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ABSTRACT: Meteorological conditions essentially impact the
emission, distribution, formation, and characteristics of particulate
matter (e.g., PM2.5) in the atmosphere. In this study, sampling and
chemical analysis of PM2.5 were carried out for about two winter
months during December 2018 and January 2019 to determine
their chemical components and possible emission sources in a
Northeast Indian urban area (Jorhat). PM2.5 mass concentrations
were observed to be varied from 81.65 to 193.34 μg m−3 with an
average of 117.75 μg m−3, exceeding the permissible limit (60 μg
m−3) of the National Ambient Air Quality Standards (NAAQS) of
India. The average total water-soluble ions account for 12.27% of
total PM2.5 mass, of which anions contributed up to 50.52% and cations contributed 49.48%. The correlations among the water-
soluble ionic species indicate the formation of NH4NO3 and (NH4)2SO4 as major ammonium products with high ammonium
concentration (30.73% of the total water-soluble aerosol mass) making the PM2.5 alkaline. A high concentration of acenaphthylene
and naphthalene was also found out of the 16 US EPA poly-aromatic hydrocarbons (PAHs). The correlation study between the
chemical components and the meteorological parameters pointed out coal and biomass burning as the main contributor to such high
winter loading in Northeast India. Also, the formation of secondary organic carbon up to 21.84 μg m−3 was observed due to suitable
meteorological conditions during winter.

KEYWORDS: atmospheric aerosols, particulate matter (PM2.5), water-soluble ions, PAHs, meteorological impacts, ToF-SIMS

1. INTRODUCTION

Atmospheric particulate matter impacts global climate systems
by influencing the Earth’s energy balance and affecting cloud
formation.1,2 Both manmade and natural sources emit
particulate matter into the atmosphere. About 90 percent by
mass of atmospheric aerosols are natural such as sulfates, sea
salt, or ammonium salts, which are the most common cloud
condensation nuclei in pristine environments; the remaining
10 percent is emitted from various anthropogenic activities and
create great uncertainties in the studies of climate change.3,4

Anthropogenic aerosols emitted from fossil fuels and biomass
burning, such as sulfates, nitrates, and carbonaceous aerosols
have both direct and indirect impacts.5,6 Anthropogenic
aerosols dominate in the air downwind of areas with high
emission sources having more adverse impacts on local
meteorology, air quality, and human health. The impact of
meteorology on the PM2.5 of chemical compositions differs
considerably over time and space depending on their chemical
components and on how they affect the particle formation and
removal processes.7 During winter, the aerosol concentration
becomes very high due to stable atmospheric conditions, such
as subsidence and formation of inversion layers and during the
monsoon season; the concentration decreases as the heavy rain

wash out particles. In this context, the Northeast regions
(NER) of India have special importance due to their unique
topography, geographical location, meteorology, and emission
sources from increasing anthropogenic activities, which makes
the NER a complex aerosol environment. The region is
exposed to an annual average greater than 40 μg m−3 of PM2.5

pollution.8 Meanwhile, the PM2.5 concentration increases three
to four times higher during winter in the region.
A study10 reported that PM2.5 pollution caused about 9156

(95% uncertainty interval) deaths during 2017 in Assam
(NER). Jorhat is one of the major growing cities of NER and is
located in the middle of the Brahmaputra valley. It experiences
significantly higher PM2.5 concentrations during winter seasons
especially in December−January due to more burning activities
and favorable meteorological conditions. Combustion of coal
and oils in various anthropogenic activities such as brick kilns,
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cement factories, petroleum oil refineries, tea processing
industries, vehicular emissions, and biomass burning in the
locality and remote aerosols from the Indo-Gangetic plain,
mainland India, west India, and other parts of Asia are the
important sources of anthropogenic carbonaceous aerosol in
this area.9−11 Several satellite-based studies were performed in
NER India;11,12 however, proper ground-based observation
and physicochemical characterization of the ambient partic-
ulate matters and their relationship with local as well as
regional meteorology have not been conducted at a significant
level. Bhuyan et al.13,14 studied some of the chemical properties
of PM10 and source apportionment reporting the contributions
from biomass burning, coal burning, petroleum refining,
vehicular emission, and crustal dust in this region. Long-
range transport and meteorology could also play a major role
in the total load of aerosol in the region.15,16 In the present
study, the advanced-level physico-chemical analysis of PM2.5 is
performed in order to understand the main chemical
components during winter high-loading in the Jorhat urban
area of NER, and thereby determining the source contributions
of these components and the impacts of meteorological
conditions.

