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• Aerosol characteristics in the North-East India exhibits a west to east gradient.
• Aerosol loading in the North-East India ranks second highest in Asia next to IGP.
• Surface forcing and consequent atmospheric heating exceeds many locations of India.
• Elevated aerosol layers are caused by upper air transportation.
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a b s t r a c t

Four years (2010–2014) of spectral aerosol optical depth (AOD) data from 4 Indian Space Research Organ-

isation’s ARFINET (Aerosol Radiative Forcing over India) stations (Shillong, Agartala, Imphal and Dibru-

garh) in the North-Eastern Region (NER) of India (lying between 22–30°N and 89–98°E) are synthesized

to evolve a regional aerosol representation, for the first time. Results show that the columnar AOD (an

indicator of the column abundance of aerosols) is highest at Agartala (0.80 ± 0.24) in the west and

lowest at Imphal (0.59 ± 0.23) in the east in the pre-monsoon season due to intense anthropogenic bio-

mass burning in this region aided by long-range transport from the high aerosol laden regions of the

Indo-Gangetic Plains (IGP), polluted Bangladesh and Bay of Bengal. In addition to local biogenic aerosols

and pollutants emitted from brick kilns, oil/gas fields, household bio-fuel/fossil-fuel, vehicles, industries.

Aerosol distribution and climatic impacts show a west to east gradient within the NER. For example,

the climatological mean AODs are 0.67 ± 0.26, 0.52 ± 0.14, 0.40 ± 0.17 and 0.41 ± 0.23 respectively in

Agartala, Shillong, Imphal and Dibrugarh which are geographically located from west to east within the

NER. The average aerosol burden in NER ranks second highest with climatological mean AOD 0.49 ± 0.2

next to the Indo-Gangetic Plains where the climatological mean AOD is 0.64 ± 0.2 followed by the South

and South-East Asia region. Elevated aerosol layers are observed over the eastern most stations Dibru-

garh and Imphal, while at the western stations the concentrations are high near the surface. The climate

implications of aerosols are evaluated in terms of aerosol radiative forcing (ARF) and consequent heating

of the atmosphere in the region which follows AOD and exhibit high values in pre-monsoon season at

all the locations except in Agartala. The highest ARF in the atmosphere occurs in the pre-monsoon sea-

son ranging from 48.6 Wm−2 in Agartala to 25.1 Wm−2 in Imphal. Winter radiative forcing follows that

in pre-monsoon season at these locations. The heating rate is high at 1.2 K day−1 and 1.0 K day−1 over

Shillong and Dibrugarh respectively in this season. However, Agartala experiences higher surface forcing

(−56.5 Wm−2) and consequent larger heating of the atmosphere of 1.6 K day−1 in winter.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid socio-economic development in the recent past has

increased the anthropogenic emissions in the South Asian region

along with several other parts of the world. The South Asian and

East Asian regions, comprising of the Indian mainland, Bangladesh,

Myanmar and the vast Chinese mainland are among the poten-

tial sources of a variety of aerosol species; both natural and an-

thropogenic, and extensive investigations are being made in the

past years (e.g., Chin et al., 2000; Girolamo et al., 2004; Moorthy

et al., 2013). These densely populated regions are also vulnerable

to the impacts of atmospheric aerosols and traces gases, through

climate change, regional air quality degradation and human health

(e.g., Liu et al., 2009). To better understand and investigate at-

mospheric aerosols and their impact on climate in this region

apart from ground based networks such as Aerosol Robotic Net-

work (AERONET) (Holben et al., 1998), Sky Radiometer (SKYNET)

