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h i g h l i g h t s

< The long term climatology indicates PM2.5 is the principal contributor to the PM10 over Dibrugarh, North-East India.
< Maximum PM concentrations are positively correlated with fire counts over NE India and negatively correlated with rainfall.
< A slow decreasing trend in the PMs and BC concentrations has been observed during the study period.
< The SPRINTARS model underestimates the measured concentrations of PMs and BC except in pre-monsoon season.
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a b s t r a c t

The long term climatology of PM10 and PM2.5 concentrations for thefive year period from June 2007eMarch
2012 is studied using measurements made with a Quartz Crystal Microbalance Impactor over Dibrugarh,
North-East India. The PM10 and PM2.5 exhibit similar seasonal variability with maximum concentration in
winter and minimum in monsoon seasons. The PM10 concentration is mainly attributed to PM2.5 with
minimal contribution from PM10e2.5. The long term monthly mean PM10 and PM2.5 concentrations shows
maximumvalue in latewinter and early pre-monsoon. This temporal variability is positively correlatedwith
the MODIS retrieved fire counts associated mostly with the biomass burning activities and negatively cor-
related with rainfall. PM10 and PM2.5 gradually increased from 2007 to 2010 and decreased thereafter. An
overall slow decreasing trend in PM10 and PM2.5 concentrations together with black carbon (BC) concen-
trations has been observed. The examination of microphysical and optical properties also reveals the
dominance of PM2.5 aerosols. Higher percentage contributions of BC to both PM10 and PM2.5 are observed in
post-monsoon season followed by winter. The inter-comparison of measured PM and BC concentrations
with SPRINTARS simulation reveals that model underestimates the measurements except in pre-monsoon.
The discrepancymight have arisen due to the topographyof the location and inadequate emission inventory
for the climate zone.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Among the many pollutants, particulate matter (PM) has
emerged as the most critical pollutant in almost all urban areas of
the globe and its impacts on human health and ecology are the
largest. The major anthropogenic sectors contributing to coarser
fraction of PM i.e., PM10 are traffic, industry, agriculture and

forestry, households, construction, quarrying and mining, cement
plants and ceramic industries, fossil fuel power plants etc., while
natural sources include the sea spray, soil resuspension, volcanic
eruption, biological particles and debris etc. Carbonaceous and
secondary species like sulphate, nitrate and ammonium are the
major contributors of the fine fraction of PM i.e., PM2.5 (Ye et al.,
2003) in the regions intensively influenced by human activity.
Due to wide distribution of sources the PM concentrations exhibit
high degree of spatio-temporal variability in their physico-
chemical and optical properties at short scales. As a result these
aerosols have a wide range of direct and indirect influence on the
environment, human health and climate (Forster et al., 2007).
The respirable fractions PM10 and PM2.5 have direct health
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consequences as they can penetrate deeper into the human respi-
ratory systems. The PM2.5 particles have the largest effect on short
wave radiative transfer and contribute significantly to haze for-
mation and visibility reduction. The study of the physical and op-
tical parameters of the PM is, therefore, essential for a better
understanding of their role in the atmospheric processes especially
near the ground. The measurement of optical properties of PM,
including extinction, scattering and absorption in the ultra violet,
visible and infra-red spectral range provides a means of inferring
atmospheric particle burden. In addition the mass concentration
and mass size distribution of aerosols near the surface are vital
inputs in aerosol models for estimation of radiative forcing, envi-
ronmental effects and air quality.

Short term extensive measurement of surface aerosol concen-
tration over India was made during ISRO GBP land campaign-I
(1ste28th February 2004) and campaign-II (1ste31st December
2004) over south India and Indo-Gangetic plains respectively.
During campaign-I Moorthy et al. (2005) have identified the hot-
spots of aerosol concentration (>60 mg m�3) around coastal,
industrialized and urban areas of south India. Over the Indo-
Gangetic plains very high concentration (260e300 mg m�3) of
aerosols was observed mainly over the three locations Kharagpur
(22.52�N, 87.52�E), Allahabad (25.45�N, 81.85�E) and Kanpur
(26.43�N, 80.33�E) (Moorthy et al., 2008). Apart from these cam-
paigns measurements of surface aerosol concentration have been
reported from other locations of India, e.g., by Latha and Badarinath
(2005) over Hyderabad, Pant et al. (2006) over Nainital (29.2�N,
79.3�E), Ganguly et al. (2006) over Ahmedabad, Pillai and Moorthy
(2001) and Moorthy et al. (2007) over Trivandrum.