2. METHODOLOGY
2.1. Sampling Site. The sampling site (26.73 °N, 94.15

°E, elevation of 116 m above mean sea level) is situated about
5 km away from the Jorhat (main commercial/town area) in
the west direction. The Jorhat town is located in the center of
the Brahmaputra valley of Assam, Northeast India (Figure 1a).

The valley experienced a considerable increase in population
and various growing developmental activities in recent years,17

increasing the anthropogenic emission of pollutants. During
December−January, various household burning takes place for
cooking and heating due to cold weather, and the brick kilns
becomes operational, increasing the coal combustion.18,19 The
valley also gets influenced by the air-masses of mainland India
and shares the aerosol hot-spot region of the Indo-Gangetic
plain during winter.20 Seven day back trajectories were
reconstructed for every sampling day using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
Model of the NOAA−Air Resource Laboratory at arrival
heights of 100, 500, and 1000 m above the ground level to
determine the impact of air-masses (Figure 1b). To assess the
various burning activities around the sampling site, we
retrieved the NASA FIRMS (Fire Information Resource
Management System) fire count image from MODIS and
VIIRS during aerosol sampling (see Figure 1b). Meteorological
data were obtained from an all-in-one (AIO2) automatic
weather station (Met One Instruments, USA) located at the
sampling site. Meteorological data were collected for 24 h per
day at a 1 min resolution every day (1st Dec 2018 to 1st Feb
2019). The 24 h meteorological data were averaged, and
sampling day’s data were used for the study.

2.2. Sampling of PM2.5. A fine particulate matter sampler
(Envirotech APM 550) was used to collect PM2.5 samples. A
total of 60 filter samples were collected (30 Teflon and quartz
each) on every alternate day during December 2018 and
January 2019 at a height (inlet) of ∼3 m above the ground

Figure 1. Sampling location: (a) Jorhat city is located at the center of the Brahmaputra valley; (b) seven day back trajectories (representative)
reconstructed by the HYSPLIT model for every sampling day showing the long-distance movement of air-masses from the Indo-Gangetic aerosol
hot-spot region to the sampling site (red: 500 m AGL, blue: 1000 m AGL, green: 1500 m AGL); (c) fire count map (during December 2018)
retrieved from NASA FIRMS showing fire episodes around the sampling site.
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level within the CSIR-NEIST campus. Pre-weighted and pre-
treated Teflon (2 μm PTFE 46.2 mm) and Tissuquartz filter
(Pallflex 432 μm 47 mm) were used to collect PM2.5 samples as
reported elsewhere.21,22 The sampling duration was 24 h for
each sample at a 1 m3 per hour flow rate. The Teflon filters
were used to determine the PM2.5 mass concentrations, PM2.5-
bound PAHs and water-soluble inorganic ions, and the
Tissuquartz filters were for the mass spectroscopy, electron
microscopy, and carbon analysis. The filter samples were
wrapped in aluminum foil as specified by the Central Pollution
Control Board (CPCB), India, sealed in a Tarson Petri dish
and kept in a refrigerator below −4 °C to avoid photo-
oxidation and volatilization till further analysis.22

2.3. Gravimetric and Chemical Analysis. PM2.5 mass
concentration was determined gravimetrically by weighing the
Teflon filters before and after sampling. The filters were
desiccated (20 ± 5 °C and relative humidity 40 ± 2%) for at
least 24 h before and after the sampling. The PM2.5 mass
concentration was calculated from the mass difference of the
filters before and after sampling divided by volume of air
sampled. The Teflon filter was cut into two equal parts, and
one part was extracted using ultrapure water through
ultrasonication (Power-Sonic 520) at ambient temperature at
a frequency of 40 kHz for 20 min and transferred in the vials
using a 0.22 μm Millipore syringe filter to eliminate insoluble
parts.23,24 The filtrates were used for the determination of
water-soluble ions using a Metrohm 882 Compact IC Plus
system. The water-soluble anions were analyzed by a
Metrosep-A Supp 5 (4 mm × 250 mm) analytical column
using a mixture of Na2CO3 (3.2 mM) and NaHCO3 (1.0 mM)
as eluent, and the water-soluble cations were analyzed by a
Metrosep-C 4 (4 mm × 150 mm) analytical column using an
eluent solution of 0.7 mM dipicolinic acid solution and 0.01%
conc. HNO3 (15.2 N, 67−70% GR grade). Calibration was
done by using the standards purchased from Merck.
The other part of the Teflon filter was extracted in toluene

