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Abstract A detailed time-resolved chemical characterization of ambient nonrefractory submicron aerosols

(NR-PM1) was conducted for the first time in India. The measurements were performed during the winter

(November 2011 to January 2012) in a heavily polluted city of Kanpur, which is situated in the Indo-Gangetic

Plain. Real-time measurements provided new insights into the sources and evolution of organic aerosols (OA)

that could not be obtained using previously deployed filter-based measurements at this site. The average

NR-PM1 loadingwas very high (>100μg/m3) throughout the study, with OA contributing approximately 70% of

the total aerosol mass. Source apportionment of the OA using positive matrix factorization revealed large

contributions from fresh and aged biomass burning OA throughout the entire study period. A back trajectory

analysis showed that the polluted air masses were affected by local sources and distant source regions where

the burning of paddy residues occurs annually during winter. Several fog episodes were encountered during

the study, and the OA composition varied between foggy and nonfoggy periods, with higher oxygen to carbon

(O/C) ratios during the foggy periods. The evolution of OA and their elemental ratios (O:C and H:C) were

investigated for the possible effects of fog processing.

1. Introduction

Submicron ambient aerosols can directly and indirectly affect radiative climate forcing and are harmful to

human health [Jacobson et al., 2000; Seinfeld and Pankow, 2003; Jimenez et al., 2009]. Most Indian cities have

bad air quality, and several studies have reported very high aerosol loadings in all major cities across the

country [Venkataraman et al., 2002; Gurjar et al., 2004; Gupta et al., 2006; Sarkar et al., 2010; Joseph et al.,

2012]. Kanpur is one of the major industrial hubs in India that has very poor air quality in terms of particu-

late matter (PM) pollution [National Ambient Air Quality Standards (NAAQS), 2012]. Several field studies [Kaul

et al., 2011, 2012; Ram and Sarin, 2011; Gupta and Mandariya, 2013; Singh et al., 2014] have been carried out

in Kanpur during winter over the past few years, and all have reported high-average PM1 loadings varying

from 100 to 530μg/m3. Although these studies have been useful, they mostly involved 8 h filter-based off-

line techniques that have failed to capture the organic aerosol evolution (changes in organic aerosols (OA)

composition and properties via aging, mixing, volatilization, etc., [Heald et al., 2010]) that occurs over

shorter timescales. In recent years, advances in mass spectrometry and the development of the aerodyne

aerosol mass spectrometer [DeCarlo et al., 2006; Canagaratna et al., 2007] have offered a unique opportu-

nity for gaining insight into the evolution of OA in real time [Hallquist et al., 2009; Heald et al., 2010]. Many

field studies have been conducted worldwide using aerosol mass spectrometer (AMS); however, the

characterization and evolution of OA in South Asia, one of the most populous regions in the world, have

been severely underreported. Thus, the objective of this study was to explore, for the first time, the real-

time variations of different aerosol constituents while focusing on the composition and sources of OA

and the effects of fog at Kanpur, a polluted urban location in India. During winter, the meteorology of

Kanpur favors the accumulation of pollutants due to low wind speeds and low boundary heights. Every

winter, Kanpur witnesses several short (3 h) to long (18 h) fog episodes that severely disrupt normal daily

life. Fog episodes are also linked to the enhanced production of secondary organic aerosols (SOA) via

aqueous processing at this location [Kaul et al., 2011] and elsewhere [Osto et al., 2009; Li et al., 2013].
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During winter, local biomass burning is a major contributor [Behera and Sharma, 2010b; Kaul et al., 2011] to

aerosol loadings at this location, in addition to other sources, such as vehicular/industrial emissions and the

secondary aerosol production. Biomass burning organic aerosols (BBOA) are considered major contributors

to the global OA budget, both in the form of primary OA (POA) [Bond et al., 2004; De Gouw and Jimenez,

2009] and SOA [Grieshop et al., 2009a, 2009b]. Generally, BBOA can have very different properties, depend-

ing on the fuel type, the burning conditions, and other parameters [Saarikoski et al., 2008; Ortega et al.,

2013], and they have been linked to enhanced haze formation and visibility degradation [Ryu et al., 2007;

Cheng et al., 2014]. AMS inlet cutoff size, however, does not allow direct sampling of fog droplets, so in this

manuscript, we mostly investigated the differences between the mass concentrations and chemical compo-

sitions of the unactivated and unscavenged fraction of ambient NR (nonrefractory) PM1 observed during

the foggy and nonfoggy periods of the study period.