The earlier reports on aerosols from Dibrugarh focused on col-
umnar aerosol properties (Gogoi et al., 2008, 2009a,b, 2011; Pathak
et al., 2010, 2012). However, Pathak et al. (2010) and Gogoi et al.

(2011) have utilized short term surface aerosol measurements
with emphasis on aerosol radiative forcing (ARF) and association of
columnar aerosols with near surface aerosols respectively. In the
present work the characteristics and long term climatology of the
PM10 and PM2.5 concentrations and their association with the
possible production mechanisms and local meteorology has been
examined. As black carbon forms a major fraction of surface aero-
sols with immense impact on regional and global climate, its con-
tribution to PM10 and PM2.5 are also investigated together with the
physico-optical parameters of interest. As the spatial coverage of
surface aerosol measurements are sparse and satellite retrievals till
date do not provide the aerosol concentrations near the surface,
one has to rely on model simulation for characterization of highly
heterogeneous aerosols in both regional and global scale. Com-
parison of measured data with model are also essential to test the
validity of the model simulation and helps in assessment of the
retrieval algorithm, conditions under which the model works sat-
isfactorily and cases where further improvements are needed.
Therefore, measured PM10, PM2.5 and BC concentrations are com-
pared with SPRINTARS (Spectral Radiation-Transport Model for
Aerosol Species) simulations.

2. The study location, sampling method and data analysis

2.1. Study location

The study location Dibrugarh (27.3�N, 94.6�E, 111 m amsl)
(Fig. 1) is situated on the southern bank of river Brahmaputra in
eastern Assam, the principal state in North-East (NE) India. The site
is mostly vegetated, surrounded by the large number of tea plan-
tations, rivers and rivulets. On the basis of columnar aerosol optical
depth measurements made over this site for more than a decade

Fig. 1. Map of India showing the study location Dibrugarh (27.3�N, 94.6�E, 111 m amsl) and other locations of India cited in the paper (red dots). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Pathak et al. (2012) have considered this as a continental average
i.e., rural in character but influenced by anthropogenic activities. In
terms of human activity Dibrugarh is an urban location but with
low population density and without heavy industrialization. Cli-
matologically winter (DecembereFebruary) is the driest season of
the year at Dibrugarh and adjacent region with least rainfall (w4%
of the annual), while monsoon (JuneeSeptember) is the wettest
season receiving maximum (63%) of annual rainfall with monthly
rainy days varying betweenw15 and 25 days. The relative humidity
level is normally �60% while in monsoon it reaches w80% and
above. The minimum temperature ranges from w8 �C in winter to
w20 �C in monsoon, while the range of maximum temperature is
w21 �C to w36 �C in monsoon. Details of the study location and
meteorology have been described by Gogoi et al. (2009a,b) and
Pathak et al. (2012).

2.2. Sampling method and data analysis

Near surface aerosol mass and size distributions have been
obtained using a Quartz Crystal Microbalance (QCM) Impactor
(model PC-2, California Measurements Inc., USA). The QCM pro-
vides composite and size segregatedmass concentration of aerosols
at 10 different size ranges with a 50% efficiency (cutoff diameter are
at >25: stage 1, 12.5, 6.25, 3.2, 1.6, 0.8, 0.4, 0.2, 0.1 and 0.05: stage
10) mm assuming a typical density of 2 g cm�3, for continental
aerosols. In terms of aerodynamic diameter at 50% efficiency the
cutoff diameters for different stages of QCM are >35.37 (stage 1),
17.68, 9.05, 4.53, 2.26, 1.13, 0.57, 0.28, 0.14, 0.07 (stage 10) mm. The
QCM samples air at a flow rate of 240 mL per minute. The mea-
surements were restricted to RH � 75% as quartz crystals are sen-
sitive to high relative humidity. As such normally the observations
were made at hourly intervals with sampling time duration of
5 min for each measurement from about 0700 h till 1900 h for 3e
4 days in a week. The current data base comprises of 4141 samples
in 873 days from 58 months for the period June 2007eMarch 2012.
The measurement error for QCM remains within 15% (Moorthy
et al., 2007).