using ultrasonic power for 30 min to analyze the PM2.5-bound
PAHs.25 The extracts were filtered and concentrated using a
rotary evaporator. The impurities in the extract were removed
through a silica gel column. A concentrated sample (2 mL) was
passed through the column with the subsequent addition of
cyclohexane (5 mL) and collected. The extract was evaporated
and solvent exchanged with toluene (1 mL) for analysis.
Sixteen US-EPA PAHs were measured by the high-perform-
ance liquid chromatography (HPLC) technique (Shimadzu
HPLC-PDA) using different concentrations of EPA 610 PAH
mix-standards (Sigma-Aldrich) for calibration by using the
methods reported elsewhere.26

The tissuquartz filter was cut into three parts, one part used
for the analysis of the surface chemical mass compositions by
using time-of-flight secondary ion mass spectroscopy (ToF-
SIMS)27 (Physical Electronics, PHI TRIFT V NANO TOF).
The filter samples were cut into 10 mm × 10 mm pieces to
insert in the ToF-SIMS sample holder. A control experiment
was performed using a blank filter to determine the original
composition of blank filters. The second part was used for the
analysis of morphological properties by transmission electron
microscopy and energy-dispersive X-ray spectroscopy (EDS)
(HRTEM: Joel JEM-2100, Japan). Details of transmission
electron microscopy were reported elsewhere.28 The other part
of the filter was used to measure the elemental carbon (EC)
and organic carbon (OC) concentrations using a DRI (Desert
Research Institute) thermo-optical carbon analyzer (model

2015) and IMPROVE (Interagency Monitoring of Protected
Visual Environment, 2015) protocol with reflectance charring
adjustment.29 Secondary organic carbon (SOC) in PM2.5 was
determined by the EC tracer method30 with eq 1 assuming that
the primary OC can be estimated from eq 2:

= −SOC (OC) OCpri (1)

and

= ×OC (EC) (OC/EC)pri pri (2)

where (OC/EC)pri denotes the primary OC/EC ratio and
(OC) and (EC) are the measured concentrations. The (OC/
EC)pri have been estimated from least-square regression (slope
= 0.63, intercept = 2.58, and R2 = 0.61) (Figure 2) on a

portion of the data set (23 data points) containing below the
threshold (2.12) of the OC/EC ratio, which is comparable
with the ratio of 2.22 at the Indo-Gangetic plain (IGP) during
winter.30

3. RESULTS AND DISCUSSION
3.1. Aerosol Mass Concentration. Aerosol mass

concentration is variable and changes with seasons due to
seasonal variability of meteorological conditions and anthro-
pogenic emission activities. Meteorological parameters such as
temperature and humidity affect the secondary aerosol
formation, precipitations help in the wet deposition, and
wind effects on aerosol transport and dispersion. During the
time of observations, the PM2.5 mass concentration varied from
81.65 ± 20.09 μg m−3 to 193.34 ± 59.57 μg m−3 for 24 h
sampling with the monthly average of 101.74 ± 10.91 μg m−3

in Dec 2018 and 133.77 ± 19.13 μg m−3 in Jan 2019 (Figure
3). The average PM2.5 mass concentration (117.75 ± 22.35 μg
m−3) was about two times higher than the permissible limit
(60 μg m−3) of the NAAQS in India and about five times
higher than the World Health Organisation (WHO) limit (i.e.,
25 μg m−3) for a 24 h average in the area. A combination of
atmospheric and anthropogenic factors may contribute to this
elevated PM2.5 pollution during winters such as winter
inversion, emissions from combustion of coal in brick kilns
and tea industries, open biomass burning, biomass burning for
heating and cooking, garbage burning, and formation of
secondary aerosols. This elevated PM2.5 pollution requires a
proper understanding of their characteristics, compositions,
and source contributions. Thus, the analysis of various
components of this elevated winter PM2.5 was carried out by
using different analytical techniques and discussed subse-
quently.

