
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
8:

30
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Year-long evalua
aCoal and Energy Division, CSIR-North Ea

Jorhat-785006, Assam, India. E-mail: bksaik
bAcademy of Scientic and Innovative Resea
cDepartment of Civil Engineering, Indian Ins

India

† Electronic supplementary informa
https://doi.org/10.1039/d2ea00120a

Cite this: Environ. Sci.: Atmos., 2023, 3,
196

Received 7th September 2022
Accepted 14th November 2022

DOI: 10.1039/d2ea00120a

rsc.li/esatmospheres

196 | Environ. Sci.: Atmos., 2023, 3, 1
tion of aerosol chemistry and
meteorological implications of PM2.5 in an urban
area of the Brahmaputra Valley, India†

Shahadev Rabha,ab Nazrul Islam,ab Binoy K. Saikia, *ab Gyanesh Kumar Singh, c

Adnan Mateen Qadri,c Vivek Srivastavac and Tarun Gupta c

Atmospheric particulate matter (e.g., PM2.5) contributes to deteriorating air quality, causes respiratory and

cardiovascular diseases, and risks human health. In this study, we evaluated the mass concentrations and

chemical compositions of PM2.5 in an urban area of Northeast India to determine their seasonal

variations and the influence of meteorological factors on PM2.5. PM2.5 was sampled in multiple filter

substrates; the water-soluble inorganic ions (WSIs), elemental compositions, and organic carbon (OC)-

elemental carbon (EC) were determined by using an ion chromatograph, an energy dispersive X-ray

fluorescence spectrometer, and a multi-wavelength thermo-optical carbon analyzer, respectively. The

annual mean PM2.5 concentration (48.9 ± 37.7 mg m−3) was observed to be approximately ten times

higher than the prescribed WHO safe limit (i.e., 5 mg m−3). The results show that the PM2.5 mass is mainly

contributed by WSIs (∼30%), carbonaceous matter (∼21%), and inorganic elements (∼9%). Seasonal

analysis also shows the highest concentration of PM2.5 in the winter season (95.3 ± 37.9 mg m−3), which

was mainly contributed by the WSIs (22.7 ± 8.1 mg m−3) and carbonaceous matter (26.9 ± 13.9 mg m−3).

Also, high concentrations of SO4
2−, NO3

−, and soot-EC were found during the winter, indicating the

dominance of coal combustion and vehicular source emissions in the region. Meteorological factors

such as humidity, wind speed, and temperature along with the transport of regional air masses

significantly influenced the PM concentrations of the Brahmaputra Valley in Northeast India within the

Indo-Gangetic Plain (IGP). The study implies the necessity of paying attention to the local emission

sources and the meteorological conditions in such growing urban areas for improving air quality.
Environmental signicance

The Indo-Gangetic Plain (IGP) is the global hot-spot for aerosol research, and the Brahmaputra Valley is one of the fast-growing urban areas within this plain.
There is lack of aerosol chemistry in this region with reference to the meteorological parameters. The SO4

2−, NO3
−, and EC/OC databases are determined in

order to evaluate the chemistry of this globally relevant area to compare with the other urban areas of the world. The study provides the necessity of giving
attention not only to the local emission sources but also to the regional sources and the meteorological conditions in these growing urban areas for improving/
mitigating air quality.
1. Introduction

More than 90% of the population in the world is exposed to
high air pollution levels, causing over seven million premature
deaths every year.1 India experiences around 1.24 million
premature deaths per year due to air pollution, which is about
12% of the country's total deaths.2 Out of the world's top 30
st Institute of Science and Technology,

ia@neist.res.in; bksaikia@gmail.com

rch (AcSIR), Ghaziabad, 201002, India

titute of Technology, Kanpur-208016, UP,
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most polluted cities during 2019, India hosts 21 cities.1 Most of
these cities are located in the Indo-Gangetic Plain (IGP) which is
known as one of the global hotspots of air pollutants.3 Themain
constituent of air pollution is considered as PM2.5 (particulate
matter having an aerodynamic diameter # 2.5 mm) that is
harmful to both human health and the environment because of
its smaller size which makes it more penetrable into the
respiratory system. The 24-hour mean permissible limit for
PM2.5 (i.e., 15 mg m−3) prescribed by the World Health Organi-
zation (WHO) is frequently exceeded in India.4 Lenient emission
standards with poor regulation and increasing anthropogenic
activities aggravate particulate pollution in India.5