During each measurement, the QCM provides the composite
mass concentration (PM) which is the mass of aerosols for the
above mentioned size ranges in unit volume of the ambient air and
the mass concentration (mci) in each of its size bins i ¼ 1e10. The
composite PM concentration and mci are related as

PM ¼
X10

i¼1

mci (1)

The composite PM concentration is further classified into PM10
(aerodynamic diameter � 10 mm and QCM stages from 3 to 10) and
PM2.5 (aerodynamic diameter � 2.5 mm and QCM stages from 5 to
10) following Pillai and Moorthy (2001) as

PM10 ¼
X10

i¼3

mci (2)

PM2:5 ¼
X10

i¼5

mci (3)

It may bementioned that the aerodynamic diameters of stages 3
and 5 of the QCM don’t exactly match the upper cutoff diameters of
PM10 and PM2.5. The QCM size segregated mass concentrations are
further used to evaluate different microphysical and optical pa-
rameters viz. effective radius, mass mean radius, number-size dis-
tribution, size index and extinction coefficient following Pillai and
Moorthy (2001) and Nair et al. (2008).

Black carbon mass concentration and absorption coefficient of
aerosols (babs) at sevenwavelength bands centred around 370, 470,
520, 590, 660, 880 and 950 nm are obtained from June 2008e
March 2012 using a multichannel Aethalometer (model AE 31-ER
from Magee Scientific). Details of the instrumentation, methodol-
ogy and uncertainty are discussed elsewhere (e.g., Hansen et al.,
1984; Babu et al., 2004; Nair et al., 2007; Pathak et al., 2010). The
instrument is operated round the clock at a flow rate of 4 LPM and
with a temporal resolution of 5 min. Observation at 880 nm
wavelength is considered standard for BCmeasurement as BC is the
principal absorber of light at this wavelength while other aerosol
components have negligible absorption. The uncertainties in the
Aethalometer technique arises from the multiple scattering effects
in the filter tape and the shadowing effects (e.g., Weingartner et al.,
2003; Arnott et al., 2005) and the corrections for these were done
following Weingartner et al. (2003) and Nair et al. (2007).

2.3. SPRINTARS simulations

The SPRINTARS model developed by Takemura et al. (2009) is
a global three-dimensional aerosol model, based on the atmo-
spheric general circulation model. The model treats all of the main
tropospheric aerosols, i.e., carbonaceous (black and organic car-
bons), sulphate, soil dust and sea salt and calculates a series of
transport processes of emission, advection, diffusion, chemical re-
action and deposition. The model is described in detail by
Takemura et al. (2009 and references therein). The SPRINTARS has
participated in the international global aerosol model inter-
comparison project, AeroCom (http://aerocom.met.no/) and its
overall performance over the globe has been found to be sat-
isfactory. Recently Goto et al. (2011a,b) have compared the meas-
ured BC, aerosol optical depth, Ångström exponent and single
scattering albedo with SPRINTARS simulations over different loca-
tions in India. They have also estimated the impact of the dis-
crepancy between measured and simulated optical properties in
ARF.

3. Results and discussion

3.1. Temporal variation of PM concentrations

3.1.1. Seasonal variation of PM10, PM2.5 and PM10e2.5

The seasonal distribution of climatological mean PM10, PM2.5
and PM10e2.5 (PM10 minus PM2.5) concentrations averaged for the
period June 2007eMarch 2012 is shown in Fig. 2 in the form of box
plots. The highest seasonal mean concentrations of PM10
(57.2� 32.4 mgm�3) and PM2.5 (51.9� 32.4 mgm�3) are observed in
winter season. Both PM10 and PM2.5 particle mass concentrations
show similar seasonal variation with lowest values in monsoon
(39.5 � 19.6 and 32.0 � 17.3 mg m�3 respectively). The PM10 and
PM2.5 concentrations in pre-monsoon season are
53.2 � 27.9 mg m�3 and 47.8 � 27.3 mg m�3 and in post-monsoon
season are 45.0 � 24.3 mg m�3 and 37.3 � 21.3 mg m�3 respec-
tively. Thus, in terms of absolute concentrations PM10 may be
nearly attributed to PM2.5. This is also evident from the seasonal
PM2.5/PM10 ratios varying between w81% in monsoon to 91% in
winter and high seasonal correlation (R2¼w0.97ew0.99) between
PM10 and PM2.5. Dominance of submicron aerosols have also been
reported over Bay of Bengal (BoB) (Sinha et al., 2011 and refer-
ences therein). This observation suggests that the source of both
PM2.5 and PM10 are the same. The assessment of share of PM10 and
PM2.5 to composite PM is significant from environmental and
health perspective. The percentage share of PM10 to composite PM
varies between w89% in monsoon and w94% in winter, while that
of PM2.5 to composite PM lies within 72% in monsoon and 83% in