3.2. Water-Soluble Ionic Components. The average
total water-soluble ionic components (cations: Na+, K+, Ca2+,

Figure 2. Linear regression of OC with EC to determine the primary
OC/EC ratio.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00037
ACS Earth Space Chem. 2021, 5, 1686−1694

1688

https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00037?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00037?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00037?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00037?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00037?rel=cite-as&ref=PDF&jav=VoR


Mg2+, NH4
+, and anion: Cl−, NO3

−, and SO4
2−) were found to

be around 14.45 ± 1.47 μg m−3, which was 12.27% of the
PM2.5 mass concentration. Table 1 shows the concentrations of
water-soluble ions measured during the observation period.
The average concentration of anions and cations were in the
order of Cl− > SO4

2− > NO3
−and NH4

+ > K+ > Ca2+ > Na+ >
Mg2+. Among the ionic components, Cl− contributed the most
(31.07%). The contributions of NH4

+, SO4
2−, and NO3

− were
30.73, 14, and 5.43%, respectively. The lower concentration of
Ca2+, Na+, and Mg2+ may be due to their formation of
insoluble carbonates and bicarbonates.
The correlations among the water-soluble ionic species

(Table 2) show that NH4
+ and NO3

−, NH4
+, and SO4

2− have a
moderate positive correlation (0.33 and 0.25, respectively),
indicating the formation of NH4NO3 and (NH4)2SO4 as major
ammonium products. It shows that ammonium has more
affinity to the nitrate than sulfate. There are positive
correlations of K+ with Cl− and NH4

+ (0.71, 0.44), which
might result from the wood biomass burning and coal
combustion in the region.31,32 The good correlations between
Ca2+ and Mg2+ indicate contribution from soil dust, road dust,
and construction dust.33 Na+, NO3

−, and SO4
2− mostly related

to coal combustion32 activities around the region. The
combustion of Northeastern Indian high-sulfur low-quality
coal in the brick kilns and tea industries around the region
might be the main reason for high SO4

2− concentration in
PM2.5.

10 These brick kilns remain active only during the winter
season, contributing a significant amount of pollutants within a
short period. The frequency of garbage burning and open
biomass burning activities also increases during winter,
resulting in high Cl− and NH4

+ concentrations.34

3.2.1. Marine influence on the aerosol compositions. As
the study area was located far from marine sources, there were
few chances for marine contribution to these water-soluble
ionic components. Marine contribution on the aerosol

components was generally determined by sea salt ratios by
considering that all Na was from the marine origin.35,36 Table 3
reveals that the aerosol ratios of Cl−/Na+, K+/Na+, Mg2+/Na+,
Ca2+/Na+, and SO4

2−/Na+ were higher than the seawater ratio
indicating negligible contribution from the marine source. It
confirms that these water-soluble ionic components of aerosol
are mostly affected by terrestrial sources from natural or
anthropogenic activities.

3.2.2. Acidity of aerosol. The aerosol acidity is generally
determined using the equivalent ratios of NH4

+/(NO3
− +

SO4
2−); the ratio greater than or less than one would indicate

the alkalinity and acidity, and 1.0 would specify neutralization
of H2SO4 and HNO3 by atmospheric NH3. The observed
ratios of NH4

+/(NO3
− + SO4

2−) were 1.58, indicating the
aerosols of weak alkalinity. The alkalinity maybe because of the
neutralization of acidity of NOx and SO2 by NH3 emitted from
biomass burning, livestock, and agriculture.37,38

The anion equivalence and cation equivalence ratio (AE/
CE) can be measured to determine the acidity of PM2.5, which
can be calculated using the equations below39

= + + ×
− − −

AE
Cl
35.5

NO
62

SO
96

23 4
2

(3)

= + + × + × +
+ + + + +

CE
Na
23

NH
18

Mg
24

2
Ca

40
2

K
39

4
2 2

(4)

The average anion and cation equivalence during the
sampling period were 0.18 and 0.35, respectively, and the
resultant equivalence ratio was 0.53, which indicates the anion
deficiency, resulting in weak alkalinity to PM2.5. The anion
deficiency may be because of not determining the phosphate
(PO4

3−), fluorine (F−), and carbonate (CO3
2−) ions and

volatilization of NO3
−.

