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Abstract
Fine particulate (PM2.5) bound non-polar organic compounds (NPOCs) and associated diagnostic parameters were studied at
Jammu, an urban location in the foothills of North-Western Himalayan Region. PM2.5 was collected daily (24 h, once a week)
over a year to assess monthly and seasonal variations in NPOC concentration and their source(s) activity. Samples were analyzed
on thermal desorption-gas chromatography mass spectrometry to identify and quantify source-specific organic markers.
Homologous series of n-alkanes, polycyclic aromatic hydrocarbons (PAHs), isoprenoid hydrocarbons and nicotine were inves-
tigated to understand the sources of aerosols in the region. The annual mean concentration of PM2.5 during the sampling period
was found higher than the permissible limit of India’s National Ambient Air Quality Standards (NAAQS) and World Health
Organisation (WHO) guidelines. The rise of concentration for PM2.5 and associated NPOCs in summer season was attributed to
enhanced emission. The n-alkane-based diagnostic parameters indicated mixed contributions of NPOCs from anthropogenic
sources like fossil fuel-related combustion with significant inputs from biogenic emission. Moreover, high influence of
petrogenic contribution was observed in summer (monsoon) months. The quantifiable amounts of isoprenoid hydrocarbons
further confirmed this observation. Total PAH concentration also followed an increasing trend from March to June, and June
onwards a sharp decrease was observed. The higher concentration of environmental tobacco smoke marker nicotine in winter
months was plausibly due to lower air temperature and conditions unfavourable to photo-degradation. A clear dominance of low
molecular weight PAHs was noticed with rare presence of toxic PAHs in the ambient atmosphere of Jammu. PAH-based
diagnostic parameters suggested substantial contribution from low temperature pyrolysis processes like biomass/crop-residue
burning, wood and coal fire in the region. Specific wood burning markers further confirmed this observation.
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Acronyms
ACL Average chain length

BBs Box blanks
CA Carbonaceous aerosols
CCN Cloud condensation nuclei
Cmax Carbon number of the most

abundant n-alkane
CPCB Central pollution control board
CPI Carbon preference index
DCF Dilution correction factor
Dp Dew point
EBs Equipment blanks
ETS Environmental tobacco smoke
HMW High molecular weight
IBs Instrument blanks
KMO Kaiser-Meyer-Olkin
LMW Low molecular weight
MDRs Molecular diagnostic ratios
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MFC Mass flow controller
NAAQS National ambient air

quality standards
NIST National institute of standards

and testing
NOAA-HYSPLIT National oceanic and atmospheric

administration-the hybrid single
particle lagrangian integrated
trajectory model

NPOCs Non-polar organic compounds
NWHR North-Western Himalayan Region
OCs Organic compounds
PAHs Polycyclic aromatic hydrocarbons
PBL Planetary boundary layer
PCA Principal component analysis
PM Particulate matter
PNA Petrogenic n-alkanes
RH Relative humidity
RT Retention time
SMVDS Shri Mata Vaishno Devi Shrine
TD-GC-MS Thermal desorption gas

chromatography mass spectrometry
TNA Total n-alkanes
TPAH Total polycyclic aromatic

hydrocarbons
WD Wind direction
WHO World health organization
WINS Well impactor ninety-six
WNA Wax n-alkanes
WS Wind speed

Introduction

Carbonaceous aerosol (CA) constituting ~ 30–70% mass of
PM2.5 present in the ambient atmosphere has crucial implica-
tions on regional and global climate as well as on human
health (Jacobson et al. 2000; Pöschl 2005). The physical and
chemical characteristics of CA reveal important information
about their emission source(s) and transformation process(es)
(Rodríguez et al. 2002; Patel and Rastogi 2018). Constituents
of CA emitted from a variety of sources like combustion of
fossil fuel, forest fires, vegetation burning, industrial effluents,
exhaust from automobiles and aircraft emissions constitute a
major fraction of aerosol mass in the environment (Novakov
et al. 2000; Chen et al. 2016a; b). Factors contributing to the
characteristics of carbonaceous aerosols include (1) nature and
strength of emitting source(s), (2) incident solar radiations, (3)
regional vegetation cover, (4) geomorphology of the region
and (5) meteorological parameters (Yadav et al. 2013b, 2014;
Zhang et al. 2018a). The studies involving investigation of CA
have gained scientific interest recently due to its crucial role in
inadvertent climate change and threats to human health. CA

alter the climate directly by absorbing and scattering solar
radiation and indirectly by acting as cloud condensation nuclei
and both of these phenomenon bears local, regional and global
significance (Pöschl 2005; Ramachandran et al. 2006). The
elemental (black carbon) component of CA has graphite like
structure and strongly absorbs visible light resulting in posi-
tive radiative forcing thereby warming the atmosphere and
impacting the climate (Andreae et al. 2006; Bond et al.
2013). However, large uncertainties exist in the case of organ-
ic fraction, which accounts for about ~ 25–75% of CA, due to
the presence of various types of polar oxygenated compounds
having ability to alter the cloud condensation nuclei (CCN)
activity of CA (Petters and Petters 2016). The presence of
thousands of potentially harmful compounds, many of which
are known as carcinogenic (e.g. PAHs), in the organic fraction
of CA pose a serious threat for human health (Rogge et al.
1993; 1994; Chen et al. 2016a; b).

The organic fraction that contains molecular tracers used in
source apportionment studies consists of n-alkanes, n-fatty
acids, n-fatty alcohols, n-alkanals, n-alkan-2-ones, long chain
wax esters, dicarboxylic acids, polycyclic aromatic hydrocar-
bons (PAHs), diterpenoids, nicotine, anhydrosugars etc.
(Chowdhury et al. 2007; Alves et al. 2019). These compounds
can be used as tracers for identifying the source(s) of CA
emission such as from biota, biomass/crop-residue burning,
fossil fuel combustion and soil/road-side dust re-suspension
(Van Drooge et al. 2018; Zhang et al. 2018a). The n-alkanes
are relatively stable, non-polar and occur at high concentra-
tions in urban regions due to their release from anthropogenic
as well as biogenic processes (Young and Wang 2002; Yadav
et al. 2013a). On the other hand, PAHs are produced as a result
of incomplete combustion processes of organic matter and
fossil fuels and are considered as environmental contaminants
(Schauer et al. 2003).

Himalaya chain plays a unique and vital role in governing
the climate of South East Asian region (Carrico et al. 2003).
Increasing aerosol load over North-Western Himalayan
Region (NWHR) has raised serious concerns (Kaushal et al.
2018; Kumar and Attri 2016; Huma et al. 2016; Pande et al.
2018; Yadav et al. 2019). Despite that, especially in India, the
organic tracers have rarely been studied (Huma et al. 2016).
Recently, Central Pollution Control Board (CPCB) of India
has notified Jammu, an urban settlement in the foothills of
NWHR as one of the non-attainment cities, where the partic-
ulate load exceeds permissible limits specified by National
Ambient Air Quality Standards (NAAQS). Thus, there is a
strong need of aerosol characterization particularly with re-
gard to the accumulation mode (0.1 μm< d < 2.5 μm) for
the assessment of pollution, their source characterization and
associated health risks (Kreidenweis et al. 2019).