B. Pathak et al. / Atmospheric Environment 69 (2013) 334e344336



Author's personal copy

winter. These large ratios are generally attributed to secondary
particulate formation of species such as nitrate, sulphate, ammo-
nium and organics (Song et al., 2009 and references therein). The
secondary aerosols generated due to anthropogenic activities can
exert a significant influence on the PM2.5 concentration rather than
on the PM10e2.5 concentration. On the other hand the coarse frac-
tion i.e., PM10e2.5 concentration is least throughout the year with
maximum in post-monsoon (7.6 � 6.1 mg m�3) and minimum in
winter (5.2 � 2.8 mg m�3). The lowest abundance of coarse aerosols
may be associated mainly with the vegetation cover over the
location (Pathak et al., 2010) with insignificant contribution from
dust aerosols.

The PM concentrations are driven by the dynamics of the at-
mosphere and the meteorological conditions. In winter the scanty
rainfall associatedwithmostly clear sky and dry land conditions are
highly favourable for generation and accumulation of continental
aerosols both naturally and from anthropogenic activities. It is also
associated with confinement of most of the particulates within the
boundary layer, which comes down during this season. During pre-
monsoon higher surface wind can lift and carry the soil derived
dust aerosols from the dry Brahmaputra riverbed nearby to the site
(Gogoi et al., 2008), which may contribute to PM10. The effect of
large scale forest fire in NE India region during pre-monsoon season
(Kalita and Bhuyan, 2011) is prominent particularly in the month of
March and April on near surface aerosol concentration. During
monsoon, the wet removal processes lead to reduction in aerosol
concentration in the atmosphere and hence PM concentrations
reach to their minimum level. During post-monsoon reduction in
rainfall favours generation of aerosols from both natural and
anthropogenic sources. The transportation of fine aerosols from the
oil wells, situated due east and north-east of the station and the
national highway passing through the University campus contrib-
utes to fine (PM2.5) aerosols throughout the year (Pathak et al.,
2010). Trajectory clustering and concentration weighted trajectory
analysis indicate that the potential sources across the west Asia and
over the IGP mainly contribute to the seasonal maximum of PM
concentrations over Dibrugarh during winter and pre-monsoon

season adding to the local source effect. On the other hand, minor
sources in the southwest to east of Dibrugarh modulate the aerosol
properties during monsoon season, whereas moderate sources
mostly localized to the south of Dibrugarh contribute to PMs during
post-monsoon season (Gogoi et al., 2011).

Similar seasonal variability in PM10 and PM2.5 concentrations
with maximum during winter and minimum in monsoon season
has been reported over a number of locations in India (Table 1) e.g.,
Hyderabad (Latha and Badarinath, 2005), Trivandrum (Pillai et al.,
2002), Ahmedabad (Ganguly et al., 2006) and Anantapur
(Balakrishnaiah et al., 2011). It is also obvious from Table 1 that
values of seasonal PM concentrations reported by Pillai et al. (2002)
over Trivandrum are comparable to the present measurements
while these exceed the PM concentrations reported over Anantapur
(Balakrishnaiah et al., 2011) and Hyderabad (Latha and Badarinath,
2005). The present measured values are less than those observed
over megacities or urban locations like Kolkata, Delhi, Mumbai,
Pune and highly polluted IGP or biomass burning active location
Patiala.

3.1.2. Inter-annual variation of PM10 and PM2.5

The annual variability in PM10 and PM2.5 concentrations are
shown in Fig. 3(a). The variability is same for both with annual high
during January (2011), February (2009) or March (2008 and 2010).
This may be attributed to reduced boundary layer height during
winter months and maximum forest fires in the nearby regions
during the pre-monsoon months. The annual minimum occurs
during monsoon months which are associated with sufficient wet
removal processes. There is an inter-annual variation in PM10 and
PM2.5 concentrations during winter and pre-monsoon of different
years with maximum concentrations in 2009e2010 and minimum
in 2010e2011. This difference is mainly confined to the winter and
pre-monsoon seasons only while during monsoon the values are
comparable in all the years. A linear regression through the data
(Fig. 3(a)) indicates a slow decreasing trend in PM10
(Y¼�0.26Xþ 54.6;N¼ 58; F¼ 3.64) and PM2.5 (Y¼�0.21Xþ 46.3;
N¼ 58; F¼ 2.54). However, further examination of themonthly and