(Nakajima et al., 2003), Aerosols Radiative Forcing over India NET-

work (ARFINET) (Moorthy et al., 2013; Babu et al., 2013) etc., sev-

eral research campaigns like the Indian Ocean Experiment (IN-

DOEX), Aerosol Characterization Experiment-Asia (ACE-Asia), Pa-

cific Exploratory Mission (PEM) A (1991) and B (1994), Transport

and Chemical Evolution over the Pacific (TRACE-P), Atmospheric

Particulate Environment Change Studies (APEX) and Atmospheric

Environmental Impacts of Aerosols in East Asia (AIE), Pacific Explo-

ration of Asian Continental Emission (PEACE), East Asian Regional

Experiment (EAREX) 2005, ABC Maldives Monsoon Experiment

(APMEX), Integrated Campaign for Aerosols, gases and Radiation

Budget in Pre-monsoon (ICARB) and Winter seasons (W_ICARB),

Regional Aerosol Warming Experiment (RAWEX) etc. have been

conducted particularly in the Indo-Asia-Pacific region (Nakajima

et al., 2007 and references therein; Takami et al., 2007 and ref-

erences therein; Moorthy et al., 2008, 2010; Babu et al., 2011). Few

major findings of these studies are: Asia with AOD ∼0.36 is rank-

ing second highest in aerosol burden in the world next to Africa

as revealed by AERONET measurements (Li et al., 2007 and refer-

ences therein), statistically significant increasing trend of aerosol

optical depth in Indian subcontinent (∼2.3% yr−1) with consider-

able contribution from anthropogenic fraction and increasing at-

mospheric warming by aerosol absorption in the elevated aerosol

layers over the Indian landmass as revealed by ARFINET measure-

ments, contribution of anthropogenic aerosols on surface diming

and atmospheric heating as well as on cloud formation as revealed

by INDOEX. Moreover, the optical properties of Asian mineral dust-

enriched aerosols look much different from that of other arid re-

gions such as that of Saharan dust plumes, Asian aerosols are mix-

ture of anthropogenic air pollutants and mineral dust in the spring

season, contribution of aerosols to the suppression of precipitation

and the slowdown of hydrological cycles by dust storms, to air pol-

lution and to fire smoke plumes, larger reduction of the solar ra-

diation budget at the surface than at the top of the atmosphere

due to absorbing aerosols and strong radiative heating in the at-

mosphere due to the mixing state of black carbon etc are some

other findings (Li et al., 2004 and references therein).

The Himalayan foothill regions have a special importance in

this context. In the regional characterization of aerosols over south

Asia, a study from the eastern Himalayan foothill region cover-

ing the North-Eastern part of India (NER) assumes significance

owing to differences in aerosol sources, varying from the back-

ground continental aerosols to secondary biogenic aerosols emit-

ted by the huge forest cover (66%) to anthropogenic biomass burn-

ing, industrial (oil wells, gas fields, coal mines, brick klins etc.)

and vehicular emissions. In addition to its geographical position,

being surrounded by East Asia, South-East Asia, China and the

mainland of India, the characteristic dense vegetation, vast wa-

ter bodies, heavy rainfall pattern and the unique topography and
xposure to densely populated Indo-Gangetic plains towards the

est (which makes the region prone to heavy external influ-

nce) results in a complex aerosol environment in NER. The block-

ng by mountains all around and convergence effects over the

oothills of the Himalayas over NER produces favourable condi-

ions for the accumulation of both remote and local aerosols es-

ablishing a sharp regional gradient. This region is conducive for

roposphere–stratosphere exchange of atmospheric constituents in-

luding aerosols and gases. Li et al. (2005) from chemical trans-

ort model analysis have demonstrated how the boundary layer

ollutants from NER and South-West China could be transported

nd orographically lifted to the upper troposphere over South Asia

nd are trapped by the Tibetan Plateau anticyclone. According to

onasoni et al. (2010) the southern side of the high Himalayan

alleys represent a “direct channel” able to transport pollutants

p to 5 km above sea-level, where the pristine atmospheric com-

osition can be strongly influenced, especially during the pre-

onsoon season. This is consistent with the observation of en-

anced aerosol optical depth (AOD) and black carbon concentra-

ion in pre-monsoon season over the pristine elevated Himalayan

egions (Babu et al., 2011; Dumka et al., 2011; Gogoi et al., 2014).

he enhanced deposition of absorbing aerosols over the snow and

laciers result in regional radiative forcing through direct and snow

lbedo forcing over the Himalayan regions (e.g., Krinner et al.,

006) adding to the vulnerability. This region is also found to sup-

ort new particle formation from pre-cursors (Moorthy et al., 2011;

ompalli et al., 2014).

Several studies, based on long term database as well as cam-

aigns, have been performed over western part of Himalayan

oothills including the IGP in the recent years; however, exten-

ive studies on aerosols in the eastern part of IGP and the east-

rn Himalayan foothills (i.e., NER) are virtually non-existent, except

ew isolated works form Dibrugarh and Darjeeling (Pathak et al.,

010, 2012; Adak et al., 2014) and short campaigns (Pathak et al.,

014; Rahul et al., 2014). These studies have recognized the pre-

onsoon (March–May), as the season heavily loaded by column

erosols in Dibrugarh which results in the highest seasonal aerosol

adiative forcing and consequent heating of the atmosphere. On

he other hand, aerosol loading within the atmospheric bound-

ry layer maximizes in winter, indicating heterogeneity between

urface and column aerosol loading over the location and thereby

emonstrating the existence of elevated aerosol layer. These stud-

es have also established the influence of transported aerosols orig-

nating from different regions of India and west Asia and traversing

ndo Gangetic Plains (IGP) and finding the way through the west-

rn corridor towards the Brahmaputra valley. Babu et al. (2013)

as accounted a strong increasing trend of aerosols over Dibru-

arh during last decade. The land campaigns revealed the spatial

eterogeneity of particulate matter and Black Carbon (BC) aerosols

cross the Brahmaputra Valley of North-East India (Pathak et al.,

014) and also the presence of elevated BC layer in monsoon sea-

on (Rahul et al., 2014). As per few observations (e.g., Cao et al.,

010) Tibetan plateau and south China are affected by pollutants

ransported from the NER. However, systematic reports on exten-

ive investigation on aerosol abundance and characteristics are still

bsent from locations other than Dibrugarh (Pathak et al., 2014 and

eferences therein) and from Agartala (Guha et al., 2015).

