–2469. 

Darer, A.I., Cole-Filipiak, N.C., O’Connor, A.E. and 
Elrod, M.J. (2011). Formation and stability of 
atmospherically relevant isoprene-derived organosulfates 
and organonitrates. Environ. Sci. Technol. 45: 1895–1902.  

Day, D.A., Dillon, M.B., Wooldridge, P.J., Thornton, J.A., 
Rosen, R.S., Wood, E.C. and Cohen, R.C. (2003). On 
alkyl nitrates, O3, and the “missing NOy”. J. Geophys. 
Res. 108: 4501. 

Day, D.A., Liu, S., Russell, L.M. and Ziemann, P.J. (2010). 
Organonitrate group concentrations in submicron particles 
with high nitrate and organic fractions in coastal southern 
California. Atmos. Environ. 44: 1970–1979. 

Espada, C., Grossenbacher, J., Ford, K., Couch, T. and 
Shepson, P.B. (2005). The production of organic nitrates 
from various anthropogenic volatile organic compounds. 
Int. J. Chem. Kinet. 37: 675–685.  

Farmer, D.K., Matsunaga, A., Docherty, K.S., Surratt, 
J.D., Seinfeld, J.H., Ziemann, P.J. and Jimenez, J.L. 
(2010). Response of an aerosol mass spectrometer to 
organonitrates and organosulfates and implications for 
atmospheric chemistry. Proc. Natl. Acad. Sci. U.S.A. 
107: 6670–6675.  

Finlayson-Pitts, B.J. and Pitts Jr, J.N. (1999). Chemistry of 
the upper and lower atmosphere: Theory, experiments, 
and applications. Academic, San Diego. 

Fröhlich, R., Cubison, M.J., Slowik, J.G., Bukowiecki, N., 
Prévôt, A.S.H., Baltensperger, U., Schneider, J., Kimmel, 
J.R., Gonin, M., Rohner, U., Worsnop, D.R. and Jayne, 
J.T. (2013). The ToF-ACSM: A portable aerosol chemical 
speciation monitor with TOFMS detection. Atmos. Meas. 
Tech. 6: 3225–3241. 

Fry, J.L., Rollins, A.W., Wooldridge, P.J., Brown, S.S., 
Fuchs, H. and Dub, W. (2009). Organic nitrate and 
secondary organic aerosol yield from NO3 oxidation of 
β-pinene evaluated using a gas-phase kinetics/aerosol 
partitioning model. Atmos. Chem. Phys. 9: 1431–1449.  

Gao, F., Tian, X., Wen, D., Liao, J., Wang, T. and Liu, H. 
(2006). Analysis of phospholipid species in rat peritoneal 
surface layer by liquid chromatography/electrospray 
ionization ion-trap mass spectrometry. Biochim. Biophys. 
Acta, Mol. Cell. Biol. Lipids 1761: 667–676. 

Gilardoni, S., Russell, L.M., Sorooshian, A., Flagan, R.C., 



 
 
 

Singla et al., Aerosol and Air Quality Research, 19: 1241–1251, 2019 

 

1250

Seinfeld, J.H., Bates, T.S., Quinn, P.K., Allan, J.D., 
Williams, B., Goldstein, A.H., Onasch, T.B. and Worsnop, 
D.R. (2007). Regional variation of organic functional 
groups in aerosol particles on four U.S. east coast 
platforms during the International Consortium for 
Atmospheric Research on Transport and Transformation 
2004 campaign. J. Geophys. Res. 112: D10S27. 

Guenther, A., Hewitt, C.N., Erickson, D., Fall, R., Geron, 
C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., 
McKay, W.A., Pierce, T., Scholes, B., Steinbrecher, R., 
Tallamraju, R., Taylor, J. and Zimmerman, P. (1995). A 
global model of natural volatile organic compound 
emissions. J. Geophys. Res. 100: 8873.  

Hallquist, M., Wangberg, I., Ljungstrom, E., Barnes, I., 
and Becker, K.H. (1999). Aerosol and product yields 
from NO3 radical-initiated oxidation of selected 
monoterpenes. Environ. Sci. Technol. 33: 553–559. 

Hallquist, M., Wenger, J.C., Baltensperger, U., Rudich, Y., 
Simpson, D., Claeys, M. and Dommen, J. (2009). The 
formation, properties and impact of secondary organic 
aerosol : Current and emerging issues. Atmos. Chem. 
Phys. 9: 5155–5236. 