Fig. 2. Box plot showing the seasonal distribution of PM10, PM2.5 and PM10e2.5 concentrations for the period June 2007eMarch 2012. The boxes represent 25th and 75th percentiles
and the whiskers represent the 5th and 95th percentiles. The small box inside each box represents the mean value and the horizontal line represents the median value. N represents
the number of days of observation.
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annual variation of the PM concentrations show that the concen-
tration level gradually increased from 2007 to 2010 and decreased
thereafter. This is consistent with the fire counts averaged over NE
(22�Ne30�N, 88�E �98�E) from the moderate resolution imaging
spectroradiometer (MODIS) Terra and Aqua satellites (Fig. 3(b)).
The gridded MODIS active fire products are generated from MODIS
CMG 0.5� products (Giglio et al., 2003) at 1� spatial resolution for
time period of one calendar month. The Terra and Aqua satellites
crosses the equator (hence the study region) in the forenoon (1030
LT) and afternoon (1330 LT) hours respectively. The fire counts
recorded by both the satellites show similar seasonal and annual
variation though Aqua counts are higher compared to that of Terra.
The difference in the measurements by Terra and Aqua may be
attributed to the timing of the satellites passes over the region. Due
to gradual decrease of humidity towards noon the biomass burning
activity peaks up during mid day and afternoon hours corre-
sponding to the passage of the Aqua satellites.

In general a higher rainfall results in higher aerosol deposition
rate. Subsequently less rainfall together with continued generation
of PM with its longer lifetime resulted in a steady increase in
average PM level throughout the dry months November to Febru-
ary. The observed maximum concentrations of PM10 and PM2.5 in
the year winter 2009e2010 may be associated with lowest annual
total rainfall (w1705 mm) among all the years of observation as
well as the drought during winter seasonwith no rainfall in January
and only 1 mm and 4 mm of rainfall in December and February
respectively (Fig. 3(c)). Reverse is the case in winter 2010e2011
with lower PM concentrations and higher annual rainfall of
w2587 mm in the year 2010. The decreasing trend in PM concen-
trations may also be associated with increasing rainfall trend

during the last decade particularly over the present study location
in spite of overall decreasing rainfall trend in NE India. Similar
decreasing trend in BC over the location has also been observed
(Fig. 4) for the period June 2008eMarch 2012. The lowest BC
concentration in winter 2011e2012 is associated with observed
lowest PM concentrations. The continued decrease in BC over the
location may be attributed to reduction in contribution from hu-
man activities more precisely the vehicular and household emis-
sions and biomass burning activities. Because with rapid
development of life style and adherence to latest emission norms in
vehicles and by industries BC together with other species has
decreased progressively. Decreasing trend in BC concentration has
been reported earlier by Moorthy (2010) over Trivandrum.

3.2. Microphysical and optical parameters of particulate matter

The effective radius, a parameter strongly dependent on the size
distribution is significant for characterizing the optical properties of
a poly dispersive aerosol system and for ARF calculations (Hansen
and Travis, 1974). The effective radius, Reff and mass mean radius,
Rm estimated for all daily mean QCM measurements show similar
annual variability (Fig. 5). The Reff and Rm start to increase gradually
from their lowest value in January (w0.07 � 0.01 mm and
w0.59� 0.12 mm respectively) and reach a broad peak during Julye
September with maximum value of Reff (0.15 � 0.05 mm) in August
and Rm (1.39 � 0.35 mm) in July. In comparison the Reff at
Trivandrum (w0.26 mm: Beegum et al., 2009) and Anantapur
(w0.45 mm: Reddy et al., 2007) are higher due to possible influence
of coarse sea salt aerosols and presence of large mineral soil or dust
aerosols respectively.

Table 1
PM10 and PM2.5 concentrations measured at various locations in India including Dibrugarh.

Location Time period Seasons Concentration (mg m�3) References

PM10 PM2.5

Dibrugarh (27.3�N, 94.6�E) Urban Winter 57.2 � 32.4 51.9 � 32.4 Present study
Pre-monsoon 53.2 � 27.9 47.8 � 27.3
Monsoon 39.5 � 19.6 32.0 � 17.3
Post-monsoon 45.0 � 24.3 37.3 � 21.3

Trivundrum (8.55�N, 76.9�E) Coastal Winter 59.5 54.1 Pillai et al. (2002)
Pre-monsoon 51.7 45.2
Monsoon 34.9 28.1
Post-monsoon 49.8 39.7

New Delhi (28.6�N, 77.�E) Urban Monsoon w45ew196 w25ew110 Tiwari et al., 2012
Winter w150ew1500 w80e900

IGP (21.75�-31.0�N, 74.25�-91.5�E) Urban Winter 80e100 Di Girolamo et al. (2004)
Hyderabad (17.48�N, 78.4� E) Urban Winter w30e55 w22e38 Latha and Badarinath (2005)