3.3. PM2.5-Bound PAHs. PAHs are organic compounds
consisting of carbon and hydrogen atoms with at least two
fused aromatic ring structures, which releases during fossil fuel
combustion and biomass burning.40,41 Due to their potential
toxicity in humans and persistence in the environment, PAHs
are of significant environmental concern.42 Out of 16 US-EPA
PAHs determined, eight, including acenaphthene, acenaph-
thylene, anthracene, benzo(a)anthracene, naphthalene, fluo-
rene, benzo(b)fluoranthene, and pyrene, were found in the
sample. Acenaphthylene was found to be the most abounded
with 2.60 pg m−3 followed by naphthalene (0.79 pg m−3)
(Table 4). The obtained PAHs were mostly of low molecular
weight (2−3 rings), and the presence of PAHs with high
molecular weight (4−5 rings) was very low. The average
concentration of PM2.5-bound total PAHs was 3.42 ± 0.92 pg
m−3 during the sampling period. The highly carcinogenic
benzo(a)pyrene was below the detection limit in the aerosol
samples during the study. The higher concentration of
acenaphthylene and naphthalene may be due to an elevated

Figure 3. Box whisker plot of PM2.5 mass showing the maximum,
minimum, and mean (average) concentration PM2.5 during sampling
periods. The minimum concentration is higher than the permissible
limit in India (60 μg m−3).

Table 1. Statistics of Water-Soluble Ion Concentration (μg m−3) between December 2018 and January 2019

species PM2.5 (μgm
−3) Cl− NO3

− SO4
2− Na+ NH4

+ Mg2+ K+ Ca2+ total ions total anions total cations

mean 117.76 4.49 0.78 2.02 0.44 4.44 0.19 1.49 0.58 14.45 7.30 7.15
SD 22.35 0.83 0.41 0.67 0.37 1.66 0.14 0.65 0.30 2.85 1.05 2.20
max 193.35 7.26 2.04 3.58 1.28 8.13 0.50 3.37 1.69 19.28 9.92 10.77
min 81.65 3.35 0.45 0.89 0.00 1.88 0.00 0.37 0.00 7.82 4.76 3.07
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amount of coal combustion40,43 in the brick kilns and
household biomass burning in the region.
3.4. OC and EC of the PM2.5. The carbonaceous part (i.e.,

OC and EC) is one of the important constituents of PM2.5
resulting from anthropogenic combustion activities. The OC/
EC ratios can be used to understand the emission sources and
transformation processes of carbonaceous aerosol due to less
sensitivity to atmospheric processing.44,45 An average OC/EC
ratio of 2.0 may be attributed to emissions from coal
combustion, 1.1 for vehicular emission, and 9.0 for biomass
burning.30,46 The average concentrations of OC were 14.0 ±
7.44 μg m−3, EC was 10.6 ± 7.12 μg m−3, and the OC/EC
ratio varies from 0.85 ± 1.74 to 15.44 ± 12.84 with an average
of 2.60 ± 3.02, suggesting the emission from biomass burning,
vehicles, and coal combustion22 as the major source of
carbonaceous aerosol during winter in the Jorhat area. The
correlation between OC and EC (0.77) in PM2.5 indicates the
emissions of OC and EC in Jorhat area from a similar nature of
carbonaceous sources as reported elsewhere.47

Secondary organic carbon has significant contribution in
altering the OC/EC ratio. The estimated average concen-
tration of SOC was 5.23 ± 4.21 μg m−3, and about 7.84 to
61.861% of the total OC was contributed by SOC. Clear and
humid (around 80.29% relative humidity) weather with a high
temperature (with a maximum of up to 29.3 °C during
daytime) and stable atmosphere (about 0.54 ms−1 wind speed)

in the area may trigger gas to particle formation resulting SOC
formation.48,49 Further, fossil fuels and biomass combustion
results in a higher OC/EC ratio, which can affect the SOC
formation by different degrees of atmospheric processing
causing overestimation or underestimation of SOC.

3.5. Observations from ToF-SIMS Analysis. ToF-SIMS
can provide significant information on the surface chemistry of
the aerosols. Figure 4 demonstrates the positive-ion spectra of
PM2.5 revealing the surface mass chemical compositions. The
trace elemental ions detected include Al+, Ba+, Ca+, K+, Fe+, S+,
Cd+, Se+, Zn+, Ti+, and Pb+. The presence of nitrogenous
organic compounds such as NH+ (m/z 15) and CH3N

+ (m/z
29) and sulfur-containing compounds such as C4H5S

+ (m/z
85), C4H6SO4

+ (m/z 134), and C8H5S2
+ (m/z 165) attributed

to the coal combustion and vehicular emissions27 was detected
in the PM2.5 samples. ToF-SIMS also indicated the presence of
PAHs such as naphthalene (m/z 128) and acenaphthylene (m/
z 152); these were also found to be the most abundant
individual PM2.5-bound PAHs in the samples during PAH
analysis by HPLC. The adherence of these inorganic elements
and organic components to particles surface signifies the
harmfulness of PM2.5.