2. Materials and Methods

2.1. Measurement Site and Study Period

The real-time ambient aerosol measurements were carried out at the Indian Institute of Technology (IIT)

Kanpur in India (26.5°N, 80.3°E, and 142m above mean sea level). Kanpur is located in the center of the

Indo-Gangetic Plain and is a large urban environment with a population of ≃4.5million [Government of

India, 2011] and seriously bad air quality [NAAQS, 2012]. IIT Kanpur is located away from the city center

but within the city boundaries. The entire study was divided into two separate periods; the first period

was from 2 to 18 November 2012 and characterized by a moderate relative humidity (RH) and temperature

with no fog/haze events, so the entire period was designated as nonfoggy period (P1). The second period

was from 20 December 2012 to 10 January 2013 and characterized by very low temperatures, high RH, and

several (10) fog events; hence, P2 was designated as foggy period. We further divided the second period

into foggy periods (P2_FP) and nonfoggy periods (P2_NFP). P2_FP included the time periods of fog (mostly

from late night to early morning), and P2_NFP was composed of the remaining periods (during which

the nights were mostly hazy) in P2. By World Meteorological Organization definition, fog indicates an

atmospheric condition with visibility < 1 km and RH close to 100% and hazy conditions associated with

1 km< visibility< 5 km with RH ~ 80% [Quan et al., 2011]. In the absence of visibility measurements, we

defined the beginning of a fog event as having a LWC (liquid water content) ≥ 80mg/m3 [Gilardoni et al.,

2014] for ≥ 15min and marked the end of a fog event when LWC< 80mg/m3 for > 15min. (Figure S1 in

the supporting information).

2.2. Instrumentation

A HR-ToF-AMS (high-resolution time-of-flight aerosol mass spectrometer) [DeCarlo et al., 2006; Canagaratna

et al., 2007] was deployed for the first time in India, along with supporting instruments, including a scanning

mobility particle sizer (SMPS, TSI Inc.) and a cloud combination probe (CCP, Droplet Measurement

Technologies, to measure the LWC). The CCP was positioned at the rooftop of the laboratory building (at a

height of 10m above ground), and other instruments were housed inside the laboratory. Particle transmis-

sion efficiency of AMS is close to 100% from 100 to 700 nm particle size range [Liu et al., 2007], which is much

lower than a typical fog droplet size, so during a fog event AMS can only measure interstitial aerosols, unac-

tivated droplets [Frank et al., 1998] and residual aerosols left behind after fog evaporates. The CCP is primarily

designed for aircraft sampling; however, in this study, the inlet was modified using an aspirator [Singh, 2011].

The CCP canmeasure different parameters and also includes a cloud imaging probe, but in this study only the

CDP (cloud droplet probe) was used to measure LWC. The CDP uses a diode laser to count and size individual

water droplets. The CCP measures droplet size distributions from 3 to 50μm divided into 30 bins [Lance et al.,

2010]; the bins are 1μmwide from 3 to 14μm, after which they become 2μmwide. The AMS was operated in

both high-sensitivity V and high-resolution Wmode with a 1min sampling time for each mode. The AMS was

calibrated for inlet flow, ionization efficiency (IE), and particle sizing following standard protocols [Jayne et al.,

2000; Jimenez et al., 2003; Drewnick et al., 2005]. Regular IE calibrations were performed before, during, and

after the experiment. Furthermore, High efficiency particle arrestance/zero particle filter measurements

were made at intervals of 2–3 days and during IE calibrations to assess the presence of gaseous interference

in the mass spectra. The average relative ionization efficiencies of ammonium were 4.6 and 4.8 for the

first and second periods, respectively, based on the IE calibrations, and were used to calculate the
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NH4
+(measured)/NH4

+(predicted) ratio or aerosol neutralization ratio (ANR). The calculated ANR agrees with

previous filter-based measurements obtained at the same location [Gupta and Mandariya, 2013].

2.3. Data Analysis

The AMS unit mass resolution (UMR) data were analyzed using the data analysis toolkit SQUIRREL (v1.51H),

and the AMS high-resolution (HR) data were analyzed using PIKA (v1.10H) in IgorPro. HR fitting was carried

out in both V and W mode up to m/z 150. The V mode data were used to calculate the mass concentrations

of the different species and in PMF, while W mode data were used to determine the elemental ratios,

although V andWmode elemental ratios were within 2–5% of each other. For both the periods, all of the data

points were well within the f44 versus the f43 space (see Figure S3 in the supporting information) typical for

the ambient measurements [Ng et al., 2011]. Details regarding data processing procedures can be found

elsewhere [Allan, 2003; Aiken et al., 2007, 2008]. PMF analysis was carried out using the PMF evaluation tool

[Paatero and Tapper, 1994; Ulbrich et al., 2009]. The quantitative accuracy of the AMS depends on the choice

of the CE (collection efficiency) value. We used Middlebrook et al.’s [2012] formulation, which incorporates

the effects of acidity, inlet RH, and chemical composition of sampled aerosols to calculate the CE value for both

the periods; from that a calculated CE of 0.5 was used to determine the concentrations of the different species.

This value has been used in numerous field studies worldwide [Canagaratna et al., 2007; Middlebrook et al.,

2012]. The choice of this CE value (0.5) was also justified by good agreement between AMS and SMPS mass

concentration(s) (Figure S2). Other uncertainties related to AMS measurements are well documented in the

literature [Allan, 2003; Aiken et al., 2007; Bahreini et al., 2009]. The standard fragmentation table was modified

at m/z values of 15, 29, and 44, based on HEPA filter measurements. A back trajectory analysis was performed

for both the periods, and the air masses mostly arrived from the north-northwest, which is the predominant

wind direction during this season at this location [Behera and Sharma, 2010b; Patidar et al., 2012].