In order to improve the existing knowledge about particu-
late air pollution in the NWHR, this study has been planned
with the following objectives: (i) to investigate the chemical
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characteristics of organic aerosols in the ambient environment,
(ii) to quantify the aerosol-associated non-polar organic com-
pounds (NPOCs), and (iii) to identify major source(s) of or-
ganic aerosols in the region on the basis of molecular tracers
and diagnostic parameters/ratios. A systematic sampling cam-
paign was conducted to collect twenty-four-hourly PM2.5

aerosols on weekly basis at an urban location in Jammu,
India. PM2.5 samples were characterized for homologous se-
ries of n-alkanes, PAH, isoprenoid hydrocarbons,
Environmental Tobacco Smoke (ETS) markers and other
source specific organic tracers. Further, the correlations be-
tween meteorological parameters and the organic fraction of
CAwere explored to identify major processes and source con-
tribution to organic aerosol load in the region.

Materials and methods

Sampling details

Description of sampling site

In this study, PM2.5 sampling was done at Shastri Nagar (31°
14′ 29″ N, 77° 2′ 12″ E; 327 m amsl), an urban location in the
Jammu city lying over irregular low-height ridges in the foot-
hills (Shivaliks) of NWHR. Figure 1 shows the sampling lo-
cation. The sampling site is situated near the National
Highway (NH-1A) and is around 2.5 km away from the
Jammu (IXJ) airport. Basically, it is a residential site but
may have influences of vehicular traffic and other anthropo-
genic emissions. The sampler was placed on the rooftop of a
building at around 10-m height from the ground and was not
under any shade of tree or building.

Sample collection

PM2.5 (aerodynamic diameter ≤ 2.5μm) samples were collect-
ed on pre-baked and pre-weighed 47-mm quartz-microfiber
filter matrix using a Well Impactor Ninty Six (WINS) based
Fine Particulate Sampler equipped with a Mass Flow
Controller (Envirotech, APM 550 MFC) that operates at a
constant flow rate of 16.7 L/min, i.e. 1 cubic meter per hour.
Twenty-four hourly PM2.5 sampling was done once in a week
(mid-week days) from October 2015 to February 2017.
Automobile traffic flow and other anthropogenic activities
are expected to be best represented on mid-week days, select-
ed for the sample collection. Field blanks were collected by
keeping the blank filters in the sampler, for the same duration
and were exposed to the similar environmental conditions.
Prior to their weighing, all PM2.5 deposited filter papers were
kept into desiccators filled with silica gel and after weighing
were stored under controlled temperature and relative humid-
ity conditions in clean petridishes, wrapped with aluminium

foil and refrigerated at − 20 °C until analysis. Field blanks and
PM2.5 deposited filters were weighed before and after sam-
pling on a well-calibrated electronic microbalance (Sartorious
BSA 224S-CW).

Analysis of aerosol samples using thermal desorption
gas chromatography mass spectrometry

Analysis of organic tracers was done using well-
established thermal desorption gas chromatography mass
spectrometry (TD-GC-MS) method, which has been opti-
mized and discussed elsewhere (Yadav et al. 2013a, b,
2014; Huma et al. 2016). The uniform aerosol filter discs
(25-mm diameter) were further longitudinally cut into
strips for easy insertion into the TD tubes (SS PE ATD
Tube 25,049; Supelco, Bellefonte, PA, USA). The TD
tubes were pre-baked before use and purged with high
purity (99.990%) N2 gas. The sample stripes (with silane
treated glasswool plug at both ends) were loaded in the
TD tubes for analysis.

Thermal desorption system TD-20 coupled with gas chro-
matograph mass spectrometer model GCMS-QP2010 Plus
(Shimadzu, Japan) was used for analysis of organic tracers.
Sample processing time/sample in TD unit was 15 min under
pre-set operating conditions: 60 ml/min of gas flow; valve
temperature of 250 °C; trap heat temperature of 280 °C; trap
cool temperature − 20 °C and interface heat temperature
250 °C. Table 1 shows the stepwise linear temperature
ramping steps. High purity helium (99.999% purity) was used
as a carrier gas at an auto-adjusted flow rate. The total run time
for each sample in GCMS was 57 min.

Quality assurance and quality control

The optimization of injection port temperature and thermal
desorption procedure is important for determination of organic
tracers (Schnellekreis et al. 2005). Several comparison studies
in the past have shown good agreement between thermal de-
sorption (TD) method and traditional method of solvent ex-
traction; however, there are some limitations of TD method
(Van Drooge et al. 2009; Wang et al. 2019 and references
therein). Once the TD method is established, it is found to
be advantageous in terms of lesser changes of contamination
from solvents as well as lesser time consumption in sample
preparation. Themethod used here has already been tested and
optimized for optimal chromatographic resolution with repro-
ducible mass spectra of targeted organic tracers (Yadav et al.
2013a, b, 2014; Huma et al. 2016). Samples were run in trip-
licate to ensure reproducibility. Analytical precision of ~ 5%
was ascertained and different sets of recovery experiments
were performed to optimize the protocol for the detection
and maximum desorption of organic compounds. In all, a
recovery of 98% and more was achieved. Box blanks (BBs),
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instrument (TD-GCMS) blanks (IBs) and equipment blanks
(EBs) aka field blanks were analyzed with same program in
each batch run of aerosol samples to ensure quality assurance
and quality control (QA/QC) during the analysis. BBs were
picked from the filter box and were pre-baked and pre-
weighed for analysis. IBs were analyzed by running the pro-
gramwith empty SS tubes. One IB was analyzed in the start of
each day to check instrument contamination (if any) and then
one IB was analyzed after every batch of 5 samples to check
the sample to sample carryover. Another IB was run in con-
tinuation when the carryover was noticed in first IB and the

sample repeats were performed accordingly to ensure the best
possible analysis. EBs (field blanks) were collected by keep-
ing the pre-baked and pre-weighed blank filter paper in the air
sampler (without switching the sampler on) for same sampling
duration (24 h) as for collected samples. These EBs were then
analyzed using baked and cleaned SS tubes.

Analysis of organic species

Quantitative determination of non-polar organic compounds
involved spotting of the molecular ion peak (M+) and com-
parison of retention times (RT) with reference standards.
Further, the fragmentation pattern was matched with inbuilt
National Institute of Standards and Testing (NIST) and
Wiley mass spectral libraries. Compounds with similar mo-
lecular weights were confirmed on the basis of calibration
standards (Silverstein et al. 2014). Polar organic markers like
levoglucosan and dehdroabietic acid were also identified in
some samples; however, no derivatization step was per-
formed to quantify these markers.