Hao, L.Q., Kortelainen, A., Romakkaniemi, S., Portin, H., 
Jaatinen, A., Leskinen, A., Komppula, M., Miettinen, P., 
Sueper, D., Pajunoja, A., Smith, J.N., Lehtinen, K.E.J., 
Worsnop, D.R., Laaksonen, A. and Virtanen, A. (2014). 
Atmospheric submicron aerosol composition and 
particulate organic nitrate formation in a boreal forestland-
urban mixed region. Atmos. Chem. Phys. 14: 13483–
13495.  

He, L.Y., Huang, X.F., Xue, L., Hu, M., Lin, Y., Zheng, J., 
Zhang, R., Zhang, Y.H. (2011). Submicron aerosol 
analysis and organic source apportionment in an urban 
atmosphere in Pearl River Delta of China using high-
resolution aerosol mass spectrometry. J. Geophys. Res. 
116: D12304. 

Huang, X.F., He, L.Y., Hu, M., Canagaratna, M.R., Sun, 
Y., Zhang, Q., Zhu, T., Xue, L., Zeng, L.W., Liu, X.G., 
Zhang, Y.H., Jayne, J.T., Ng, N.L. and Worsnop, D.R. 
(2010). Highly time-resolved chemical characterization 
of atmospheric submicron particles during 2008 Beijing 
Olympic games using an aerodyne high-resolution aerosol 
mass spectrometer. Atmos. Chem. Phys. 10: 8933–8945.  

Iinuma, Y., Müller, C., Böge, O., Gnauk, T. and Herrmann, 
H. (2007). The formation of organic sulfate esters in the 
limonene ozonolysis secondary organic aerosol (SOA) 
under acidic conditions. Atmos. Environ. 41: 5571–5583.  

Iwamoto, Y., Kinouchi, K., Watanabe, K., Yamazaki, N. 
and Matsuki, A. (2016). Simultaneous measurement of 
CCN activity and chemical composition of fine-mode 
aerosols at Noto Peninsula, Japan, in autumn 2012. 
Aerosol Air Qual. Res. 16: 2107–2118. 

Kroll, J.H. and Seinfeld, J.H. (2008). Chemistry of secondary 
organic aerosol: Formation and evolution of low-volatility 
organics in the atmosphere. Atmos. Environ. 42: 3593–
3624.  

Lall, R. and Thurston, G.D. (2006). Identifying and 
quantifying transported vs. local sources of New York 
City PM2.5 fine particulate matter air pollution. Atmos. 

Environ. 40: 333–346. 
Liggio, J. and Li, S.M. (2006). Organosulfate formation 

during the uptake of pinonaldehyde on acidic sulfate 
aerosols. Geophys. Res. Lett. 33: 2–5.  

Liggio, J., Li, S.M., Brook, J.R. and Mihele, C. (2007). 
Direct polymerization of isoprene and α-pinene on 
acidic aerosols. Geophys. Res. Lett. 34: L05814. 

Lim, Y.B., Tan, Y., Perri, M.J., Seitzinger, S.P. and 
Turpin, B.J. (2010). Aqueous chemistry and its role in 
secondary organic aerosol (SOA) formation. Atmos. 
Chem. Phys. 10: 10521–10539. 

Lim, Y. Bin, Kim, H., Kim, J.Y. and Turpin, B.J. (2016). 
Photochemical organonitrate formation in wet aerosols. 
Atmos. Chem. Phys. 16: 12631–12647.  

Lukács, H., Gelencsér, A., Hoffer, A., Kiss, G., Horváth, 
K. and Hartyáni, Z. (2009). Quantitative assessment of 
organosulfates in size-segregated rural fine aerosol. 
Atmos. Chem. Phys. 9: 231–238. 

Mao, J., Ren, X., Zhang, L., Van Duin, D.M., Cohen, R.C., 
Park, J.H., Goldstein, A.H., Paulot, F., Beaver, M.R., 
Crounse, J.D., Wennberg, P.O., Digangi, J.P., Henry, 
S.B., Keutsch, F.N., Park, C., Schade, G.W., Wolfe, G.M., 
Thornton, J.A. and Brune, W.H. (2012). Insights into 
hydroxyl measurements and atmospheric oxidation in a 
California forest. Atmos. Chem. Phys. 12: 8009–8020.  

Mather, T.A., Allen, A.G., Davison, B.M., Pyle, D.M., 
Oppenheimer, C. and McGonigle, A.J.S. (2004). Nitric 
acid from volcanoes. Earth Planet. Sci. Lett. 218: 17–30. 

Mohr, C., DeCarlo, P.F., Heringa, M.F., Chirico, R., 
Slowik, J.G., Richter, R., Reche, C., Alastuey, A., 
Querol, X., Seco, R., Penuelas, J., Jimenez, J.L., Crippa, 
M., Zimmermann, R., Baltensperger, U. and Prevot, 
A.S.H. (2012). Identification and quantification of organic 
aerosol from cooking and other sources in Barcelona 
using aerosol mass spectrometer data. Atmos. Chem. 
Phys. 12: 1649–1665.  