50

3.6. Observations from HR-TEM Analysis. Observation
by transmission electron microscopy mostly reveals minerals,
soot particles, and organic matter. The main compositions of
the mineral particles, as obtained from EDS, were O, Si, Mg,
Na, K, Ca, and Fe. The Ca-rich (Figure 5a) and K-rich (Figure
5b) particles were found as the major minerals, serving as a
tracer of coal combustion and biomass burning.51−53 The Si-
rich particles (Figure 5c) associated in the samples commonly
serve as a tracer of road dust or crustal emission.54 Aggregates
of soot particles were found extensively in the sample, with a
single aggregate containing hundreds of carbon particles
(Figure 5d). Soot aggregates were found to be associated
with organic matter (Figure 5e). High-resolution TEM of soot
particles, originating from the incomplete combustion of fossil
fuels and biomass burning, reveals onion-like discontinuous
graphitic layers (Figure 6a).28 Carbon nanostructures contain-
ing carbon nanotubes55 and graphene-like sheets56 were
observed (Figure 6b,c). The selected area electron diffraction
(SAED) pattern shows characteristics of the graphene-like
sheet56 (Figure 6d). Such carbon nanostructures could be
formed due to the combustion of wood sources (domestic

Table 2. Correlations among PM2.5 Chemical Components and Meteorological Parameters

parameters
(μg m−3) PM2.5 Cl− NO3

− SO4
2− Na+ NH4

+ Mg2+ K+ Ca2+ OC EC
WS

(m s−1)
AT
(°C)

RH
(%)

PM2.5 1
Cl− −0.32 1
NO3

− 0.53 −0.26 1
SO4

2− 0.49 −0.19 0.33 1
Na+ 0.57 −0.07 0.33 0.39 1
NH4

+ 0.33 0.11 0.33 0.25 0.19 1
Mg2+ 0.49 −0.22 0.29 0.02 0.31 0.12 1
K+ −0.31 0.71 −0.18 −0.14 −0.22 0.44 −0.05 1
Ca2+ 0.03 0.15 −0.08 0.05 0.05 0.11 0.51 0.24 1
OC 0.92 −0.32 0.52 0.49 0.59 0.27 0.46 −0.30 0.05 1
EC 0.66 −0.35 0.40 0.27 0.57 0.11 0.37 −0.31 −0.08 0.77 1
WS (m s−1) −0.20 0.00 −0.55 −0.13 −0.20 −0.10 0.04 −0.01 0.01 −0.15 −0.06 1
AT (°C) −0.17 −0.03 −0.01 −0.02 −0.19 −0.40 0.02 −0.18 −0.20 −0.21 −0.09 0.03 1
RH (%) −0.60 0.31 −0.31 −0.44 −0.47 −0.02 −0.19 0.48 0.24 −0.65 −0.48 0.10 −0.21 1

Table 3. Comparative Ionic Ratios of Aerosols and Seawater

Cl−/Na+ K+/Na+ Mg2+/Na+ Ca2+/Na+ SO4
2−/Na+

aerosol 10.20 3.39 0.43 1.32 4.59
seawater 1.80 0.037 0.0119 0.036 0.25

Table 4. Concentrations of PM2.5-Bound PAHs

PAHs pg m−3

naphthalene 0.798
acenaphthylene 2.603
acenaphthene 0.009
anthracene 0.003
fluorene 0.001
pyrene 0.001
benzo(a)anthracene 0.001
benzo(b)fluranthene 0.001
ttotal PAHs 3.41 ± 0.92
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cooking) as well as fossil fuels such as diesel and petrol, which
is also reported elsewhere.56,57