3. Results and Discussions

3.1. Overall Meteorological Conditions, Aerosol Composition, Diurnal Variation, and Acidity

The average RH (%), T (°C), WS (wind speed) (only for P2, data are not available for P1), and LWC (shown only

for foggy period) for both the periods are shown in Table 1.

Fog usually forms when air becomes saturated with water vapor (RH~ 100%); however, several studies at

polluted locations like Kanpur [Kaul et al., 2011; Gupta and Mandariya, 2013; Singh et al., 2014] and Hong

Kong [Li et al., 2013; Meng et al., 2014] have reported fog formation at a relatively lower RH values. Deng

et al. [2008] have shown that at higher RH, currently available RHmeasuring instruments have a negative bias

of at least 5%. This bias in current RH measurements at higher RH may explain the observation of fog at

apparently subsaturated conditions.

The overall NR-PM1 composition, as calculated from a HR analysis, was dominated by organics (~70% of total

mass) (Figure 1a). The aerosol loading was higher during P2, with an overall value of 139±44μg/m3 (mean

± standard deviation, this convention will be followed throughout the paper) and a value of 152±35μg/m3

at night; the corresponding overall aerosol loading and nighttime loading values during P1 were

100 ± 37 μg/m3 and 110 ± 34 μg/m3, respectively. During the P2_FP nighttime, when actual fog events

were observed, the loading was slightly lower (132±30μg/m3) than for P2_NFP nighttime (162±38μg/m3)

when fog events were not observed. Some of this difference may be attributed to particle scavenging and

removal by fog.

The aforementioned values are well within the range of previously reported PM1 values (100–530μg/m3)

from filter studies and AMS measurements at the same location [Tare et al., 2006; Gupta and Mandariya, 2013;

Singh et al., 2014; Bhattu and Tripathi, 2015]. The extremely high NR-PM1 loadings and the overwhelming

Table 1. Campaign Average (± Standard Deviation) Meteorological Parameters

Period Day Night

P1 RH (%) = 65.8 (±3), T = 25°C (±4) RH (%) = 70 (±5), T = 20°C (±3)

P2_NFP RH (%) = 72 (±3), T = 22°C (±4), WS = 1.42m/s (±0.7) RH (%) = 78 (±3), T = 14°C (±3), WS = 1.21m/s (±0.5)

P2_FP RH (%) = 94.6 (±4), T = 5.4°C (±0.8), LWC = 197 (±53) mg/m
3
, WS = 0.66m/s (±0.4)
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dominance of the OA were different from previously reported AMS results for other winter field studies carried

out elsewhere [Zhang et al., 2007b], including studies that were performed in China (as shown in Table S1 in the

supporting information). Such extremely high NR-PM1 levels were only reported during extreme haze events in

China in 2013 [Zhang et al., 2014], which provides a sense of the extent of pollution at the current sampling

location. The overall size distribution of all of the aerosol species during both the periods was broad

(Figure 1b), with modes between 400 and 700nm (for the vacuum aerodynamic diameter (dva)), indicating

the significant presence of aged regional aerosols [Alfarra et al., 2004; Zhang et al., 2005]. The size distribution

of the organics was broader than that of the other species and extended to smaller sizes, as reported in another

AMS study from this location [Bhattu and Tripathi, 2015]. Thus, organic aerosols were more dominant with

respect to their total mass over the low size ranges relative to the other size ranges. The dominance of the

OA at smaller sizes (Figure S4) was reasonable considering the fresh emissions of carbonaceous particles from

vehicles in urban environments, which typically have smaller mass-weighted size distribution [Canagaratna

et al., 2004; Huang et al., 2011]. The mode of the organic size distribution was lower for P2 than for P1, which

could be attributed to large contributions from fresh and aged primary OA (discussed in section 3.4.1) that

usually have a smaller mode [Huang et al., 2011] and/or the scavenging of larger particles by fog.

The diurnal variations of the different aerosol constituents are shown in Figure S5. During P1, diurnal varia-

tions were clearly observed, with high concentrations during the nighttime and low concentrations during

A

B

Figure 1. (a) Time series for NR-PM1 aerosol species. Every species mass concentration(s) was increased from P1 to P2.

(b) Overall composition and size distribution of NR PM1 during P2 and P1.
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the daytime because of the increased boundary layer height, enhanced mixing, and evaporation of volatile

species like ammonium nitrate due to higher temperature. A relatively smaller decrease in the concentrations

of sulfate and organics was observed, most likely because of the photochemical production of these species.

Diurnal variations for different aerosol species were not as evident for P2 as they were for P1, most likely

because of lower photochemical activities and smaller changes between the boundary layer heights during

the daytime and nighttime for P2 relative to P1. The sulfate concentration peaked at approximately 10 A.M.

local time during P2, as photochemical activity resumed after the fog dissipated. On average, the NO3/SO4

ratios were lower during P2 as compared to P1, which may be attributed to enhanced sulfate formation

via fog processing. As discussed below, a sharp increase in the OA during P2 nighttime was resulted from

the combined effect of the enhanced biomass burning activities and lower boundary layer heights.