Mukherjee, S., Singla, V., Pandithurai, G., Safai, P.D., 
Meena, G.S., Dani, K.K. and Anil Kumar, V. (2018). 
Seasonal variability in chemical composition and source 
apportionment of sub-micron aerosol over a high 
altitude site in Western Ghats, India. Atmos. Environ. 
180: 79–92. 

Ng, N.L., Chhabra, P.S., Chan, A.W.H., Surratt, J.D., 
Kroll, J.H., Kwan, A.J., McCabe, D.C., Wennberg, P.O., 
Sorooshian, A., Murphy, S.M., Dalleska, N.F., Flagan, 
R.C. and Seinfeld, J.H. (2007). Effect of NOx level on 
secondary organic aerosol (SOA) formation from the 
photooxidation of terpenes. Atmos. Chem. Phys. 7: 
5159–5174.  

Ng, N.L., Kwan, A.J., Surratt, J.D., Chan, A.W.H., Chhabra, 
P.S., Sorooshian, A., Pye, H.O.T., Crounse, J.D., 
Wennberg, P.O., Flagan, R.C. and Seinfeld, J.H. (2008). 
Secondary organic aerosol (SOA) formation from 
reaction of isoprene with nitrate radicals (NO3). Atmos. 
Chem. Phys. 8: 4117–4140.  

Ng, N.L., Canagaratna, M.R., Jimenez, J.L., Zhang, Q., 
Ulbrich, I.M. and Worsnop, D.R. (2010). Real-time 
methods for estimating organic component mass 
concentrations from aerosol mass spectrometer data. 



 
 
 

Singla et al., Aerosol and Air Quality Research, 19: 1241–1251, 2019 

 

1251

Environ. Sci. Technol. 45: 910–916. 
Ng, N.L., Herndon, S.C., Trimborn, A., Canagaratna, M.R., 

Croteau, P.L., Onasch, T.B., Sueper, D., Worsnop, D.R., 
Zhang, Q., Sun, Y.L. and Jayne, J.T. (2011). An Aerosol 
Chemical Speciation Monitor (ACSM) for routine 
monitoring of the composition and mass concentrations 
of ambient aerosol. Aerosol Sci. Technol. 45: 770–784.  

Nielsen, T., Platz, J., Granby, K., Hansen, A.B., Skov, H. 
and Egeløv, A.H. (1998). Particulate organic nitrates: 
Sampling and night/day variation. Atmos. Environ. 32: 
2601–2608.  

Paatero, P. and Tapper, U. (1994). Positive matrix 
factorization: A non-negative factor model with optimal 
utilization of error estimates of data values. 
Environmetrics 5: 111–126. 

Perring, A.E., Wisthaler, A., Graus, M., Wooldridge, P.J., 
Lockwood, A.L., Mielke, L.H., Shepson, P.B., Hansel, 
A. and Cohen, R.C. (2009). A product study of the 
isoprene+NO3 reaction. Atmos. Chem. Phys. 9: 4945–
4956.  

Perring, A.E., Pusede, S.E. and Cohen, R.C. (2013). An 
observational perspective on the atmospheric impacts of 
alkyl and multifunctional nitrates on ozone and 
secondary organic aerosol. Chem. Rev. 113: 5848–5870. 

Petetin, H., Sciare, J., Bressi, M., Gros, V., Rosso, A., 
Sanchez, O., Sarda-Estève, R., Petit, J.E. and Beekmann, 
M. (2016). Assessing the ammonium nitrate formation 
regime in the Paris megacity and its representation in the 
CHIMERE model. Atmos. Chem. Phys. 16: 10419–10440.  

Qin, Y., Kim, E. and Hopke, P.K. (2006). The 
concentrations and sources of PM2.5 in metropolitan 
New York City. Atmos. Environ. 40: 312–332. 

Reemtsma, T., These, A., Venkatachari, P., Xia, X., Hopke, 
P., Springer, A. and Linscheid, M. (2006). Identification 
of fulvic acids and sulfated and nitrated analogues in 
atmospheric aerosol by electrospray ionization Fourier 
transform ion cyclotron resonance mass spectrometry. 
Anal. Chem. 78: 8299–8304. 

Romero, F. and Oehme, M. (2005). Organosulfates - A 
new component of humic-like substances in atmospheric 
aerosols? J. Atmos. Chem. 52: 283–294.  

Rosen, R.S. (2004). Observations of total alkyl nitrates 
during Texas Air Quality Study 2000: Implications for 
O3 and alkyl nitrate photochemistry. J. Geophys. Res. 
109: D07303.  