In general, water-soluble inorganic ions (WSIs), carbona-
ceous matter, and inorganic/metal elements are the main
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemical compositions of PM2.5 with variations in concentra-
tions. In Delhi, the capital city of India, the PM2.5 mass was
reported to be mainly composed of WSIs (∼42%), total carbon
(∼22%), and major and trace elements (∼22%).6 Toxic metals
such as Cr, Ni, Zn, Mo, Sn, Sb, V, Co, Cu, Cd, and Pb were found
as trace elemental composition of PM2.5 in Kolkata, a highly
polluted Indian city.7 Devi et al.8 studied PM2.5 characteristics at
seven sites in the IGP where the dominance of carbonaceous
matter from vehicular and biomass burning sources were re-
ported. In the Kathmandu Valley, the main compositions of
PM1 were organic aerosols (35%), black carbon (26%), and
sulfates (21%).8

WSIs such as NH4
+, SO4

2−, and NO3
− are the key chemical

constituents of PM2.5, which inuence the acidity of the parti-
cles and precipitation and worsen human health.9,10 In addi-
tion, the trace elements such as Si, Ti, V, Mn, Fe, Co, Ni, Zn, Pb,
etc., are the main toxic components of PM2.5. Exposure to most
of these elements can severely affects human health, causing
several cardiovascular diseases and other adverse health
effects.11–13 Furthermore, carbonaceous aerosols including
organic carbon (OC) and elemental carbon (EC) derived from
combustion of fossil fuels and biomass burning are another
toxic component of PM2.5.14,15 In addition, carbonaceous aero-
sols, especially EC, plays a vital role as a climate-forcing agent
with strong warming potential.16 Therefore, the effects of PM2.5

are broad and diverse, affecting both ecosystems and human
livelihoods.

While the characteristics of PM2.5 have been broadly re-
ported in the mainland of India, there are limited studies in the
Fig. 1 PM2.5 sampling site at CSIR-NEIST, Jorhat, Northeast India.

© 2023 The Author(s). Published by the Royal Society of Chemistry
rapidly urbanized Brahmaputra Valley in the Northeast region
of India. Anthropogenic emission sources including brick kilns,
biomass burning, and vehicular emissions are signicantly
increasing PM2.5 pollution in this region.17–20 Apart from emis-
sion sources, meteorology also plays a signicant role in the
formation and dispersion of PM2.5, thus affecting the PM2.5

concentrations.21,22 Transport of regional air mass impacts the
PM2.5 concentrations in the Northeast region of India, espe-
cially during winter and post-monsoon seasons.23 In this
context, comprehensive and quantitative chemical evaluations
of PM2.5, their seasonal variation and their relationships with
meteorology are essential to understand the particulate pollu-
tion in this region within the IGP.

In the present study, we have carried out an extensive and
year-long evaluation of PM2.5 chemical compositions along with
meteorological parameters and back trajectory analysis to
comprehend the seasonality and regional inux of the partic-
ulates. This work provides a better enumeration of PM2.5

chemistry in the Brahmaputra Valley site which will be useful
for policy makers for designing strategies and regulations for air
quality improvement in similar urban areas.
2. Materials and methods
2.1. Sampling site and particulate matter collection