Fig. 1 Map showing sampling location at Shastri nagar, Jammu, Jammu & Kashmir

Table 1 Stepwise linear temperature ramping program used in TD-
GCMS analysis

Steps Rate Initial temperature Final temperature Hold time

Step 1 80 °C – 1 min

Step 2 5 °C min−1 80 °C 110 °C 3 min

Step 3 5 °C min−1 110 °C 320 °C 5 min
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Diagnostic parameters and isomeric ratios

Diagnostic parameters were used to assess the nature of con-
tributing source types: Carbon Preference Index (CPI), carbon
number of the most abundant n-alkanes (Cmax), the contribu-
tion of wax n-alkanes from plants (WNA%), petrogenic n-
alkanes (PNA%) and higher plant n-alkane average chain
length (ACL). CPI denotes the odd to even carbon number
predominance and suggests the contributions arising from bio-
genic and petrogenic inputs (Bray and Evans 1961; Abas and
Simoneit 1996; Alves et al. 2014); it is calculated by using the
following relation:

CPI ¼ ∑35
i¼13Ci

∑34
k¼12Ck

where i = odd and k = even carbon number n-alkane concentration in
above relation.
WNA is calculated by subtracting the average of next higher and previous

lower even numbered carbon n-alkane congener present in the sample, nega-
tive values are taken as zero; the following expression was used for the calcu-
lations of WNA and its percentage:

WNA Cn ¼ Cn½ �− Cn−1 þ Cnþ1

2:

� �

where n stands for odd carbon number

WNA% ¼ ∑WNA Cn

∑NA
� 100

WNA% gives the percentage contribution of wax n-
alkanes in the sample, where ∑WNA_ Cn is the concen-
tration sum of wax n-alkane contribution arising from all
odd n-alkanes, and ∑NA is the concentration sum of total
n-alkanes. Higher values of WNA% indicate contribution
from biogenic sources whilst n-alkanes with odd carbon
number (> 25) are emitted from the vegetation containing
leaf composites (Sarti et al. 2017). Aerosol-associated n-
alkanes can originate either from plant waxes or from pe-
troleum source(s), percentage of petrogenic n-alkanes
(PNA%) can be calculated as:

PNA% ¼ 100−WNA%

The most abundant n-alkane of the homologous series is
Cmax. The value of Cmax serves as a marker to differentiate
between various sources like diesel exhaust, higher plant
waxes etc. (Yadav et al. 2013a).

ACL index, a proxy for temperature and humidity related
emissions of n-alkanes from plants represent the average num-
ber of carbon atoms per molecule based on the abundance of
higher odd carbon numbered plant n-alkanes (Huma et al.
2016), ACL is expressed as:

ACL n−alkanesð Þ

¼ 23X C23ð Þ þ 25X C25ð Þ þ…þ 33X C33ð Þ þ 35X C35ð Þ
C23ð Þ þ C25ð Þ þ…þ C33ð Þ þ C35ð Þ

� �

Molecular diagnostic ratios (MDRs) used to understand the
monthly and seasonal variations in the source(s) of NPOCs
include ratio between Anthracene (ANT) and Phenanthrene
(PHE)— [ANT/(ANT + PHE)] and rat io between
Fluoranthene (FLT) and Pyrene (PYR)—[FLT/(FLT +
PYR)]. Isoprenoid hydrocarbon-based ratio between Pristane
and Phytane (Pr/Ph) was also used for source apportionment
of fine particulates. However, the PAH-based ratios are report-
ed to undergo photo-chemical degradation and inter-source
variation in emission due to their high specific reactivity
(Van Drooge et al. 2018).

Organic molecular markers as source tracers

The quantified source specific organic compounds, to assess
the biogenic, petrogenic and pyrogenic inputs to PM2.5 load,
were homologous series of n-alkanes (C11-C35), 2 ring PAHs
[naphthalene (NAP)]; 3 ring PAHs [acenaphthylene (ACY),
acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE),
anthracene (ANT)]; 4 ring PAHs [fluoranthene (FLT), pyrene
(PYR), benzo(a)anthracene (BAA), chrysene (CHY)]; 5 ring
PAHs [benzo(k)fluoranthene (BKF)]; 3 isoprenoid hydrocar-
bons [farnesane (Fr: 2,6,10-trimethyldodecane), pristane (Pr:
2,6,10,14-tetramethylpentadecane) and phytane (Ph:
2,6,10,14-tetramethylhexadecane)]. The multi-temporal vari-
a t ion in other organic tracers viz . isoquinol ine,
methylphenanthrene and certain wood burning markers
[levoglucosan; retene; dehydroabietic acid] has been investi-
gated. Nicotine a well-known tracer for environmental tobac-
co smoke (ETS) was also determined.

Homologous series of n-alkanes

Homologous series of n-alkanes are known to retain the sig-
natures of their sources and are considered as ubiquitous and
the most abundant organic compounds present in the atmo-
sphere acting as molecular markers (Alves et al. 2014; Javed
et al. 2019). Aerosol-associated n-alkanes are relatively long-
lived and chemically stable organic compounds. Being hydro-
phobic n-alkanes also have implications on the CCN activity
of mixed composition particles present in different morphol-
ogies (Tandon et al. 2019). Total n-alkanes (TNA) are emitted
from sources that can be categorized into biogenic (leaf epi-
cuticular waxes, vegetation debris, soil dust, leaf abrasion,
microorganisms etc.) and petrogenic sources (fossil fuel com-
bustion, biomass/crop-residue burning, waste burning, tail
pipe exhaust, tire wear and cooking operations etc.) (Alves
et al. 2014).
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Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) exist as semi-volatile
species in both gas as well as particulate phases. PAHs are
emitted in the atmosphere primarily as by-products of incom-
plete combustion processes (Martins et al. 2016; Alves et al.
2017). PAHs are emitted from diverse sources: fossil fuel com-
bustion, biomass burning, open straw and crop refuse burning,
cigarette smoking, agricultural and municipal solid waste burn-
ing, waste incineration, environmental tobacco smoke, coke
and metal production, oil refining, evaporative losses through
oil spillage or refilling of tanks and natural sources like forest
fires and volcanic eruption (Schauer et al. 2003; Chen et al.
2016a; b). These multi-ring compounds can be categorized as
low molecular weight PAHs (LMW with 2–3 aromatic rings)
which are volatile with more presence in the vapour phase than
particle phase, and high molecular weight PAHs (HMWwith 4
or more aromatic rings) which mostly occur in the particle
phase (Sarti et al. 2017). The mutagenic and carcinogenic prop-
erties of PAHs pose major health concern (Yadav et al. 2013a;
Li et al. 2019; Masih et al. 2019).

Most previous studies have focussed on HMW PAHs but
recent studies have shown the toxic effects of LMW PAHs on
lung function (Siegrist et al. 2019). LMW PAHs are abundant
in second hand smoke and are also emitted by evaporative
losses. Among high molecular weight PAHs, the 5-ring
benzo[k]fluoranthene (BkF) serves as a marker for vehicular
exhaust and 4-ring PAHs fluoranthene and pyrene for coal
combustion. Phenanthrene, fluoranthene and pyrene can act
as markers for emissions rising from combustion of conifers,
angiosperms and grasses, respectively; also the combination
of fluoranthene, fluorene and pyrene has been used as marker
for oil combustion, with pyrene as an individual marker for
emissions coming from diesel emissions (Khan et al. 2015).

Some individual PAHs, when correlated with other com-
pounds, e.g. retene (present in the atmosphere in both gas and
particulate phase) with high concentration of resin acids,
pyrene, fluoranthene and phenanthrene serves as excellent
signatures for combustion of coniferous softwood (Mikuška
et al. 2015; Křůmal et al. 2017). Also certain combinations of
PAHs like those of fluoranthene-pyrene with fluorene and
phenanthrene are found to be prevailing in the emissions orig-
inating from burning of oil and incineration processes (Yadav
et al. 2013a; Mikuška et al. 2015).