The aerosol neutralization ratio (ANR) was defined in terms of the AMS measured (m) NH4
+ to predicted (p)

NH4
+ ratio [Zhang et al., 2007a] as follows:

ANR ¼ NH4
þmeasured mð Þ=NH4

þpredicted pð Þratio ¼

NH4
þ mð Þ=18

NO3
� mð Þ

62
þ 2*

SO4
�2 mð Þ

98
þ
Cl� mð Þ

35:5

where NH4
+ (m), SO4

�2 (m), NO3
� (m), and Cl� (m) are the measured AMS mass concentrations of

ammonium, sulfate, nitrate, and chloride, respectively, and NH4
+ (p) is the predicted mass concentration of

ammonium that was obtained by assuming that ammonium was the only cation that balanced the anions.

Other cations, such as Ca+2 andMg+2, can also contribute to aerosol neutralization; however, previous studies

conducted at the same location [Ram and Sarin, 2011] have shown that most of these metallic cations are

associated with coarse mode (>2.5μm) particles; thus, the assumption that NH4
+ is the dominant cation in

the submicron aerosol is reasonable.

Generally, aerosols from both the periods were neutralized (average P1 ANR= 1.01 ± 0.09, average P2

ANR= 0.96 ± 0.10) (see Figure S6 in the supporting information). The enhanced conversion of NH3 to NH4
+

at low temperatures and high RH [Seinfeld and Pandis, 2006], and abundance of NH3 in this region [Behera

and Sharma, 2010a; Ram et al., 2012; Behera et al., 2013] may have led to the neutralization of aerosols at

this location.

Organonitrates (ON) can also produce NO+ and NO2
+ fragments and affect acidity calculations [Farmer et al.,

2010]. However, in this study, the average NO+/NO2
+ ratio varied between 2 and 2.7. This value was very

similar to the ratio (2–2.30) obtained for pure NH4NO3 during the IE calibrations and much lower than the

values reported for ON in other AMS studies [Fry et al., 2009; Bruns et al., 2010]. High RH values (>50%) during

both seasons were unfavorable for ON formation because of enhanced hydrolysis [Liu et al., 2012]. Thus,

contribution of ONs seemed to be small or absent.

3.2. OA Source Apportionment Via PMF

A PMF was performed on the AMS OA mass spectra for the entire study period using the HR V mode data. P2

and P1 periods were combined to identify the common factors that were present during both the periods

and the variations in the contributions of these factors between the periods. The combined HR-PMF

was used to divide the total OA into six factors (Figure 2), two primary BBOA (biomass burning OA), one

HOA (hydrocarbon-like OA), and three OOA factors (oxidized OA, a surrogate of SOA), including one

aged/oxidized BBOA [Ng et al., 2011] factor. PMF diagnostics are presented in the supporting information

Figure S7. Except BBOA, the other factors were chosen based on the Q/Qexp values, the residuals, the physical

interpretability, and the correlations with external tracers (Figure S8). No external tracers are available for

BBOA; however, time trends of all the BBOA components exhibited good correlations with m/z 60 (the

fragment that is used as a biomass burning marker in the AMS spectra) during both the periods. Relatively

less oxidized biomass burning factors, BBOA-1 and BBOA-2, likely reflected the primary BBOA emissions,

whereas the more oxidized OOA3-BBOA is hypothesized to reflect the BBOA emissions that were aged and

underwent ambient processing. The diurnal plots (Figures 3a and 3b) of the PMF factors during P2 exhibited

a sharp increase in the BBOA-1 and BBOA-2 concentrations during the night due to enhanced local biomass

burning activities. Although time series of BBOA-1 and BBOA-2 looks similar, Figure S3 shows that BBOA-1 has

a larger contribution from m/z 44 than BBOA-2, possibly due to the presence of higher levels of carboxylic
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acid moieties [Ng et al., 2011] in its molecular composition. The difference in the chemical composition of the

two primary BBOAs likely reflects either two different types of biomass sources and/or different burning condi-

tions of the same type of biomass. Highly oxidized BBOA factors have been reported in other studies [Healy

et al., 2013; Timonen et al., 2013]. On average, increase in the absolute OA loading from P1 to P2 primarily occur-

red because of the higher contributions of the BBOA-2 and OOA3-BBOA components (Figure 3b). The diurnal

time trends and the correlations between HOA and black carbon (see Figure S8) suggest that HOA was mainly

coming from vehicular emissions. The HOA O/C ratio (0.15) calculated from the apportioned time trends was

greater than that reported for diesel/gasoline exhaust [Mohr et al., 2009]. However, similar values have been

reported in previous measurements [Aiken et al., 2010; Huang et al., 2010] of HOA in Mexico and China. It is

important to note, however, that the HOA mass spectrum observed in this study may have contributions from

unresolved cooking organic aerosol (COA). This is suggested by a higherm/z 55/57 ratio (=1.4) than usually seen

for HOA (~1) [Mohr et al., 2009; Allan et al., 2010] and a significant contribution from the oxidized fragment

(C3H3O
+) to m/z 55 which are more typically associated with the COA [Allan et al., 2010; Zhang et al., 2015].