The sampling site (Jorhat) is located in the centre of the Brah-
maputra Valley of Assam, Northeastern India, with 26.73 °N
latitude and 94.15 °E longitude at 116 m above the mean sea
level (see Fig. 1). The valley is in between the Northeastern and
Environ. Sci.: Atmos., 2023, 3, 196–206 | 197
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Eastern Himalayan ranges. In recent years, with the increase of
inhabitants, various developmental activities, biomass burning,
and vehicle traffic have increased the anthropogenic emissions
in this area. There are many local anthropogenic emission
sources in Northeast India, such as coal combustion in brick
kilns and household biomass burning for cooking and
heating.17,24,25

PM2.5 samples were collected with multiple lter substrates
(Teon: Whatman 2 mm PTFE, Nylon: Whatman 1 mm white
plain, and Quartz: Pallex Tissuquartz membrane lter) from
1st January to 31st December 2019 on every alternate day for
a 24-hour duration using a ve-channel Speciation Air Sampling
System (SASS, Met One Instruments Inc., USA) with an oper-
ating ow rate of 6.7 Lm−1 in each channel used to sample all
three lters simultaneously. Fig. S1† shows the sampling ow-
chart and lter substrates with the collected samples. In addi-
tion, eld blank (FB) and lab blank (LB) samples were collected
every other week and once a month, respectively. For FB
samples the lters were tted in the sampler for a 24-hour
duration without starting the pump and collected. The LB is the
blank lter in the laboratory and was analyzed once a month.
The PM2.5 mass measurements were performed using the
gravimetric method on Teon lters by determining the weight
difference of the lter pre- and post-sampling. Teon lters
were placed in the conditioning environment (ISO 6, class1000
laminar hood), where during a 24-hour equilibration period, the
mean temperature remained between 20 ± 2 °C and 23 ± 2 °C
and relative humidity between 30 ± 5% and 40 ± 5%,
respectively.
2.2. Meteorological data and HYSPLIT analysis

An automatic weather sensor (AIO2, Met One Instruments, USA)
was installed at the sampling location to measure meteorolog-
ical variables simultaneously along with the PM2.5 mass. AIO2
was installed at the same height as the SASS sampler at
a distance of 3 meters to avoid any distractions in PM2.5

sampling and meteorological data. Meteorological data were
collected continuously at a 1 minute resolution for 24 hours per
day during the sampling period. The meteorological data were
grouped into four seasons for seasonal variability analysis.
Seasons were classied according to the Indian Meteorological
Department (IMD) as winter (January and February), pre-
monsoon (March, April, and May), monsoon (June, July,
August and September), and post-monsoon (October,
November, and December).

Considering the atmospheric residence time of particulates
and their long-range transport, ve days back trajectories for
each sampling event were computed using the HYSPLIT (Hybrid
Single-Particle Lagrangian Integrated Trajectory) model of
NOAA-Air Research Laboratory (ARL) GDAS meteorological les
(1°, global) at arrival heights of 500, 1000 and 1500 m above the
ground level (AGL).26 The arrival height was selected to repre-
sent the boundary layer winds and eliminate topographic
effects and the local land cover. Cluster analysis was performed
separately for each season using the HYSPLIT model (v5.1.0).
Four main clusters were selected to represent airow patterns
198 | Environ. Sci.: Atmos., 2023, 3, 196–206
for the sampling site. Aerosol optical depth (AOD) data were
retrieved from the NASA Moderate Resolution Imaging Spec-
troradiometer (MODIS) Terra satellite. The cluster analysis and
AOD data were plotted together using available Google Earth
Pro soware to correlate the movement of air mass to the
sampling site through different AOD regions and the PM2.5

concentration.

2.3. Chemical analysis

The aqueous extracts of PM2.5 samples collected on nylon lters
were prepared by using standard sonication and ltration
protocol to determine PM2.5-associated water-soluble inorganic
ions (WSIs) such as Cl−, SO4

2−, NO3
−, Na+, NH4

+, Mg2+, K+, and
Ca2+. WSIs were analyzed using dual-channel ion chromatog-
raphy (Cation unit-882 Compact IC plus and Anion unit-881
Compact IC pro, Metrohm, Switzerland). The uncertainty of
the measurement was within ±5% based on duplicate analysis
of ve samples, and the expected concentrations of ions were
always measured at less than 4% (p < 0.05) in standards. The
recovery rate of the ions ranges from 95 to 121%, except for Cl−

which was 60%. The analysis of WSIs was performed strictly
following the quality assurance and quality control (QA&QC).