Environmental tobacco smoke and other source-specific
organic tracers

Environmental tobacco smoke (ETS), consisting of a diluted and
agedmixture of side-stream smoke (smoke between puffs during
tobacco products smoking), and originating from themainstream
smoke (exhalation of smoke from active smokers), is a well-
known potential contributor to ambient pollution. Nicotine

(3-[(2S)-1-methylpyrrolidin-2-yl] pyridine), a constituent of
ETS (Thompson et al. 1989) is a colourless, pale yellow, oily
hygroscopic fluid found in the leaves of Nicotiana tabacum. It
belongs to the group of nitrogen-containing alkaloid species and
is found at high concentrations in ETS thus it is used as a tracer
for ETS (Pankow 2001; Yadav et al. 2014). The chemical con-
stituents of ETS, apart from nicotine, also include n-alkanes,
branched (2-methyl-(iso-) and 3-methyl-(anteiso-) alkanes from
C29 to C33, PAHs, steranes and other nitrogen-containing com-
pounds. Isoquinoline (C9H7N), is a toxic N-containing com-
pound similar to nicotine is one of the constituents of environ-
mental tobacco smoke (ETS) (Huma et al. 2016). However, these
organic species havemultiple sources and thus nicotine is used as
the best source-specific tracer for ETS (Chalbot et al. 2012).

Other organic markers spotted in this study include
isoquinoline, retene, levoglucosan, methylphenanthrene and
dehydroabietic acid. Retene, an alkylated phenanthrene [(1-
methyl-7-isopropyl phenanthrene), is produced during the
incomplete combustion of resin containing coniferous soft-
wood (Patel and Rastogi 2018) and serves as a molecular
marker for wood combustion (Urban et al. 2016). Besides
retene, other biomass burning tracers were detected during
the course of this study; they were levoglucosan (monosac-
charide anhydride) and dehydroabietic acid. Levoglucosan is
a chemically stable species present in the atmosphere and
emitted during the process of thermal splitting/alteration of
cellulose, hemicellulose containing material at temperatures
≥ 300 °C. It is an established marker for biomass burning
viz. combustion of wood for heating/cooking etc. (Vicente
et al. 2011; Alves et al. 2014; Nirmalkar et al. 2015; Martins
et al. 2016; Mancilla et al. 2016; van Drooge et al. 2018).
Primarily emitted as clusters of gaseous molecules and asso-
ciated to suspended particles, as temperature drops,
levoglucosan becomes quite persistent (Nirmalkar et al.
2015). Dehydoabietic acid belongs to the group of resin
acids, i.e. diterpenoid carboxylic acids emitted during the
combustion process of coniferous woods (Alves et al.
2014). The group of three organic tracers viz. levoglucosan,
dehydroabietic acid and retene act as unique markers for
biomass (wood) burning, with the latter two having same
source of emission, i.e. from coniferous woods and the for-
mer being present in both coniferous and deciduous woods.
An earlier study (Rinehart et al. 2006) reported strong corre-
lation between retene and dehydroabietic acid, indicating
their common source of origin. Methylphenanthrenes (Me-
Phe) is emitted during evaporation of fuels (Pant et al. 2015).
These alkylated PAHs are emitted from more mature organic
matter (petrogenic sources) and the various sources of Me-
Phe can be categorized as (a) the roadway evaporation of
fossil fuel drippings; (b) losses due to evaporation during
refuelling of motor vehicles; and (c) unleashing of frying oils
from restaurants. So, keeping in mind their prevalence in
particulate matter and relation with unburned petroleum fuel,
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these Me-PAHs, particularly monomethylated phenanthrenes
(Me-Phe) have been stressed upon for their inclusion into the
countries ambient air monitoring programme. The ratio of
Me-Phe/Phe has been used for identifying sources of PAHs
emitted from vehicular traffic (Kavouras et al. 1998).

Meteorological variables

Meteorological variables such as depth of planetary boundary
layer (PBL), surface air temperature (T), dew point tempera-
ture (Dp), relative humidity (RH), wind speed (WS) and wind
direction (WD) were retrieved from Air Resource Laboratory,
National Oceanic and Atmospheric Administration (http://
www.arl.noaa.gov/READYamet.php). Combined weekly
values of PBL (m), T (°C), RH (%) andWS (knots) were used
to derive monthly average values. The values obtained from
the data were averaged and plotted for each of these variables.

Principal component analysis

Statistical analysis is commonly used in source apportionment
studies (Yadav et al. 2016). In this study, Principal component
analysis (PCA) was performed on the mass concentration data-
set of NPOCs to identify their possible sources over the Jammu
town in NWHR. The randomness in the data-set was
ascertained by performing Kaiser-Meyer-Olkin (KMO) test.
Starting with the correlation matrix for various NPOCs studied,
Kaiser-Varimax rotation was applied on the initial solution so
that the sum of the variance of the squared loadings, where
‘loadings’ means correlations between variables and principal
components gets maximized. This usually results in component
loadings close to one for few variables, whereas the rest of the
variables have their loadings approaching zero, so that each
variable could be associated to at most one component. A
particular variable or group of variables having their
respective loadings > 0.5 could be treated as the indicators of
a source category or a principal component (Wilks 2006).
Principal components with eigen values > 1.0 were retained in
the results. Seven variables (WNA, PNA, 2-ring PAHs, 3-ring
PAHs, 4-ring PAHs, Isoprenoids and Nicotine) were considered
in the PCA resulting in three principal components (sources)
explaining 82.1% of the total variance present in the NPOCs
data-set. Table 3 presents the component loading matrix obtain-
ed from PCA.

Results and discussion

Influence of meteorological parameters

The annual mean values of meteorological parameters for the
whole study period were found to be 558 ± 284 m (PBL),
22.0 ± 7.2 °C (T), 4.2 ± 9.0 °C (Dp), 35 ± 12% (RH), 4.5 ±

0.9 knots (WS). The highest PBL (1083 ± 55 m) and T (31.5
± 0.3 °C) was observed during the month of June, whilst the
lowest values for the two parameters were observed during
January (T: 11.0 ± 2.3 °C) and December (PBL: 214 ±
43 m). On the other hand, the maximum Dp (19.7 ± 0.7 °C)
and RH (57 ± 1%) was found during July, whilst the lowest
values were observed during December (Dp: − 8.7 ± 3.1 °C)
and November (RH: 22 ± 7%). The maximum and minimum
WS was found during the month of May (5.8 ± 0.4 knots) and
August (2.8 ± 0.4), respectively. The observed seasonal trend
in PBL (m) was spring (March-April-May (MAM); 825 ±
220) > summer-monsoon (June-July-August (JJA); 688 ±
233) > autumn (September-October-November (SON); 419
± 128) > winter (December-January-February (DJF); 256 ±
67). The noticed seasonal trend in T (°C): JJA (29.0 ± 1.8) >
MAM (25.5 ± 4.7) > SON (21.4 ± 4.4) > DJF (12.6 ± 2.5) and
WS (knots) was MAM (5.7 ± 0.5) > DJF and SON (4.3 ± 0.5
and 4.3 ± 0.6) > JJA (3.5 ± 1.1). Dp (°C) depicted the seasonal
trend as: JJA (16.0 ± 4.3) >MAM (4.4 ± 3.4) > SON (1.1 ±
8.9) > DJF (− 5.0 ± 5.0); and RH (%) showed following sea-
sonal trend: JJA (49 ± 15) > DJF (32 ± 13) > MAM (29 ±
11) > SON (29 ± 12). Supplementary Fig. S1 shows the
monthly modulations of meteorological variables. Higher
PBL coupled with increase in T in spring and summer months
results into increased volume for the diffusion of the pollut-
ants, whereas during winters, low surface air temperature
along with frequent episodes of radiation inversion leads to
trapping of pollutants near to the ground level over sub-
tropical or mid-latitude locations (Latini et al. 2002). Various
studies have reported that an inverse relationship exists be-
tween PBL and pollutant concentration which means that
boundary layer at greater heights favours more dilution of
pollutants and lower pollution load near the ground level
(Bringfelt 1971; Annand and Hudson 1981).