3.7. Meteorological Implications. The daily-average
temperature during the sampling period was 16.22 °C (max
19.12 °C, min 13.62 °C) and daily average relative humidity
was 80.29% (max 93.41%, min 71.63%). The daily average
wind speed was 0.54 ms−1, and the wind direction was from
the southeast direction (Figure 7). Figure 8 shows the variation
of PM2.5 mass relative to the temperature, and relative
humidity. Pearson’s correlation matrix (Table 2) demonstrates
the relationships between the PM2.5 mass and their chemical
components with the meteorological parameters during the
sampling period. The PM2.5 mass shows a negative correlation
with the temperature, relative humidity, and wind speed. The

chemical components also mostly had a negative correlation
except for Mg2+, K+, and Ca2+. Mg2+ shows a positive
correlation with temperature and wind speed and K+ and
Ca2+ with relative humidity. Temperature, relative humidity,
and wind speed play a crucial role in PM2.5 concentrations in
most regions. High temperature can increase the sulfate
concentrations due to oxidation of SO2 and decrease nitrate
levels due to volatilization of ammonium nitrate.58 The total
PM2.5 may be dominated by the increase in sulfate or decrease
in nitrate. The negative correlation (−0.17) of the average total
PM2.5 could be due to decreases in nitrate with the increase of
temperature. PM2.5 has shown a negative correlation (−0.60)
with relative humidity during the study period.59 This could be
because the relative humidity was higher at night (average:

Figure 4. Positive ion ToF-SIM spectra of PM2.5 reveal the presence of naphthalene, acenaphthylene, nitrogenous, and sulfur-containing
compounds.

Figure 5. High-resolution transmission electron microscopic images. (a) Mineral rich in calcium, (b) mineral rich in potassium, (c) silicate mineral
from road dust, (d) aggregate of soot particles, (e) soot aggregate inside the organic matter coating, and (f) organic matter and soots.
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87.99%, max: 92%, and min: 64.70%), which increases the
hygroscopic growth60 of the particle, causing dry deposition.61

The moderately relative humidity was recorded during day
time (average: 52.15%, max: 69.40%, and min: 39.50%) and
winter days are shorter than night resulting less particle
suspension time. Low wind speed increases PM concentration
providing favorable conditions for particle formation showing a
negative correlation.58 The wind direction and long-range
movement of air-mass affect the PM2.5 pollution in a region.20

In the study area of Jorhat, more pollutants are carried by the
west wind from the Indo-Gangetic plain than the wind from
other directions. The HYSPLIT air-mass back trajectories
show that the air-masses were mainly from the west and
southwest direction and moves through the Indo-Gangetic
aerosol hot-spot region (Figure 1b); however, the wind rose
shows that the wind direction was from the southeast direction
(Figure 7). This contrasting difference could be because most
of the air-mass moves towards the east and may be due to the
presence of a mountain barrier in the north, east, and southeast
directions; the air-mass returns to the sampling site in the
southeast direction. Short-range and long-range back trajecto-
ries were observed, indicating the contribution of local aerosols
and transboundary aerosols to the PM2.5 in the study area.

4. CONCLUSIONS

Jorhat (Northeast India) experiences PM2.5 far beyond the
WHO permissible limit during winter season. The PM2.5 in the
region mainly consists of water-soluble inorganic ions,
carbonaceous component, PAHs, and various trace elements.
High winter loadings of PM2.5 are contributed by various
anthropogenic burning activities during winter in the Jorhat
region, Northeast India, which further get aggravates due to
the favorable weather condition of the region. Burning of
biomass for heating and cooking and coal combustion in brick
kilns and vehicles were the possible main contributors to PM2.5
in the region. Meteorology plays a key role in high PM2.5
pollution during winter high temperatures, low humidity, and
low wind-speed accelerate PM2.5 pollution in a region creating
a favorable environment for aerosol formation. This implies the
necessity of better regulatory actions especially during winter
to minimize the impacts of PM2.5 pollution.
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Figure 6. High-resolution TEM images. (a) Soot particle showing a
discontinuous graphitic structure, (b) carbon nanotubes, (c)
graphene-like sheet, and (d) SAED pattern showing the characteristic
of a graphene-like sheet.

Figure 7. Wind rose showing the direction and speed of local wind
toward the sampling site during the sampling period.

Figure 8. Variation of PM2.5 mass concentrations, atmospheric
temperature (°C), and relative humidity (%) in winter season (3rd
Dec 2018 to 31st Jan 2019) in Jorhat area (Northeast India). The
graph shows a gradual increase in PM2.5 concentration from
December to January. The sharp increase on 17th January might be
due to the burning activity near the sampling site.
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