The Teon lters were subjected to analysis by an energy
dispersive X-ray uorescence spectrometer (ED-XRF, PAN-
alytical, Netherlands) to determine inorganic metals/elements.
The elemental measurement was calibrated by using National
Institute of Standards and Technology (NIST)–certied stan-
dard reference materials (SRMs) and the accuracy range was
found to be in between 75 and 98%. Blank lters were also
routinely analyzed along with the samples for quality control of
the data.

The carbonaceous matter, i.e., organic carbon (OC) and
elemental carbon (EC), was analyzed by using a multi-
wavelength thermo-optical carbon analyzer (Desert Research
Institute, DRI 2015 model, Magee Scientic Corporation, USA).
The OC and EC values were determined by the Interagency
Monitoring of Protected Visual Environments (IMPROVE)
method. The method uses step heating on a punch area (∼0.53
cm2) of quartz lter in a helium environment. For OC deter-
mination, the four-step heating consisting of OC1 (140 °C), OC2
(280 °C), OC3 (480 °C), and OC4 (580 °C) was applied. On the
other hand, the EC was determined by using three-step heating
consisting of EC1 (580 °C), EC2 (740 °C), and EC3 (840 °C). The
OC and EC concentrations were further calculated using the
following equations.27

OC = OC1 + OC2 + OC3 + OC4 + OP (1)

EC = EC1 + EC2 + EC3 − OP (2)

OP represents the pyrolyzed fraction of carbon. The soot-EC
and char-EC were estimated from the carbon fraction data as
soot-EC = EC2 + EC3 and char-EC = EC1 − OP.28 Secondary OC
was estimated by subtracting primary OC from OC.29 While
primary organic carbon (POC) was calculated using each
season's minimum OC/EC ratio,30 SOC and POC were estimated
by the EC-tracer method using the following equations.31,32
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Box–whisker plot showing the seasonal variation of PM2.5

concentrations during the year 2019 with the maximum PM2.5

concentration in the winter season followed by that in the post-
monsoon season.
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SOC = OC − POC (3)

POC = [OC/EC]min × EC + c (4)

Where, [OC/EC]min is the minimum OC/EC ratio during the
sampling period and c is the input from non-combustion
sources which was insignicant in this study.

It is to be mentioned that the positive or negative artefact
can inate OC concentration without a QBQ backup lter
(quartz lter behind a front quartz lter) or blank lter
subtraction. QBQ represents a dynamic blank which gives an
inference of the evaporated or volatilized OC from the front
lter deposits. The OC concentration of the backup lter was
used for artefact correction of the OC concentration of the
front lter. The OC artefact was corrected using the following
equation33

OCartifact corrected = OCQF + OCQBQ − 2OCbQF (5)

where, OCQF is the quartz front lter OC, OCQBQ is the quartz
behind quartz lter OC, and OCbQF is the eld blank OC from
the quartz front lter.
3. Results and discussion
3.1. PM2.5 concentrations and seasonality

The measured annual mean PM2.5 concentration in the Jorhat
urban area was 48.9 ± 37.7 mg m−3 during 2019, which exceeds
the annual mean value given by WHO (5 mg m−3). The annual
mean concentration of PM2.5 was also higher than the central
pollution control board of India (CPCB) permissible limit (40 mg
m−3). In other cities of the Brahmaputra Valley, the annual
mean PM concentrations were reported earlier, for example, in
Guwahati (PM2.5: 52 ± 37 mg m−3; PM10: 91 ± 37 mg m−3) and
Tezpur (PM10: 52.5± 44 mg m−3).18,19 The PM2.5 concentration in
Jorhat was less than that in Guwahati in the same valley due to
greater extent of urbanization in Guwahati. The seasonal mean
PM2.5 concentration was 95.3± 37.9 mgm−3 (172.1–19.1 mgm−3)
in winter, 41.1 ± 21.8 mg m−3 (108.5–7.8 mg m−3) in pre-
monsoon, 21.8 ± 14.5 mg m−3 (110.7–5.9 mg m−3) in
monsoon, and 62.4 ± 37.4 mg m−3 (164.0–9.1 mg m−3) in post-
monsoon (see Table S1†).