Fine particulates (PM2.5) in the ambient air of Jammu

The annual mean concentration of fine particulates (PM2.5)
during sampling period was found to be 66.7 ± 31.8 μg m−3.
In the ambient air of Jammu, the annual mean PM2.5 concen-
tration was higher than the permissible limit of NAAQS (an-
nual mean: 40 μg m−3) and WHO (annual mean: 10 μg m−3).
The highest 24-hourly mean 160 μg m−3 (2015) and
254 μg m−3 (2016) were found on Diwali day. Diwali festival
is celebrated all over India and is one of the annual events
when high particulate load (due to burning of fire crackers)
is reported (Tandon et al. 2008). PM2.5 concentration (μg m

−3)
represents the total mass of PM2.5 present for mixing in the
available volume of air, and any alteration in the PBL height
will directly influence this mixing volume, which in return
will affect the concentration of PM2.5 in the ambient atmo-
sphere. In order to have a better understanding of the variation
in emission sources, it looks necessary to eliminate or
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minimize the effect of monthly variation associated with PBL
height. To achieve this, the scaled PM2.5 monthly mean con-
centrations were calculated by multiplying monthly mean
PM2.5 concentration with dilution correction factor (DCF),
defined as (Yadav et al. 2013a):

DCFmonth ¼ MonthlyaveragePBL

AnnualaveragePBL

Panel a of Fig. 2 shows the monthly mean PM2.5 concen-
tration, and panel b of these figures shows corresponding
scaled PM2.5 concentration. Fine particulate load was higher
in winter months (Fig. 2a); however, after DCF scaling, the
summer months show higher concentrations. High concentra-
tion of scaled PM2.5 in summer season illustrates the impor-
tance of DCF correction and also confirms higher source
emissions during summers when compared to winters. The
PM2.5 mass concentration showed strong seasonal variations:
DJF (102 ± 50.4 μg m−3) > SON; (84.0 ± 28.9 μg m−3) > JJA;
(47.6 ± 9.4 μg m−3) >MAM; (32.6 ± 11.4 μg m−3) (Fig. S2).
The scaled PM2.5 concentrations in summer seasons show
high source emissions. The scaled PM2.5 load was found to
be high during spring and summer months (May and June)
giving a strong indication of more active sources of emission
during these months; however, high PM2.5 load is reported

during winter month scan be attributed to lower PBL height
(Pio et al. 2007).

Monthly and seasonal variations in homologous
series of n-alkanes

A total of 25 n-alkane homologues (C11-C35) were determined
in fine particulates. The annual mean concentration of total n-
alkanes (TNA) was equal to 162 ± 124 ng m−3. The monthly
mean concentration of TNA (Fig. 3a) was maximum (518 ±
338 ng m−3) in June and minimum (53 ± 52 ng m−3) in
August. To assess the effect of variations in PBL, the scaled
TNA concentrations were calculated using DCF as discussed
above in the case of PM2.5 concentration. When compared
with monthly mean TNA concentrations (Fig. 3a), the ob-
served monthly mean scaled TNA concentrations (Fig. 3b)
were lower in winter months, whilst they showed similar pat-
tern in summer months with maximum value in June. This
corroborates that source emission rates were lesser in the win-
ter season compared to summer. The annual average mass
fraction of TNA in PM2.5 reached 4008 ± 3905 ppm (Fig.
3c). It was maximum in June and minimum in February.

The seasonal mean TNA concentration in ng m−3 during
different seasons followed the trend: JJA (344 ± 336) >MAM

Fig. 2 Monthly mean mass concentration (μg m−3) (a) and scaled concentration (μg m−3) (b) of PM2.5
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(206 ± 113) > DJF (119 ± 91) > SON (117 ± 103) (Fig. S3).
The seasonal mean scaled TNA concentration showed effect
of PBL variation leading to lowest scaled TNA concentration
in winter season (DJF). The fractional contribution of TNA to
total fine particulate load in terms of TNA (ppm) was maxi-
mum in summer season and minimum in winter season: 8306
± 8231 (JJA) > 8034 ± 5777 (MAM) > 1292 ± 2 (SON) >
1216 ± 888 (DJF). N-alkanes can be broadly categorized as
low molecular weight (LMW) for homologues with carbon
number < 25, and high molecular weight (HMW) with carbon
number C ≥ 25. LMW n-alkanes are emitted from anthropo-
genic sources, such as incomplete combustion of fossil fuels,
whilst HMW n-alkanes are generally contributed by plant
waxes i.e. biogenic input. In this study, the annual mean of
HMW/LMW was close to 1.9, indicating significant inputs
from higher plants (Lyu et al. 2019).

Total n-alkane-based diagnostic parameters

Monthly average values of n-alkane associated diagnostic pa-
rameters (CPI, Cmax, WNA%, PNA% and ACL) are given in
Table 1. The annual mean CPI value was 1.9 ± 1.3, with max-
imum monthly average value of 4.7 during March and mini-
mum of 0.5 during April. CPI values < 1 are indicator of fossil
fuel combustion and CPI > 1 are from leaf waxes and other
biogenic related inputs. In the present study, the annual aver-
age of CPI indicated mixed contributions from anthropogenic
sources like fossil fuel related combustion with significant
inputs from biogenic sources (Mancilla et al. 2016). Similar
observations have been noticed in Delhi in year 2008 (1.8 ±
0.7) and 2009 (1.6 ± 0.5) (Yadav et al. 2013b), and also re-
ported in Agra (CPI: 1.7) and Kanpur (CPI: 2.1) (Villalobos

et al. 2015). The maximum value 4.7 of CPI during the month
ofMarch (Fig. 4a) indicates that the biogenic derived emission
sources were more active during this month. The sudden fall
of CPI to 0.5 indicates heavy load of petrogenic emissions,
which could be due to the increased fossil fuel combustion
because of increase in religious tourists to Shri Mata Vaishno
Devi Shrine (SMVDS) located in Katra. The religious tourists
from all over India and abroad reach Katra through Jammu by
road/rail/air and leads to increase in fossil fuel utilization in the
region. The seasonal CPI variations were noted to be 2.2 ± 3.0
(SON) > 1.9 ± 3.0 (MAM) > 1.7 ± 1.2 (DJF) > 0.9 ± 1.4 (JJA).
The value of 0.9 reported in summer again overlaps with the
heavy tourist load to SMVDS during this peak season. The
CPI value around 2.2 during autumn shows biogenic influ-
ence from pollen emissions and suspension of crystalline epi-
cuticular waxes caused by wind action and re-suspension of
garden/road dust (Yadav et al. 2013a). The mean CPI in
Jammu is close to that reported from Srinagar (CPI: 1.7 ±
0.6) but the seasonal characteristics of CPI in Jammu are en-
tirely different from that reported in Srinagar, where low CPI
values in autumn to winter season with minimum CPI (0.9 ±
0.2) in November month and high CPI values in JJA were
noticed (Huma et al. 2016).