HOA and COA may not be separated by PMF analysis (even when using solutions with higher numbers of

factors) possibly due to their emission from sources with similar temporal trends. Other ambient studies [He

et al., 2010, 2011] also reported this difficulty in separating OA factors with similar temporal trends and could

explain the slightly higher O/C ratio of the HOA. The separation of HOA by PMF in air masses that are impacted

by BBOA (particularly in the winter) is difficult and contributed some uncertainty to the source apportionment

of the HOA factor mass spectrum and the time series.

The OOA-1 time trend was better correlated with odd oxygen OX (O3+NO2) [Wood et al., 2010] during P2 as

compared to P1, suggesting that OOA-1 was produced by local photochemistry. Although the peak in OOA-1

was not as obvious in the afternoons of P1, the OOA-1 concentrations remained constant despite the distinct

increase in the boundary layer height in the afternoon, consistent with local photochemical production of

OOA-1 during this period.

Figure 2. Combined HR-PMF factor profiles. OOA-1 and OOA-2 = oxidized organic aerosol factors, HOA = hydrocarbon-like

OA (primary OA), BOOA-1 and BOOA-2 = biomass burning OA, and OOA3-BBOA = oxidized/aged BBOA.
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The OOA-2 time series was well correla-

ted with that of the aerosol nitrate

indicating semivolatile nature of this

oxidized factor. During P2 period, the

secondary OAs (OOA1,2 +OOA3-BBOA,

69%) contributed significantly more

toward the total OA than the primary

OAs (29%, HOA+BBOA1,2) (Figures 1b

and S9). However, the secondary and

primary OA contributed equally during

P1 (2% of the mass remained unappor-

tioned in the PMF). Basic PMF diagnostics

and correlations with external tracers are

shown in the supporting information

(Figures S7 and S8). The PMF analysis also

shows that the OA composition varied

significantly, although the overall NR-

PM1 composition did not change signifi-

cantly from P1 to P2 (Figure 1b).

3.3. Back Trajectory Analysis

The effects of regional and long-

range transport on NR-PM1 aerosol

loading and composition were deter-

mined by performing a back trajec-

tory (BT) analysis using the Hybrid

Single-Particle Lagrangian Integrated

Trajectory (HYSPLIT4) model developed

by NOAA/Air Resources Laboratory

(ARL) [Draxler and Rolph, 2003]. The

meteorological data used in the computation of the trajectories come from the Global Data Assimilation

System archive maintained by ARL (available online at http://ready.arl.noaa.gov/archives.php). First, 48 h back

trajectories starting at 500m above the ground in Kanpur (26.46°N, 80.33°E) were calculated every hour

throughout the study period. Next, the trajectories were clustered according to their similarities in terms of

spatial distributions using HYSPLIT4 software. The clustering principles and processes are described in the

software user guide [Draxler et al., 2014]. The five-cluster (denoted as C1 to C5) solution was considered

optimum for clustering according to the change in the total spatial variance, and the mean BTs of each cluster

are shown in Figure 4. After clustering, the PM1 chemical compositions corresponding to the BTs in each cluster

were averaged, which is also shown in Figure 4. The BT analysis confirmed that the air masses sampled in this

study predominantly arrived from the northwest, as reported in a previously conducted wintertime study at this

location [Patidar et al., 2012]. BT analysis also indicates that the site is primarily affected by surface emissions as

evident from the trajectory heights (Figure S10). However, the BT analysis also revealed some differences

between P2 and P1. During P2, apart from C4 and C5, all other air masses had arrived frommuch longer distan-

ces away (>1000 km) relative to those that arrived during P1, and themost polluted air was associated with clus-

ter 3, which had the highest contributions of biomass burning aerosols and sulfate. As previously mentioned,

paddy residue is burned every year throughout northwest India in November, and these burning events affect

the air masses transported to Kanpur. The NASA Moderate Resolution Imaging Spectroradiometer (MODIS) fire

map [Giglio et al., 2003] indicated the presence of burning near the origin of the C3 air mass, which caused high

loadings. Short-range regional transport also appeared to contribute to the NR-PM1 loading, as indicated by C2.

The lowest aerosol concentrations were observed for the C1 air masses, which underwent short-range transport

but originated from southeast of the site. During P2, C1 represented the aerosols transported across the longest

ranges and originated in northwest Pakistan. This cluster contained the highest relative contributions fromOOA-

1 but had the lowest aerosol concentration of all the clusters. In addition, C1 contained the highest relative

amount of nitrate and the lowest relative contributions from sulfate among the five clusters. The air mass

A

B

Figure 3. (a) HR-PMF factor diurnal profiles during P1. (b) HR-PMF factor

diurnal profiles during P2; hourly NOX data were only available during P2.