Pre-monsoon w15e48 w8e38
Monsoon w8e25 w6e23
Post-monsoon w32e35 w30e32

Ahmadabad (23.03�N, 72.55�E) Urban Winter 106 e Ganguly et al. (2006)
Pre-monsoon e e

Monsoon 40 e

Post-monsoon e e

Kolkata (22.56� N, 88.36� E) Urban Winter 304 179 Das et al. (2006)
Pune (18.72�N, 73.85�E) Urban Winter 90 69 Kumar and Joseph (2006)
Chennai (13.1�N, 80.29�E) Urban Winter 77e228 36e148 Bathmanabhan et al. (2010)

Pre-monsoon 29e171 14e94
Monsoon e e

Post-monsoon 147e259 61e126
Mumbai (18.96�N, 72.83�E) Urban Annual 140e231 e Gupta et al. (2012)
Patiala (Sidhuwal) (30.33�N, 76.46�E) Rural Winter 105 � 4.5 64 � 3.5 Awasthi et al. (2011)

Pre-monsoon e e

Monsoon 86 � 2.1 48 � 1.1
Post-monsoon 180.5 � 30.4 123.5 � 33.2

Anantapur (14.7�N, 77.6�E) Semi-urban Winter 22.07 21.29 Balakrishnaiah et al. (2011)
Pre-monsoon 18.53 16.34
Monsoon 16.46 14.47
Post-monsoon 17.76 15.97
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The size distribution of aerosols is critical for climate impact
studies (IPCC, 2001). The number size distributions obtained for
each sample are averaged over each month and season and the
resulting climatological seasonal number density-size distribu-
tions, dn(r)/dr are shown in Fig. 6(a). The number-size decreases
monotonically towards the larger size particles inferring the
abundance of smaller particles near the surface. Due to the limi-
tation in size resolution of the QCM the present values of dn(r)/dr

do not provide information regarding ultrafine particles (<0.07 mm)
and hence there may be a possibility of ultrafine mode below
aerodynamic diameter w0.07 mm. Similar observation has been
reported by Nair et al. (2008) over Arabian Sea (AS) from QCM
measurements. However, Sinha et al. (2011) were able to derive
a bimodal size distribution over BoB using measurements from a 15
channel optical particle counter (GRIMM 1.108) in the size range
(particle diameter) 0.3e20 mm.

Fig. 3. (a) Time series of monthly mean PM10 (solid line) and PM2.5 (dashed dot line) (the vertical bars are the standard deviations), (b) Fire counts generated from MODIS Terra
(filled bar) and Aqua (dense bar) satellites and (c) monthly total rainfall (dashed-dot line) and December, January, February, March (DJFM) rainfall (filled bar).

B. Pathak et al. / Atmospheric Environment 69 (2013) 334e344 339
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The size index, n determined from dn(r)/dr lies within
4.05 � 0.12 in July and 4.45 � 0.15 in February (Fig. 6(b)). The
present values of n lie between those reported over BoB (4.70e5.65)
during Winter Integrated Campaign on Aerosols, gases and Radia-
tion Budget (W-ICARB, 2008e2009) by Sinha et al. (2011) and over
Arabian Sea, AS (3.8e4.2) during ICARB-2006 by Nair et al. (2008).
Sinha et al. (2011) have attributed the higher BoB values to larger
accumulation mode fraction while Nair et al. (2008) pointed to
large particle heterogeneity over Arabian Sea. The high values of n
obtained over the present location indicate larger fine mode frac-
tion throughout the year. Seasonally, highest value of n is observed
in winter which decreasing gradually through pre-monsoon rea-
ches its lowest level duringmonsoon. Similar seasonal variation has
been observed over Thumba for the period 1998e2000 (Moorthy
and Pillai, 2004). The uncertainty in size index follows from those

associated with the estimation of dn(r)/dr, which is w20% due to
the assumed value of aerosol density (Pillai and Moorthy, 2001).

The extinction of solar radiation due to aerosols present near the
surface is evaluated in terms of the extinction coefficient (bext). It is
estimated from the number size distribution (dn(r)/dr) assuming
a well mixed layer of vertical extent Z ¼ 1 km following the Mie

Fig. 5. Variation of monthly mean Effective radius (top panel) and mass mean radius
(bottom panel) averaged for the period June 2007eMarch 2012.

Fig. 6. (a) Seasonal number-size distributions and (b) monthly mean size index of near
surface aerosols.