Fig. 2 depicts the seasonal variations of PM2.5 mass
concentration during 2019. It is seen that the 24-hour mean
PM2.5 concentration in Jorhat continuously crosses the
prescribed WHO limit of 15 mg m−3 (for a 24-hour mean) during
the sampling period. The PM2.5 concentrations in the region
may arise from local and regional emissions. Local sources such
as brick kilns remain operational only during post-monsoon
and pre-monsoon seasons, i.e., from November to April, in the
region. Around 1679 brick kilns use coal as the primary fuel (see
Fig. S2†). Dust, vehicular emissions, and residential biomass
burning may also contribute to the high loading of PM2.5.
Transport of regional air masses from the IGP into the Brah-
maputra Valley, adding to the local emissions such as brick
kilns, biomass burning, vehicles, and dust, contributes to the
high winter loading of PM2.5 in Northeast India. It is also
© 2023 The Author(s). Published by the Royal Society of Chemistry
reported that the IGP has some of the most polluted megacities
which transport pollutants at a regional scale.34

3.2. Chemical compositions

The PM2.5 chemical compositions including WSIs, major and
trace elements, and carbonaceous matter (EC-OC) were evalu-
ated. It was observed that out of the total PM2.5 mass, about 30%
was contributed by the WSIs, about 21% was contributed by the
carbonaceous matter, and about 9% by the inorganic elements.
The annual mean of total WSIs (Cl−, SO4

2−, NO3
−, Na+, NH4

+,
Mg2+, K+, and Ca2+) was 15.0± 8.6 mg m−3, which is∼30% of the
total PM2.5 mass concentrations. Among the ionic components,
NH4

+, SO4
2−, Cl−, and NO3

− were predominant, accounting for
about 29%, 27%, 21%, and 10% of total annual WSIs, respec-
tively, during the study period (Table S2†). Anions and cations
contribute about 17% and 13% to the total PM2.5 mass,
respectively. The contribution of WSIs from the marine sources
to the PM2.5 composition was estimated by sea salt ratios based
on the assumption that all sodium (Na) was from marine
origin.35 Table S3† demonstrates that the proportions of Cl−/
Na+, K+/Na+, Mg2+/Na+, Ca2+/Na+, and SO4

2−/Na+ of PM2.5 were
much higher than the seawater ratio indicating terrestrial
natural or anthropogenic origin.20

The annual mean concentration of major elements was 3.8±
3.4 mg m−3, and the concentration of trace elements was 0.4 ±

0.3 mg m−3, accounting for ∼8% and ∼1% of the total PM2.5

mass, respectively. Generally, crustal elements36 such as Si, Al,
Na, Mg, Ca, K, and Fe show comparatively higher concentration
than the elements such as Ti, V, Mn, Co, Ni, Zn, Br, Rb, Sr, Zr,
Mo, Sb, I, Cs, Ba, and Pb. High S (1432.7 ± 951.9 ng m−3) and Cl
(444.3± 775.1 ngm−3) concentrations were observed during the
study period. The annual mean total carbonaceous matter (OC +
EC) measured to be 10.4 ± 9.3 mg m−3, which was ∼21% of the
total PM2.5 mass concentration. The annual mean OC, mean
EC, and SOC concentrations were 6.1 ± 5.4 mg m−3, 4.3 ± 3.8 mg
m−3 and 3.7± 1.6 mg m−3, respectively, during the study period.
Environ. Sci.: Atmos., 2023, 3, 196–206 | 199
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Fig. 4 Seasonal variation of major inorganic element concentrations
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3.3. Seasonal variation of WSIs