Decreasing trend during afternoon indicates increased boundary layer

height (BLH) while nighttime increase indicates a combination of low BLH

with enhanced local emissions.
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traveled over several coal mines located

in the area in Pakistan. Normally, coal

mines are associated with huge NOx

emissions from heavy mining equipment

and nonideal burning of ammonium

nitrate used in blasting [Attalla et al.,

2008], which could result in relatively

high nitrate contributions.

Apart from C1, all of the clusters during

P2 had smaller contributions from

OOA-1 and OOA-2, likely due to the

stagnant conditions and lower levels of

photochemical activity. Other clusters

during P2 were significantly affected by

the biomass burning-related sources.

For example, C2 contained the highest

relative contributions from the primary

BBOA fractions and the most polluted

air mass. These observations were con-

sistent with the NASA MODIS fire map

[Giglio et al., 2003] of fire events in the

path of this air mass. Short-range regio-

nal transport (as represented by C4 and

C5) appeared to contribute substantially

to P2, and these air masses received

their highest contributions from the

aged BBOA fraction. The relative contri-

butions of the aged BBOA increased as

the air mass transport range decreased,

and the highest oxidized BBOA contribu-

tions were observed during actual fog

events. These observations suggest the

need for future investigations to deter-

mine whether fog plays a role in primary

BBOA processing at the study location.

3.4. Organic Aerosol Elemental Ratios

and Processing

3.4.1. Difference Between P2 and P1

The organic aerosol elemental ratios

exhibited stronger diurnal patterns

(Figure 5) during P1 than P2, and the O/C ratio peaked in the afternoon, indicating strong photochemical activ-

ity. But during P2, the daytime O/C ratio was only slightly higher than the nighttime O/C ratio (Figure 5).

Generally, the primary organic aerosol species (HOA and BBOA) with higher H/C and lower O/C values, were

more dominant at nighttime compared to daytime. The N/C ratio was slightly higher during P2, mostly resulted

from the enhanced contributions from biomass burning [Laskin et al., 2009; Huang et al., 2011] and/or the inter-

actions of the organics with NH3.

While solar radiation was higher during P1 (the average solar radiation was 463 ± 48W/m2 for P1 and 405

± 51W/m2 for P2), the OA loading was lower during P1 (the overall and nighttime average OA values were

72 ± 30μg/m3 and 80± 34μg/m3, respectively, for P1 and 94± 32μg/m3 for P2_FP; the differences are

statistically significant at the 95% confidence level, p< 0.01). Although the higher solar radiation favors

more intense photochemistry and lower OA loadings favor the partitioning of relatively more oxidized

organics into particulate phase than higher OA loadings [Shilling et al., 2009; Kang et al., 2011], the overall

A

B

Figure 4. (a) Back trajectory analysis for P1. During P1 air masses were

arriving from much shorter distances than P2. Pie and bar charts are

showing average NR-PM1 composition and relative contributions of

different types of OA, respectively. (b) Back trajectory analysis for P2.

During P2 air masses were arriving from much longer distances P1

(Figure 4a). Pie and bar charts are showing average NR-PM1 composition

and relative contributions of different types of OA, respectively.
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aerosol oxidation level of P1 (average

O/C= 0.50) remained slightly lower than

P2 (average O/C = 0.55). During P2_FP,

the average nighttime (6 P.M. to 6 A.

M.) O/C ratio of [0.54(±0.05)] was higher

than that of nighttime P1 [0.44(±0.06)]

(The differences in O/C ratios are statis-

tically significant, p< 0.001) (Figure 5).

The OA evolution processes, in addition

to the O/C ratio, were examined. Van

Krevelen (VK) diagrams (Figure 6) have

been previously used to investigate

the OA chemical evolution [Heald et al.,

2010; Ng et al., 2011]. The VK diagram

shows further differences in the ele-

mental compositions between P2 and

P1. First, for any given O/C values, P2 aerosols had higher H/C values than P1 aerosols, which can be explained

by enhanced contribution of OOA3-BBOA to total OA during P2 than P1. The OOA3-BBOA not only had a high

O/C ratio but also a high H/C ratio, unlike OOA-1 (see Figure 2), which was the dominant oxidized species

during P1. These factors were plotted on an f44 versus f43 “triangle” plot (Figure S3) [Ng et al., 2010], which

clearly showed that OOA-1 was the

most aged factor at the top of the

triangle and although OOA3-BBOA had

a higher O/C ratio than OOA-2, OOA3-

BBOA had a similar f44 level and a larger

f43 level than OOA-2. This result sug-

gests that oxygenated functional groups

other than carboxylic groups, such as

ketone/aldehyde groups [Hawkins and

Russell, 2010] or alcohol groups, as

evidenced by the higher f29 level

[Canagaratna et al., 2014] contributed

to the high O/C values of OOA3-BBOA.

Figure 6 also shows the differences in

the VK slopes for daytime and nighttime

periods during P2 and P1. The OA

observed during P2 lie along a shallower

VK slope (�0.5) than the OA observed

during P1 (�0.7). A shallower slope is

consistent with P2 OA containing more

�OH/�ROOH functionality than P1 OA

[Ng et al., 2011].