The Cmax value, a measure of the most abundant n-alkane
in the n-alkane series (C11-C35), indicates the probable contri-
bution of n-alkanes from different sources to PM2.5 aerosol
load. The most predominant carbon number among the homo-
logue series of n-alkanes during the sampling period occurred
at C29 (Table 2). Cmax at C29 is an indicator of n-alkanes
arising from road dust with mixed accumulation of emissions
from vehicular and industrial sector along with plant litter mix
deposited on the surface and has been previously reported in

Fig. 3 Monthly mean mass concentration (ng m−3) (a), scaled concentration (ng m−3) (b) and mass fraction (ppm) (c) of total n-alkane concentration
(TNA)
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Delhi (Chowdhury et al. 2007; Yadav et al. 2013a; Wan et al.
2016). The Cmax values for different seasons was as follows:
autumn (C29, C27), winter (C29, C25), spring (C28, C30) and
summer (C30, C28). In this study, mostly the Cmax value was at
C ≥ 27, which indicates n-alkane emissions originating from
epicuticular waxes, whereas in the month of December (C20),
January (C20 and C25) and April (C17, C24) Cmax remained
<C27, which indicates influence of petrogenic contributions.

The Wax n-alkanes contribution to total n-alkanes is indi-
cated as WNA%. It is a marker for biogenic sources, particu-
larly from epicuticular surface of plant leaves (Gupta et al.
2017). The annual mean WNA% for the homologue series
of n-alkanes was 25.4 ± 14.0%. The maximum (47.1 ±
52.4%) and minimum (9.0 ± 12.0%) values occurred during
the month of March and April respectively (Fig. 4b), whereas

petrogenic contribution (PNA%) was found to be 74.6 ±
14.0% (annual mean) with maximum (91.0 ± 12.0%) in
April and minimum (52.9 ± 52.4%) in March (Fig. 4c). The
seasonal variations in WNA% showed maximum biogenic
contribution in autumn and minimum in summer season:
30.7 ± 23.6% (SON) > 26.6 ± 17.8% (DJF) > 22.2 ± 30.0%
(MAM) > 12.4 ± 18.2% (JJA). The contribution of petrogenic
(PNA%) sources (vehicular and industrial) to total n-alkanes,
was found to be: 87.7 ± 18.2% (JJA) > 77.8 ± 30.0%
(MAM) > 73.4 ± 17.8% (DJF) > 69.3 ± 23.6% (SON).

The average chain length (ACL) is an indicator of
emissions of aliphatic hydrocarbons from plants. Based
on the prevalence of odd carbon numbered higher plant
n-alkanes, it represents the average number of carbon
atoms present per molecule (Yadav et al. 2013a). The
mean ACL value in this study was 27.7 ± 1.3. Seasonal
variations in ACL values were 28.7 ± 1.7 (MAM), 28.4 ±
2.9 (JJA), 27.9 ± 2.4 (SON) and, 26.7 ± 2.0 (DJF). The
ACL values reported here are much lesser than those
found in Delhi by (Yadav et al. 2013a).

Monthly and seasonal variations in isoprenoid
hydrocarbons

Pristane (Pr; C-19 isoprenoid; 2,6,10,14-tetramethylpentadecane),
phytane (Ph; C-20 isoprenoid; 2,6,10,14-tetramethylhexadecane)
and farnesane (Fr; C-15 isoprenoid; 2,6,10-trimethyldodecane) are
the three important isoprenoid hydrocarbons detected in the
PM2.5 samples. The presence of these isoprenoid hydrocarbons
indicates contribution from fossil fuel burning (Yadav et al.
2013b). Figure 5 shows monthly average concentration of total
isoprenoids (panel a), scaled total isoprenoids (panel b) and
mass fraction of total isoprenoids in PM2.5 (panel c). Monthly

Fig. 4 Monthly mean values of Carbon Preference Index (CPI) (a), percentage contribution ofWNA (wax n-alkane) (b), and percentage contribution of
PNA (petrogenic n-alkane) (c)

Table 2 Monthly mean values of TNA-based diagnostic parameters
used for source characterization

Month CPI Cmax WNA% PNA% ACL

Dec 1.6 ± 0.8 25, 29 29.9 ± 15.5 70.1 ± 15.5 27.0 ± 1.0

Jan 1.5 ± 1.4 20, 25, 31 22.3 ± 18.8 77.7 ± 18.8 26.5 ± 2.6

Feb 2.6 ± 0.0 29.00 44.9 ± 0.4 55.1 ± 0.4 27.3 ± 0.2

Mar 4.7 ± 5.6 29.00 47.1 ± 52.4 52.9 ± 52.4 28.7 ± 0.6

Apr 0.5 ± 0.3 17, 24, 30 9.0 ± 12.0 91.0 ± 12.0 28.5 ± 1.1

May 1.9 ± 2.8 28, 33, 34 22.8 ± 31.1 77.2 ± 31.1 28.9 ± 2.4

Jun 1.0 ± 1.8 28, 30 12.6 ± 23.1 87.4 ± 23.1 30.0 ± 2.2

Jul 0.8 ± 0.2 29.00 11.6 ± 12.4 88.4 ± 12.4 27.6 ± 2.4

Aug 0.7 ± 0.3 28.00 12.3 ± 7.7 87.7 ± 7.7 25.0 ± 1.4

Sep 3.7 ± 6.6 28, 29 23.7 ± 42.0 76.3 ± 42.0 26.9 ± 1.3

Oct 1.3 ± 0.9 27, 33, 34 22.2 ± 14.9 77.8 ± 14.9 27.9 ± 3.2

Nov 2.5 ± 0.7 27, 29, 31 46.7 ± 8.2 53.3 ± 8.2 28.5 ± 1.8
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mean concentration of total isoprenoids (pristane+phytane+
farnesane) ranged from 10 to 57 ng m−3 with an annual
average value of 26 ± 12 ng m−3. The maximum and mini-
mum concentrations for total isoprenoids were observed in
May and March, respectively. The minimum concentration of
isoprenoids in March indicates minimum vehicular contribu-
tions and this is analogous to the above observation where
CPI value of 4.7 ± 5.6 shows dominance of biogenic emis-
sions in the month of March. The annual mean mass fraction
of total isoprenoids in PM2.5 was 580 ± 547 ppm ranging
from 257 ± 298 ppm in January to 2163± 2833 ppm during
May. A well-established seasonal variation was also observed
in the mean values of total isoprenoids: 31 ± 24 ng m−3

(spring; MAM)> 28 ± 4 ngm−3(autumn; SON) > 24 ngm−3 ±
10 (winter; DJF) > 17 ± 6 ngm−3 (summer; JJA). Phytane is

rarely found in biological materials and thus pristane/phytane
(Pr/Ph) ratio can be used to differentiate between biogenic and
petrogenic (petroleum) related emissions, with Pr/Ph values > 1
for biogenic input and < 1 as petrogenic or hydrocarbon-
related emission of isoprenoids (Alves et al. 2014; Křůmal
et al. 2017). The annual mean value of Pr/Ph was found to
be 1, suggesting mixed emissions of PM2.5 aerosol-associated
hydrocarbons. The seasonal variations in the Pr/Ph values was
JJA (1.0) >DJF (0.9) >MAM (0.7) > SON (0.7). The observed
seasonal mean values of Pr/Ph in this study remained ≤ 1,
showing dominance of petrogenic contributions to isoprenoid
hydrocarbons in the region. The Pr/Ph ratio of ≤ 1 has also
been observed from other urban locations and can be com-
pared to the reported values in this study (Supplementary
Table S1).