The seasonal variation of WSIs in PM2.5 is depicted in Fig. 3. The
WSI concentrations were highest in the winter (22.8 ± 8.1 mg
m−3), followed by the pre-monsoon (14.0 ± 5.6 mg m−3) and
monsoon (11.6 ± 9.5 mg m−3) seasons, and lowest during the
post-monsoon season (10.4± 5.6 mg m−3) (Table S4†). Increased
anthropogenic activities, gas phase to the particle-phase
conversion of ions due to lower temperature, and lower mix-
ing height are the main reasons for the relatively high WSI
concentrations during winter.9,37 The NH4

+ concentration was
highest during the monsoon season with 7.0 ± 9.8 mg m−3

which was about 60% of the total WSI concentration in
monsoon. High relative humidity (RH) in air favours the
transformation of NH3

+ into NH4
+; agricultural activities with

the application of fertilizer and decomposition of organic
materials due to wet conditions may be the main reasons for the
high NH4

+ concentration during the monsoon season.9,38 High
ambient temperature during monsoon may also help in the
volatilization of NH3

+.39 The higher NH4
+ concentration makes

the aerosol alkaline during the monsoon season with an NH4
+/

(NO3
− + SO4

2−) ratio of 7.8. The other ions such as Cl−, SO4
2−,

NO3
−, Na+, K+, and Ca2+, show higher concentrations during the

winter season except for Mg2+ (Fig. 3). The high SO4
2− and NO3

−

concentrations during winter indicate emissions from local
anthropogenic sources such as vehicular emissions and coal
combustion.40,41 The lower wet deposition, poor dispersion, and
the lower temperature in winter that favours the gas phase to
the particle phase transformation of sulfur and nitrogen
compounds may result in the high SO4

2− and NO3
− concen-

trations in winter.42,43 The NH4
+/(NO3

− + SO4
2−) ratios during

post-monsoon (0.6), winter (0.5), and pre-monsoon (0.5)
seasons indicate the acidic nature of PM2.5.
Fig. 3 Seasonal variations of WSI concentrations during the year 2019
whose concentration was maximum in the monsoon season.

200 | Environ. Sci.: Atmos., 2023, 3, 196–206
3.4. Seasonal variation of major and trace elements

The seasonal distribution of major elements such as Na, Al, Si,
S, Cl, K, Ca, and Fe, and trace elements such as Ti, V, Mn, Co, Ni,
Zn, Br, Rb, Sr, Zr, Mo, Sb, I, Cs, Ba, and Pb in PM2.5 is shown in
Fig. 4 and 5, respectively. The measured concentrations of
major and trace elements of PM2.5 during the sampling period
are shown in Tables S5 and S6,† respectively. Most of these
elements are toxic and hazardous with non-carcinogenic (Ti, V,
Mn, Co, Zn, Br, Rb, Sr, Zr, Mo, Sb, I, Cs, and Ba) and carcino-
genic (Ni and Pb) properties.44,45

The seasonal variation shows that the highest concentration
of S, Cl, and K was in the winter season, followed by the pre-
monsoon and post-monsoon seasons, indicating their sources
of combustion of coal and biomass burning (Fig. 4).11,46,47
with maximum concentration in the winter season except for NH4
+,

during the year 2019.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Seasonal variations of trace element concentrations during the year 2019.
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Concentrations of other major elements such as Si, Al, Na, Ca,
and Fe were highest during the pre-monsoon season. The
reason may be because of the more active local winds and low
humidity in the pre-monsoon season aiding the emission of
dust and crustal materials.