A similar trend was reported in an AMS

study conducted in Hong Kong during

fog and haze episodes [Li et al., 2013].

Figure 6 also revealed continuous che-

mical evolution of OA toward higher

oxygenation with time during P2, while

no such indication was found during

P1 nights. Stagnant conditions during

P2 nights along with high RH and fog

seemed to have allowed more time for

chemical processing of OA.

Figure 5. Diurnal variation of different elemental ratios during P2 and P1.

Significant differences between daytime and nighttime O/C ratio can be

seen in P1, but the differences were less during P2.

Figure 6. Slopes of Van Krevelen (VK) diagram is very different fromP1 to P2

indicating differences between P2 and P1 OA evolution processes. Black

bordered circles and squares are representing every consecutive 4 h average

of O/C and H/C for day (6 A.M. to 10 A.M. to 2 P.M. to 6 P.M.) and night (6 P.M.

to 10 P.M. to 2 A.M. to 6 A.M.), and their movement is from left to right.
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We have also looked into the daytime and night-

time variations in VK diagram slopes. While the

average daytime O/C (=0.56) for P1 and P2 are

similar to each other, the average nighttime

O/C for P1 (=0.44) is lower than the correspond-

ing value for P2 (=0.54) (see Figure 5). During P2

and P1, the nighttime contribution of POAs was

relatively higher than daytime as many POAs

(like BBOA) emissions are enhanced during

night. Even with different POA:OOA ratios, the

daytime and nighttime VK slopes for P1 (�0.74

and �0.73, respectively) are similar to each

other, but as can be seen from Figure 6, during

P1 nights, no temporal variations in H/C and

O/C ratios are present indicating that different

H/C, O/C values of this scatterplot are most likely

originating from physical mixing of different OA

components rather than any continuous OA

evolution from lower to higher O/C ratio as seen

for P1 daytime. For P2, daytime and nighttime

slopes (�0.41 and �0.54, respectively) are

slightly different but both are much shallower

than that of P1; this could be due to different

mixing ratios of OA components between two

periods and/or difference in OA evolution pro-

cesses. Shallower slope generally indicates addi-

tion of more –OH/�COOH functionality to carbon backbone while steeper slope indicates addition of more

carbonyl (aldehyde/ketone) moieties [Heald et al., 2010; Ng et al., 2011]. Apart from that for P2 nights, contin-

uous OA evolution from lower to higher O/C ratio can be seen indicating a continuous process of OA oxida-

tion. During P2, nights were more stagnant as compared to P1 with very low wind speed and low boundary

layer heights which possibly allowed more time for gas- and aqueous-phase oxidation. Although the AMS

mostly measures the unscavenged and unactivated interstitial aerosols during the fog events, but it can also

sample residual aerosols that have undergone aqueous processing and are left behind when fog evaporates.

In this study, the large contribution from the aged BBOA factor during P2 makes it difficult to attribute

enhanced oxidation to aqueous fog chemistry alone; the moderate RH and O/C correlation during P2

(Figure S11) could, however, indicate that aqueous oxidation played a part in the observed aerosol oxidation.

3.4.2. Variation in OA Composition and Elemental Ratios Within P2 (FP)

During P2 periods both foggy and nonfoggy time periods were observed. In general, the OA composition was

different between these two types of P2 periods (Figure S12) with P2_FP (O/C = 0.54) being more enriched in

OOA than P2_NFP nights (O/C = 0.48). The OA from P2_FP and P2_NFP nights also lie along different slopes in

the VK diagram (�0.54 versus �0.32, respectively) (Figure 6). To assess whether this difference was due to

differences in nature of OA chemical evolution or only caused by physical mixing of different OA compo-

nents, we have replotted the VK diagrams for P2_FP and P2_NFP nights categorized according to similar ran-

ges of POA:OOA ratios: 0–30%, 30–60%, and 60–100% (Figure S13). We found that VK diagram slopes for

P2_FP (�0.40, �0.32, �0.37) and P2_NFP nights(�0.50, �0.70) (Figure S13) differ even for conditions with

similar POA:OOA ratios and for P2_NFP nights physical mixing have little effect on VK slopes. This suggests

that the differences in OA chemical composition during P2_FP and P2_NFP could also be due to differences

in chemical processing due to the presence/absence of fog.

A detailed analysis of prefog, fog, and postfog time periods (Figure 7) is used to elucidate the effect of fog on

the OA composition. Prefog period is taken as 6 h before the onset of fog and postfog period as the daytime

hours after fog dissipation. There were a few instances when fog events occurred on back-to-back days, so to

avoid overlapping between prefog and postfog hours, this scheme is chosen. So prefog + foggy time periods

were essentially evening to early morning periods, whereas postfoggy periods were mostly daytime hours.

Figure 7. OA mass concentration(s) and relative composition

comparison between before (6 h before fog starts), during and

after fog (daytime hours after fog dissipation), and nonpostfog

indicates daytime hours not preceded by a fog event. O/C and

relative oxidized OA contribution to total OA increases during

fog despite of fog scavenging and removal. Error bars are for ± 1

standard deviation (std) (for lower panel only �1 std is shown).
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Daytime hours during P2 that were not

preceded by any fog events are classi-

fied as nonpostfoggy time periods.