Fig. 7. Variation of monthly averaged near surface aerosol extinction coefficient (bext)
derived from QCM for the period June 2007eMarch 2012.

Fig. 4. Time series plot of black carbon mass concentration for the period June 2008e
March 2012. M andW denotes monsoon and winter seasons respectively. The solid line
is the linear regression through the data points.
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scattering theory at wavelength 500 nm using the complex
refractive index (m w 1.52e0.0066i) for rural aerosol model of
Shettle and Fenn (1979); d’Almeida et al. (1991). The climatological
mean annual variation of the bext thus estimated is presented in
Fig. 7 for the period June 2007eMarch 2012. The bext peaks in
winter (0.07e0.1 km�1) and attains minimum value in monsoon
(0.05e0.07 km�1). Nair el al. (2008) have reported the bext value
lying within 0.04e0.1 km�1 over Arabian Sea following the same
methodology. Gadhavi and Jayaraman (2006) have reported bext
values upto 0.2 km�1 within 1 km from the surface in winter from
ground based Lidar measurement over Hyderabad. Similarly,
Satheesh et al. (2009) have obtained bext value upto 0.15 km�1 over
Bhubaneswar (20.23�N, 85.82�E), Trivandrum and Chennai from
air-borne Lidar measurements during pre-monsoon, 2006, while
Komppula et al. (2010) have reported annual average bext value of
0.14 km�1 at 532 nm over Gual Pahari (28.43�N, 77.15�E), near New
Delhi from Raman Lidar measurements. Ganguly et al. (2006) over
Ahmedabad and Komppula et al. (2010) over Gual Pahari have
observed very high values of extinction coefficient from ground
based Lidar measurements within few hundred metres from the
surface during winter (dry) season.

3.3. Contribution of BC to PM10 and PM2.5

BC being a major constituent of PM in the atmosphere, in order
to examine its contributions to PM concentrations, fractions of BC
over PM10 and PM2.5 are estimated. It has been observed that the
percentage contribution of BC to PM10 varies from 7.6% in post-
monsoon to 4.7% in monsoon, whereas those for winter and pre-
monsoon seasons are 7.5% and 5.1% respectively. On the other
hand BC fraction in PM2.5 varies from 9.2% in post-monsoon to 5.6%
in pre-monsoon and those for winter and monsoon seasons are
8.3% and 5.7% respectively. The lowest BC fraction in PM2.5 in pre-
monsoon season can be attributed to the abundance of larger size
particulates compared to monsoon season. Apart from vehicular
emissions, indoor/outdoor burnings and transportation from
nearby oil wells as well as from distant places contributes to BC
over Dibrugarh. To identify whether the BC or organic carbon (OC)
are dominant and hence to delineate the sources of absorbing
aerosols, the wavelength variation of absorption coefficient is
estimated using a power law relationship of the form (Kirchstetter
et al., 2004)

babsðlÞ ¼ Kl�aabs (4)

where K and aabs are the absorption Ångström coefficients and aabs
is a measure of spectral dependence of aerosol absorption. Fig. 8
shows that the monthly mean aabs values lies in the range w1.1e
1.5 for the study period. These values reveal the stronger spectral
dependence of aabs over the location. It has been reported that the
aerosols produced from the biomass burning containing higher
amount of OC exhibit stronger wavelength dependence (aabs� 2) in
the absorption while those produced from fossil fuel burning

Fig. 8. Monthly averaged absorption Ångström exponent, aabs for the period June
2008eMarch 2012.

Fig. 9. Time series plot of measured and simulated concentrations of (a) PM10, and (b)
PM2.5 for the period June 2007eDecember 2011 and (c) BC for the period June 2008e
December 2011.
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containing higher amount of BC such as motor vehicle exhausts etc.
show a weaker dependence (aabs � 1) (Kirchstetter et al., 2004).
Thus higher aabs (�2) is indication of higher OC/BC ratio, while low
aabs � 1 represents high BC/OC, typical for the fossil-fuel combus-
tion. This observation, hence, suggests the stronger presence of
absorbing aerosols originating from biomass burning than those
originating from fossil fuel burning. The OC concentrations are
dominated by secondary organic aerosols, which besides from
biomass burning and anthropogenic sources may also result from
the large biogenic volatile organic carbon emissions from the tea
gardens and vegetation surrounding the study location.