The trace elements show different seasonal variations.
Elements such as Ni, Zn, Br, Rb, Sr, Cs, Ba, and Pb show the
maximum concentration in the winter season, Ti and Mn
during the pre-monsoon season, while V, Mo, and Sb were at
their maximum during the monsoon season (Fig. 5). High Ni,
Zn, Br, Rb, Sr, Cs, Ba, and Pb concentrations suggest that their
source is mainly coal combustion.46,48–50 The high concentration
of Ti and Mn during the pre-monsoon season can be attributed
to local crustal emissions.51 High V, Mo, and Sb concentration
during the monsoon season indicates that these elements may
have originated from local road transport, petroleum reneries,
and some local industrial sources such as steel fabrication, the
tea processing industry, etc.52–54
Fig. 6 Seasonal variation of OC, EC, and SOC during the year 2019.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5. Seasonal variation of carbon fractions

A distinct seasonal difference of carbonaceous matter was
observed during the sampling period (Fig. 6). The winter season
shows the highest carbonaceous matter (OC + EC) concentra-
tion (26.9± 13.9 mgm−3) followed by post-monsoon (19.2± 14.5
mg m−3), while the pre-monsoon (7.7 ± 4.3 mg m−3) and
monsoon (3.2 ± 2.6 mg m−3) seasons have relatively low
concentrations. The mean winter EC concentration (12.1 ± 6.7
mg m−3) shows similarity with most IGP sites.34,55,56

A good correlation between EC and OC indicates that they
might have originated from similar sources and maintained
dynamic equilibrium with their precursor during long-range
transport.57,58 The present study shows a good correlation
between OC and EC during the post-monsoon (r = 0.9, p <
Fig. 7 Scatter plot showing the relationships between EC and OC in
four different seasons during 2019 (the black line shows a linear
relationship during winter).
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0.001), winter (r = 0.8, p < 0.001), and pre-monsoon (r = 0.7, p <
0.001) seasons (Fig. 7). Lack of correlation was observed during
the monsoon season (r = 0.3, p < 0.001), indicating diverse
sources of carbonaceous matter.

The seasonal mean OC/EC ratio showed nearly similar
values during the pre-monsoon (3.6 ± 3.0) and monsoon (3.6
± 3.1) seasons, and post-monsoon (1.5 ± 0.7) and winter (1.7
± 1.7) seasons. The limitation of the OC/EC ratio as a source
indicator of carbonaceous aerosol is that it is strongly inu-
enced by the formation of secondary organic carbonaceous
aerosols and photochemical reactivity. The estimated annual
mean SOC concentration was 3.7 ± 1.6 mg m−3 and about 60%
of the annual mean OC concentration (Table S7†). Therefore,
the char-EC and soot-EC were determined, which are consid-
ered more effective than the OC/EC ratio in understanding the
primary carbonaceous sources. Distinct seasonal variations of
the char-EC and soot-EC were observed in the present study
with high soot-EC than char-EC. The soot-EC was highest
during the winter (9.1 ± 4.6 mg m−3) followed by the post-
monsoon (6.5 ± 4.4 mg m−3). Char-EC results from the
incomplete combustion of wood biomass in a limited supply
of air, while soot-EC results from high-temperature burning of
fossil fuel by the gas-particle re-condensation process.59 Due
to a relatively larger particle size, char-EC causes a higher
deposition rate indicating local emissions and soot-EC
favours long-range transport due to its smaller size.60 In the
present study, char-EC (1.1 ± 2.4 mg m−3) has a lower
concentration than soot-EC (4.3 ± 4.4 mg m−3), indicating
contributions from coal combustion, vehicular sources, and
long-range transport.
Fig. 8 HYSPLIT back trajectory data analysis in four different seasons in