As shown in Figure 7 apart from a very

marginal decrease in HOA, all other

OA components decreased significantly

during fog periods as compared to

prefog periods due to fog scavenging

and removal. But the relative decrease

(~70%) in primary BBOAs was much

higher than OOAs (OOA1,2 +OOA3-

BBOA) (~30%). So the relative contribu-

tions of OOAs increased from prefog to

foggy period (increase is statistically

significant, p< 0.01) in line with the observed O/C increase. While more oxidized and hygroscopic OOA is

expected to be preferentially scavenged as compared to primary BBOA [Gilardoni et al., 2014] it is likely that

the OOA scavenging is offset by the OOA production.

Generally, stagnant and calm conditions during fog reduces the importance of long-range transport [Jacob

et al., 1967; Dall’Osto et al., 2008], so the additional observed OOA was likely produced locally via enhanced

aqueous (fog) phase processing [Kaul et al., 2011] along with usual gas-phase oxidation at this location. After

fog dissipation and in the presence of the Sun, OOA increased while HOA and BBOA decreased possibly due

to increased boundary layer height. It is also interesting to note that the OOA mass concentration during

nonpostfoggy days were much lower than during postfoggy days while POAs mass concentration remained

the same (Figure 7); as a consequence, nonpostfoggy OA had a lower O/C ratio and lower relative contribu-

tion (both are statistically significantly lower) from OOAs than postfoggy days. Unchanged POA concentra-

tion from postfoggy to nonpostfoggy days indicates that boundary layer dynamics did not play an

important role in the observed change in OOA concentration. Instead, it is possible that the higher OOA

concentration during postfoggy days was caused by enhanced amounts of oxidized organic residues left

behind after fog evaporation.

3.4.3. ANR Versus O/C Relationship

Figure 8 clearly shows that the ANR was correlated with the O/C, where the O/C increased with the ANR over

both the periods. The diurnal variations of the O/C appeared to be closely correlated with the aerosol acidity

(Figure 5). In a recent laboratory study using an AMS [Liggio and Li, 2013], the O/C ratio was reported to

increase immediately after aerosol neutralization with excess NH3, which was attributed to the formation

of oxidized oligomers (m/z> 300) in the aerosol phase. Such a link was not clearly observed since possible

oligomers were fragmented in the AMS. During P2 and P1, the increase in the O/C in the afternoon was

associated with increasing relative intensity of the high m/z 44 (CO2
+) signal that is known to originate from

carboxylic acids in the AMS [Alfarra, 2004; Takegawa et al., 2007]. Thus, the positive correlation between the

O/C ratio and the ANR during the daytime may indicate the association of excess NH4
+ with organic acids.

4. Conclusions

We report the first use of an HR-ToF-AMS in India for obtaining real-time measurements of submicron aerosol

characteristics. This study was conducted in a highly polluted Indian city during the winter. The results

revealed extremely high NR-PM1 loadings that were much greater than previously reported in other AMS

studies. The overall aerosol composition was overwhelmingly dominated by organics throughout this study.

Although the overall aerosol composition between P2 and P1 was similar, the source apportionment of OA

via PMF revealed significant differences in the OA composition between the two periods. Particularly, the

aged biomass burning factor contributed a significant portion of the OA during the foggy period. Local

photochemical formation of oxidized organic aerosols was observed during the afternoon for both the

periods. Van Krevelen plots of the aerosol composition showed continuous increase in O/C ratio throughout

the P2 nights but revealed no such change during P1 nights. Also, the changes in OA elemental ratios/OA

evolution followed different slopes during P1 and P2, even within P2 slopes are different from foggy to

Figure 8. Relationships between the O/C andm/z44/m/z43 ratios and the

ANR, which were well correlated with aerosol neutralization during both

the periods (including the daytime, not shown).
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nonfoggy nights. This change in slope cannot be explained by physical mixing of different OA factors alone

and indicates that the changes in nature of oxidized functional groups added to OA during oxidation.

Shallower slopes during P2 indicates that more acidic (�COOH) functional groups were added to OA as

compared to more carbonyl (aldehyde and ketone) functional groups during P1 with much steeper slopes.

A strong correlation between the aerosol oxidation level and aerosol neutralization was observed during this

study. Increases in the ANR were largely correlated with increase in O/C and m/z 44 intensity (an AMS

signature of the aerosol organic acid content) in the spectra, suggesting some interactions between the

organic acids and inorganics. The time-resolvedmeasurements in this study provide us with new information

that has not been reported previously from traditional offline filter measurements conducted at the same

location. We still lacked some valuable information on gas-phase chemistry, so future work will include

the deployment of other real-time instruments like PTR-MS for measurements of VOC’s with gas-phase

OA oxidation and analysis of collected fog water. These additional measurements will offer a complete

picture of effects of fog processing on gas + aqueous + condensed-phase OA in this highly populated and

polluted region.
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