Sato, K., Takami, A., Isozaki, T., Hikida, T., Shimono, A. 
and Imamura, T. (2010). Mass spectrometric study of 
secondary organic aerosol formed from the photo-
oxidation of aromatic hydrocarbons. Atmos. Environ. 
44: 1080–1087. 

Stone, E.A., Hedman, C.J., Sheesley, R.J., Shafer, M.M. and 
Schauer, J.J. (2009). Investigating the chemical nature of 
humic-like substances (HULIS) in North American 
atmospheric aerosols by liquid chromatography tandem 
mass spectrometry. Atmos. Environ. 43: 4205–4213.  

Sun, Y.L., Zhang, Q., Schwab, J.J., Yang, T., Ng, N.L. and 
Demerjian, K.L. (2012). Factor analysis of combined 
organic and inorganic aerosol mass spectra from high 
resolution aerosol mass spectrometer measurements. 

Atmos. Chem. Phys. 12: 8537–8551.  
Sun, Y., Du, W., Fu, P., Wang, Q., Li, J., Ge, X., Zhang, Q., 

Zhu, C., Ren, L., Xu, W., Zhao, J., Han, T., Worsnop, 
D.R. and Wang, Z. (2016). Primary and secondary 
aerosols in Beijing in winter: Sources, variations and 
processes. Atmos. Chem. Phys. 16: 8309–8329.  

Surratt, J.D., Lewandowski, M., Offenberg, J.H., Jaoui, 
M., Kleindienst, T.E., Edney, E.O. and Seinfeld, J.H. 
(2007). Effect of acidity on secondary organic aerosol 
formation from isoprene. Environ. Sci. Technol. 41: 
5363–5369. 

Surratt, J.D., Gómez-González, Y., Chan, A.W.H., 
Vermeylen, R., Shahgholi, M., Kleindienst, T.E., Edney, 
E.O., Offenberg, J.H., Lewandowski, M., Jaoui, M., 
Maenhaut, W., Claeys, M., Flagan, R.C. and Seinfeld, J.H. 
(2008). Organosulfate formation in biogenic secondary 
organic aerosol. J. Phys. Chem. A 112: 8345–8378.  

Ulbrich, I.M., Canagaratna, M.R., Zhang, Q., Worsnop, 
D.R. and Jimenez, J.L. (2009). Interpretation of organic 
components from Positive Matrix Factorization of 
aerosol mass spectrometric data. Atmos. Chem. Phys. 9: 
2891.  

Weber, R.J., Sullivan, A.P., Peltier, R.E., Russell, A., Yan, 
B., Zheng, M., de Grouw, J., Warneke, C., Brock, C., 
Holloway, J.S., Atlas, E.L. and Edgerton, E. (2007). A 
study of secondary organic aerosol formation in the 
anthropogenic-influenced southeastern United States. J. 
Geophys. Res. 112: D13302. 

Xu, L., Guo, H., Boyd, C.M., Klein, M., Bougiatioti, A., 
Cerully, K.M., Hite, J.R., Isaacman-VanWertz, G., 
Kreisberg, N.M., Knote, C., Olson, K., Koss, A., Goldstein, 
A.H., Hering, S.V., de Gouw, J., Baumann, K., Lee, 
S.H., Nenes, A., Weber, R.J. and Ng, N.L. (2015a). 
Effects of anthropogenic emissions on aerosol formation 
from isoprene and monoterpenes in the southeastern 
United States. Proc. Natl. Acad. Sci. U.S.A. 112: 37–42. 

Xu, L., Suresh, S., Guo, H., Weber, R.J. and Ng, N.L. 
(2015b). Aerosol characterization over the southeastern 
United States using high-resolution aerosol mass 
spectrometry: Spatial and seasonal variation of aerosol 
composition and sources with a focus on organic 
nitrates. Atmos. Chem. Phys. 15: 7307–7336.  

Zhang, Q., Alfarra, M.R., Worsnop, D.R., James, D., Coe, 
H., Canagaratna, M.R. and Jimenez, J.L. (2005). 
Deconvolution and quantification of hydrocarbon-like 
and oxygenated organic aerosols based on aerosol mass 
spectrometry. Environ. Sci. Technol. 39: 4938–4952.  

Zhang, Y.X., Sheesley, R.J., Schauer, J.J., Lewandowski, 
M., Jaoui, M., Offenberg, J.H., Kleindienst, T.E. and 
Edney, E.O. (2009). Source apportionment of primary 
and secondary organic aerosols using positive matrix 
factorization (PMF) of molecular markers. Atmos. 
Environ. 43: 5567–5574. 

 
 

Received for review, April 11, 2018 
Revised, August 18, 2018 

Accepted, September 30, 2018 