Fig. 5 Monthly mean mass
concentration (ng m−3) (a), scaled
concentration (ng m−3) (b) and
mass fraction (ppm) (c) of total
isoprenoids
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Monthly and seasonal variations in polycyclic
aromatic hydrocarbons

PM2.5 aerosol samples were analysed for 16 PAHs, and over-
all predominance of 10 PAHs was noticed: naphthalene
(NAP), acenaphthylene (ACY), acenaphthene (ACE),
fluorene (FL), phenanthrene (PHE), anthracene (ANT), fluo-
ranthene (FLU), pyrene (PYR), chrysene (CHY), and
benzo[k]fluoranthene (BkF). The monthly mean ∑PAH
(TPAH) concentration ranged from 35 ± 34 ng m−3 in
September to 295 ± 254 ng m−3 during June respectively with
annual mean value of 111 ± 90 ng m−3. The TPAH concentra-
tion followed an increasing trend from March to June, and

June onwards there was a sharp decrease in the TPAH con-
centration. Despite high PBL (1083 ± 55 mts) in the month of
June, maximum TPAH concentration (295 ± 254 ng m−3) in-
dicates enhanced emissions of particulate bound TPAHs dur-
ing this month. This observation coincides with highest num-
ber of yatris visiting SMVDS in the month of June and the
TPAH concentration decreases as the number of these yatris
decreases from summers to winters. The influx of yatris in
large number could be one major reason of combustion related
emissions in the region. The seasonal variation in the mean
TPAHs followed the pattern: MAM (146 ± 74 ng m−3) > DJF
(127 ± 87 ng m−3) > JJA (125 ± 147 ng m−3) > SON (45 ±
13 ng m−3) (Fig. 6a). The scaled seasonal mean TPAH

Fig. 6 Seasonal mean mass
concentration (ng m−3) (a), scaled
concentration (ng m−3) (b) and
mass fraction (ppm) (c) of total
PAH concentration
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concentrations were calculated after scaling to respective PBL
heights (m) (Fig. 6b). The maximum scaled seasonal mean in
JJA again confirms high source emissions in this season with
maximum contribution in June. High TPAH concentrations in
winters with 226 ± 115 ng m−3 during February show the
combined effect of decreasing volatility of PAHs with temper-
ature (Mancilla et al. 2016), lower PBL and increased biomass
burning for heating purpose during this period (Yadav et al.
2013b). Further, in winters the value of [(FLU / (FLU+PYR)]
was found to be 1.18 indicating combustion of grass, wood
and coal as the major source of emissions during this time.
The ratio of [Flu/ (Flu+Pyr)]: > 0.5 indicates grass, wood or
coal combustion, 0.4–0.5 indicates fossil fuel combustion, and
values < 0.5 indicate petrogenic origin of PAHs. A similar
study by Vicente et al. (2011) reported values for Flu/(Flu+
Pyr) within 0.53–0.86 suggesting emission of PM2.5 bound
PAHs from biomass burning. These diagnostic ratios also
depicted seasonal variations, with [(Flu / (Flu+Pyr)] values
around 1.06 and 2.64 in winters and autumn season again
indicating influence of coal, grass and wood combustion as
the main sources of PM2.5 bound PAHs into the atmosphere.
The annual mean mass fraction of TPAHs stood at 2466 ±

2413 ppm and the monthly mean mass fraction varied from
400 ± 306 ppm in October to 7019 ± 7494 ppm in May. The
variations in mass fraction also followed a seasonal pattern
with maximum contribution in spring-summer season:
MAM (4914 ± 2457 ppm) > JJA (2899 ± 2994 ppm) > DJF
(1394 ± 1024) > SON (658 ± 276) (Fig. 6c).

The annual percentage contribution of different PAHs was
2 rings (45%), 3 rings (43%), 4 rings (10%) and 5 rings (2%).
A clear dominance of LMW PAHs (with 2 and 3 aromatic
rings) in this study denotes dominance of biomass burning
over fossil fuel burning activities. HMW (with 4 and 5 aro-
matic rings) were also spotted but toxic PAHs like BkF were
very rarely found in the samples. The contribution of 2-ring
PAHs was minimum in MAM (22%), succeeded by SON
(27%), DJF (49%) and then JJA (68%), whereas the contribu-
tion of 3-ring PAHs was 68% for MAM, 56% for SON, 42%
for DJF and 21% for JJA (Fig. 7). The 2-ring PAHs NAP is
mostly found in vapour phase and is prone to fast photo-deg-
radation. Dominance of NAP shows emissions from some
local source and this observation requires further investiga-
tion. The predominant 3-ring PAHs (ACY, ACE, FLU, PHE,
ANT) suggesting substantial contribution from low

Fig. 7 Ring-based distribution of
total PAHs in different seasons
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temperature pyrolysis processes (like biomass combustion),
incineration as the major PAH source (Huma et al. 2016;
Roy et al. 2019). The 4-ring species indicating coal combus-
tion related emissions accounted for about 9% for winter, 7%
for spring and summer and 17% during autumn. BkF (with 5-
aromatic rings) a marker for emissions arising from vehicular
exhaust was detected only during spring and summer, that too
in rare quantities (3% and 4%, respectively). The [ANT/
(ANT+PHE)] is also a good indicator of petrogenic versus
pyrogenic ratio: values < 0.1 indicate petrogenic emissions
and > 0.1 indicate pyrogenic input (Yadav et al. 2013b;
Zhang et al. 2018b). The mean [ANT/(ANT + PHE)] ratio
was found to be higher than 0.1, with values around 0.20
and 0.50 in JJA(summers) and SON(autumn) respectively,
indicating contributions of pyrogenic (combustion) derived
sources of PAHs. The TPAH concentrations reported in the
present study were closer to those reported by Kalaiarasan
et al. (2018) at a traffic site in Mangalore, Karnataka
(109 ng m−3). Dubey et al. (2015) reported the TPAH concen-
tration of about 880.8 ± 2.7 ng m−3, approximately eight times
higher as compared to the current study. On the other hand,
Masih et al. (2019) reported quite low values (29.36 ±
0.44 ng m−3) in Mumbai. Our results in terms of dominance
of LMW PAHs differed from previous studies performed
using the same thermal desorption method. Yadav et al.
(2013b) reported the presence of ≥ 5 ring PAHs in PM10 sam-
ples collected from Delhi, whilst Huma et al. (2016) noted the
dominance of 3- and 4-ring PAHs over 5 and 6 ring PAHs in
the TSPM samples collected in Srinagar, Jammu & Kashmir.