3.4. Inter-comparison of measured PM and BC concentrations with
SPRINTARS simulation

Intercomparison of the model simulation with measured data
provides valuable information regarding the validity of the model
estimates. Fig. 9(aec) show the time series of the measured and
model simulated PM and BC concentrations. It is observed that the
measured PM and BC concentrations attain peak in winter while
model concentrations are highest in the pre-monsoon season. The
PM10, PM2.5 and BC are further compared with SPRINTARS simu-
lations by scatter plot among them (Fig. 10(aec)). It is seen that
majority of the data points are weighted in favour of the measured
PM concentrations indicating underestimation by the model.
Comparison of the PM10 seasonal concentrations (Table 2) clearly
shows that the model underestimates by 38%, 69% and 64% in
monsoon, post-monsoon and winter respectively while it over-
estimates by 36% in pre-monsoon season. For PM2.5 concentrations
the model underestimates in all seasons. The underestimation
varies from a minimum of 24% in pre-monsoon to a maximum of
69% in winter. Similarly measured BC concentration is higher than
the model estimates except during pre-monsoon season. It may
also be noted that the underestimation is large compared to that in
case of PMs and nearly all the points are weighted towards the
measured data. Koch et al. (2009), who compared BC simulations
from about 20 global models have shown that SPRINTARS suc-
cessfully captures the large annual mean BC concentrations in
Southeast Asia and overestimates it in other regions of the Globe.
Goto et al. (2011a) have also reported similar underestimation by
model simulation of BC by a factor of 20 over Hyderabad. Goto et al.
(2011b) have also ascertained large impact of different BC emission
inventories on ARF. The seasonal discrepancies observed in the
present study might have arisen due to the topography of the
location where aerosols from distant sources in addition to local
emissions are trapped between the mountains and inadequate
emission inventory for this climate zone. Other possible reasons
might be associated with the assumed mixing state of BC and other
particles, which does not represent that in the real atmosphere and
coarse grid size (w2.8� � 2.8�) that does not exactly match with
surface point observations (Goto et al., 2011a). According to Koch
et al. (2009) as validation exercises of global models over India
have not been performed due to lack of sufficient measurements,
these problems are expected. Further, the complex aerosol

Fig. 10. Scatter plot between measured and modelled concentrations of (a) PM10, (b)
PM2.5 and (c) BC for four seasons: pre-monsoon (PM1), monsoon (M), post-monsoon
(PM2) and winter (W) for the period June 2007eDecember 2011 for PMs and June
2008eDecember 2011 for BC.

Table 2
Seasonal mean vales of measured and model estimates for PM10, PM2.5 and BC.

Seasons PM10 (mg m�3) PM2.5 (mg m�3) BC (mg m�3)

QCM SPRINTARS QCM SPRINTARS Aethalometer SPRINTARS

Winter 56.6 � 32.1 20.1 � 18.0 52.5 � 32.4 16.6 � 7.2 13.2 � 6.2 2.3 � 0.6
Pre-monsoon 50.1 � 28.9 68.7 � 49.9 45.5 � 28.1 34.5 � 16.7 5.3 � 4.1 2.4 � 0.8
Monsoon 35.7 � 18.5 21.7 � 18.9 30.2 � 16.7 16.8 � 7.4 3.5 � 2.6 1.3 � 0.4
Post-monsoon 41.5 � 22.4 12.8 � 2.8 35.2 � 20.2 12.5 � 2.8 8.3 � 4.4 1.7 � 0.4
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environment over India makes comparison of models with mea-
surements difficult.

4. Conclusions

The long term climatology of PM10 and PM2.5 concentrations
over Dibrugarh have been studied and the contribution of BC to
PM10 and PM2.5 are examined. The measured concentrations are
compared with SPRINTARS model simulations. The following con-
clusions are drawn.

(i) Fine fraction PM2.5 is the principal contributor to the PM10
concentration. Both PM10 and PM2.5 exhibit similar seasonal
variability with maximum in winter and minimum in mon-
soon. The annual maximum is observed in late winter or early
summer every year. Highest PM concentrations are positively
correlated with fire counts over NE India and negatively cor-
related with rainfall over the location.

(ii) A slow decreasing trend in the PMs and BC concentrations has
been observed during the study period.

(iii) The microphysical and optical parameters of near surface
aerosols reveal the dominance of fine aerosols contributing to
extinction of light.

(iv) Intercomparison of measured PM and BC concentrations with
SPRINTARS model simulations shows that the model un-
derestimates the measured concentrations of PMs and BC
except during pre-monsoon. The model does not reproduce
the observed seasonal variations either in PMs or BC which
may be due to the topography of the location and inadequate
emission inventory for the climate zone.
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