202 | Environ. Sci.: Atmos., 2023, 3, 196–206
3.6. Back trajectory analysis

The seasonal HYSPLIT back-trajectory data are shown in Fig. 8.
High AOD over the IGP region indicates that the transport of air
mass through the region can signicantly contribute to PM2.5

concentrations (see Fig. S3†). To analyze the regional transport
of air masses and the transport of air masses from the highly
polluted IGP region, we have performed the cluster analysis of
back trajectory data in different seasons. The cluster analysis
data show that during our study period, ∼70%, ∼67%, ∼10%,
and ∼38% of air masses were transported from the IGP region
in the winter, pre-monsoon, monsoon, and post-monsoon
seasons, respectively (Table S8†). The cluster back-trajectory
data are also compared with the seasonal PM2.5 mass concen-
trations. Transport of a large number of air masses from the IGP
region during the winter season coincides with high PM2.5. In
the post-monsoon season, the transport of air masses from the
IGP region was lower than in the pre-monsoon season, however,
the PM2.5 concentration was higher in the post-monsoon
season. The air pollutants in the IGP remain at their peak
during the post-monsoon season because of increased agricul-
tural biomass burning and unfavourable environmental
conditions.61 While during the pre-monsoon season, the IGP
region contains relatively lower air pollutants transporting
lower pollutants than in the winter and post-monsoon
seasons.61,62 The relation between seasonal variations of PM2.5

mass and the air mass transport indicates that the Brahmaputra
Valley is signicantly inuenced by the regional aerosol trans-
port from the IGP region in the post-monsoon and winter
seasons. Besides, increased local anthropogenic emissions
from biomass burning and coal combustion during post-
the year 2019 in the Jorhat area.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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monsoon and winter may also result in high carbonaceous
matter concentrations. However, frequent rainfall events in the
Brahmaputra Valley cause wet deposition, and the cessation of
coal combustion in brick kilns minimizes carbonaceous matter
concentration during pre-monsoon and monsoon seasons.
3.7. Role of meteorological factors

The meteorological factors can change not only the weather
conditions (e.g., higher temperature increases the convective
movement of air) but also the source emission (e.g., lower
temperature increases indoor heating). The role of meteoro-
logical factors in dilution, dispersion, and accumulation of air
pollutants has been widely recognized. However, it remains
unpredictable when the exact effects of meteorology on PM2.5

concentration are considered.63 Studies on the relationships
between meteorological factors and PM2.5 are common in
various parts of the world.64–67 In the present study, the daily
mean ambient temperature, relative humidity, and wind speed
were correlated with daily mean PM2.5 concentrations for the
whole year 2019. The graph between daily means of PM2.5

concentration, ambient temperature, and relative humidity
shows that with the increase in ambient temperature and
relative humidity, PM2.5 concentration decreases (Fig. S4†). A
negative correlation (r = –0.7, p < 0.001) between ambient
temperature and PM2.5 concentration was observed (Fig. S5†). A
negative correlation of PM2.5 concentration was also found with
relative humidity (r= –0.4, p < 0.001) and wind speed (r= –0.5, p
< 0.001) (Fig. S6 and S7†). The reason for the negative correla-
tions may be because higher temperature increases the
convective movement of air, increasing the dilution and
dispersion process; the higher wind speed increases the
dispersion of PM2.5, while the increase in relative humidity
increases the particle size leading to an increase in the depo-
sition rate.21,68–71 Correlations between the seasonal PM2.5

concentrations and the meteorological factors were also per-
formed (Fig. S8–S10†), and no signicant relationship was
observed except for ambient temperature during the post-
monsoon season (Fig. S8†), which showed a strong negative
correlation (r = –0.8, p < 0.001).
4. Conclusion

The present analysis of ambient PM2.5 and its chemical
compositions provides insight into the air pollution levels in the
Jorhat urban area within the Brahmaputra Valley of Northeast
India. The seasonal study shows that the PM2.5 pollution level
even increases to almost twenty times the WHO safe limit
during the winter season. This elevated PM2.5 concentration in
this urban region arises from local emissions such as open
combustion of coal in brick kilns, residential biomass burning,
and vehicular emissions. In addition, regional aerosol transport
from the IGP region also played a signicant role in intensifying
the PM2.5 pollution in such an urban area. Therefore, mitigation
measures at local and also at regional levels are essential to
improve air quality in such a new and growing urban area.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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