Nicotine, a source marker for environmental tobacco
smoke

Nicotine was detected in almost all the months with
mass fractions ranging from 10,121 ± 1471 ppm in
April to 2311 ± 325 ppm in February. The monthly
mean concentration (ng m−3) and scaled monthly mean
concentration (ng m−3) of nicotine are plotted in panel a
and panel b, whereas mass fraction of nicotine (ppm) in
PM2.5 is shown in panel c of Fig. 8. The monthly mean
concentration of nicotine was highest (345 ± 297
ng m − 3 ) i n Decembe r and l owes t ( 111 . 80 ±
94.41 ng m−3) in June, with annual mean value of
227 ± 69 ng m−3. The scaled nicotine concentration
was maximum in the month of March, April and May,
showing increased source emissions in these months.
The nicotine concentration observed in Jammu is lower
than the annual mean concentration of 388 ± 307 ng m−3

reported by Huma et al. (2016), in Srinagar and a mean
concentration of around 448 ± 260 ng m−3 reported by
Yadav et al. (2014) in the ambient atmosphere of Delhi.
In another study by Khedidji et al. (2017), even lower
nicotine concentrations ranging from 9.6 to 137 ng m−3

were reported in Bouira Province, Algeria. Van Drooge
et al. (2018) attributed 38 ng m−3 of nicotine concen-
tration in Barcelona, Spain, to human-related activities,
particularly cigarette smoking. The higher concentration
of nicotine in December (winter) than summer (June)
can be attributed to lower photo-degradation and in-
creased input sources, particularly through anthropogen-
ic activities (Huma et al. 2016). The seasonal variations
in the nicotine concentration showed a similar pattern in
other seasons except summers: winter (294 ± 244
ng m−3) > autumn (264 ± 169 ng m−3) > spring (243 ± 80
ng m−3) > summer (140 ± 100 ng m−3). However, the
mass fraction of nicotine was quite high in spring, when
compared to other seasons: spring (8017 ± 2655 ppm) >
autumn (3923 ± 3386 ppm) > winter (3619 ± 3384 ppm) >
summer (3173 ± 2514 ppm).

Temporal variations in other organic markers

Among other organic markers, levoglucosan was detected in
most of the samples, whilst other markers like isoqunoline,
methylphenanthrene, retene and dehydroabietic acid were only
sporadically noticed. The presence of levoglucosan inmost of the
months confirms the contribution from biomass burning
(Nirmalkar et al. 2015; Mancilla et al. 2016). Strong seasonal
variations in levoglucosan with dominance in spring and winter
season suggest high emissions from biomass burning in these
months in the form of residential heating, cooking and garden
waste burning (Herlekar et al. 2012). The rare presence of source
markers viz. retene and dehydroabietic acid indicate lower im-
pact from coniferous wood combustion. The sampling area is as
such devoid of any coniferous vegetation in the vicinity. The
contributions from coniferous wood combustion may be attrib-
uted to emissions through wind assisted long-range transport. In
addition, there is a crematorium near to the sampling site, where
cremation takes place frequently. However, the sampling site is in
upwind direction to this graveyard but still sometimes excessive
emission may lead to persistence of burning markers in the at-
mosphere, affecting the sampling site. Methylphenanthrene was
detected only in summers, which is consistent with previous
findings where same trend of contributions from unburned fossil
fuel (i.e. evaporative fuel losses from roadway etc.) due to higher
ambient temperature were reported (Li et al. 2009). Isoquinoline,
an ETS constituent, was detected in winter season; however, no
direct correlation between nicotine and isoquinoline could be
traced to confirm its emission from cigarette smoke.

Source identification through principal component
analysis

Principal component analysis applied on the data-set of the
concentrations of various PM2.5 associated NPOCs helped in
the identification of their major sources over the study area
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(Table 3). At the urban location Jammu, three main sources
were revealed: (a) the first principal component (PC1) having
higher loadings for PNA (0.85), and 2-ring PAHs (0.88) that
explained ~ 30% of the total variance plausibly traced to the
emissions from gasoline and diesel engines as well as evapo-
rative losses from the nearby depots of refined petroleum
products (Alves et al. 2019, 2017; Li et al. 2019; Masih
et al. 2019; Sarti et al. 2017); (b) second principal component
(PC2) which also explained ~ 30% of total variance with
higher loadings for 3-ring PAHs (0.85), and isoprenoids
(0.91), signifies the emissions from coal and wood burning
as the second major source of aerosol-associated NPOCs
(Alves et al. 2014; Huma et al. 2016; Křůmal et al. 2017;
Roy et al. 2019; Yadav et al. 2013b); and (c) the third principal
component (PC3) was having higher loadings ofWNA (0.86),
and 4-ring PAHs (0.72) and explained ~ 22% of total variance

Fig. 8 Monthly mean mass
concentration (ng m−3) (a), scaled
concentration (ng m−3) (b) and
mass fraction (ppm) (c) of
nicotine

Table 3 Varimax rotated principal component loadings of PM2.5

associated NPOCs

Source tracers PC1 PC2 PC3

WNA 0.35 − 0.01 0.86

PNA 0.85 0.03 0.21

Two ring PAHs 0.88 0.12 0.03

Three ring PAHs 0.13 0.85 − 0.03
Four ring PAHs − 0.21 − 0.57 0.72

Isoprenoids − 0.10 0.91 − 0.09
Nicotine − 0.63 0.44 0.49

Eigen values 2.09 2.09 1.56

% of variance explained 29.93 29.92 22.25

Variables with loadings > 0.5 (shown in italics) are used as an indicator of
a source category
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present in NPOCs data-set could be sourced to the re-
suspension of decomposed litter/biomass and agricultural re-
fuse burning leftovers from the nearby fields (Abas and
Simoneit 1996; Javed et al. 2019; Lyu et al. 2019; Pio et al.
2001; Zhang et al. 2018a, b).

Conclusions

The annual mean concentration of PM2.5 during the sampling
period was found higher than the permissible limit of India’s
NAAQS andWHO guidelines. As expected, the maximum 24
hourly mean was noticed on the Diwali day. Though the an-
nual mean concentration for PM2.5 and associated organic
species was lesser than the concentrations reported from pol-
lution hotspots like Delhi, the seasonal variations were similar
with high source contributions in summer season. The pattern
of seasonal variations observed in the concentration of organic
species at Jammu was different from the reported concentra-
tions from Srinagar. The high concentrations of NPOCs in
June were possibly due to high source emissions and dry
conditions in this month, as monsoon arrives in the first week
of July in this part of the NWHR. The n-alkane-based diag-
nostic parameters indicated mixed contributions of NPOCs
from anthropogenic sources like fossil fuel-related combus-
tion with significant inputs from biogenic sources. These di-
agnostic parameters further showed high influence of
petrogenic contribution in summer (monsoon) months. The
presence of quantifiable isoprenoid hydrocarbons, as tracers
for vehicular emissions confirmed this observation. Total
PAHs concentration also followed an increasing trend from
March to June, and June onwards a sharp decrease was ob-
served. This coincides with the highest number of yatris vis-
iting nearby Shri Mata Vaishno Devi Shrine in these months.
The large influx of yatris in summer months could be a major
reason of combustion-related emissions in the region. The
concentration of ETS marker nicotine was found lower than
as previously reported in Srinagar and Delhi. The higher con-
centration of nicotine observed in winter months than sum-
mers can be attributed to lower air temperature with lower
photo-degradation settings. The presence and dominance of
LMW PAHs (with 2 and 3 aromatic rings) in this study is
interesting and calls for more comprehensive investigations.
The toxic PAHs were rare in the ambient atmosphere of
Jammu. PAH-based diagnostic parameters suggested substan-
tial contribution from low temperature pyrolysis processes
like biomass/crop-residue burning, wood and coal fire in the
region. Specific wood burning markers like levoglucosan,
retene and dehydroabietic acid also supported this finding.
As this region of the North-Western Himalaya has variable
altitudinal and land-use settings, this investigation may further
be extended to the diverse locations to understand the dynam-
ics in sources and processes modulat ing aerosol

characteristics. This will further help in understanding the
overall aerosol chemistry and its implications on the regional
climate of the North-Western Himalayan Region.
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