In this paper we present the spatial and temporal distinction

f optical and physical parameters (AOD, extinction coefficient,
˚ ngström Exponent or size distribution) during 2010–September

014 for the four ARFINET stations in NER: Dibrugarh (DBR), Im-

hal (IPH), Shillong (SHN), and Agartala (AGA) (Fig. 1). This is ex-

ected to derive a regional picture of aerosols and their impact

n climate and environment in the NER for the first time in Asian

erosol domain. As such, the regional features are compared with

hose reported from other locations/regions in South, South-East
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Fig. 1. Map of India showing the study locations in North-Eastern Region of India. The dashed box represents the region covering the study locations marked with yellow

symbol in the other figure. (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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nd East Asia. An attempt has also been made to investigate the

mplications of aerosol by estimating aerosol radiative forcing and

onsequent heating in the atmosphere of the region. This work will

e helpful in understanding the aerosol effect on regional climate

n the South Asia and can eventually help in assessing the effect of

erosol dynamics on Indian summer monsoon.

. Study region, meteorology and database

.1. Study region: NER

The NER, one of the 34 biodiversity hotspots in the world,

tretches between 22°N and 30°N latitude and 88°E and 98°E lon-

itude and occupies a special position in the geography of the In-

ian monsoon region. Nestled between the eastern Himalayas, Ti-

etan Plateau in the north, the Indo Myanmar range of hills in the

ast, IGP and Bangladesh in the west and south-west this region

omprises of the states of Arunachal Pradesh, Assam, Manipur, Na-

aland, Meghalaya, Mizoram, Sikkim and Tripura with about 72%

rea under hilly ecosystem. Rocky surface, alpine vegetation and

now-capped high peaks dominate the physical landscape of this

rea. The region receives highest rainfall every year during June–

ugust and this has made the region to be clothed with diverse

nd dense vegetation. Bio-mass burning, especially as a part of

hifting cultivation is widely prevalent in this region and it, along

ith brick kilns (coal-fired) and oil and gas fields makes this re-

ion vulnerable to anthropogenic emissions. It is found that the

verage sulphur content in coal here ranges from 2 to 4%, which

s comparable to that of the Chinese coal and exceeds the Indian

verage by is 4–8%. The emissions from the coal based coke oven
ndustries have a significant impact on the concentration of par-

iculate matter, SO2, volatile organic compounds (VOCs) and trace

etals like Te, Mn, V, Co, Ni, Zn, Mo, Cd, Sn etc. over the region

e.g., Khare and Baruah, 2010).

The measurement sites (Fig. 1) bear unique environmental and

opographic characteristics. DBR a major city in eastern India with

opulation density 393 km−2 and situated in the upper Brahma-

utra basin is the emerging communication, healthcare and indus-

rial hub of NER. It is known as the ‘Tea city in India’ with large

umber of tea gardens. IPH the capital city of Manipur state is lo-

ated south of DBR in the south-eastern part of the region close

o the Indo-Myanmar boarder and is having a population density

f 640 km−2. AGA, the capital of the Indian state of Tripura is

he second largest city in NER after Guwahati, both in munici-

al area as well as population (density 5730 km−2). AGA lies in

plain on the bank of the Haora River and is located 2 km from

he border of heavily populated and polluted Bangladesh. SHN, lo-

ated in the centre of the Shillong Plateau is surrounded by hills.

t is the capital city of Meghalaya province with population den-

ity of 234 km−2 and is just 55 km from Mawsynram, the world’s

ettest place. The measurement site here is ∼20 km downwind of

he Shillong city.

.2. Prevailing meteorology

The weather and climate over NER is significantly influenced

y the interaction between large scale circulation and the local to-

ography. The region exhibits typical tropical weather pattern with

ild, cool, dry and relatively short winter (December–February),

ot and humid pre-monsoon (March–May) and extended rainy sea-
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sons. In the monsoon (June–September), the region experiences

heavy rain on almost a daily basis. The annual variation of monthly

total rainfall at the four locations is shown in Fig. 2(a) in top 4 pan-

els, while bottom two panels depict the monthly mean maximum

and minimum temperatures as well as relative humidity (RH). SHN

receives highest monsoon rainfall, and AGA is the warmest and

most humid location. Synoptic wind pattern at 850 hPa level gen-

erated using Weather Research Forecast (WRF)-Meteorology is pri-

marily calm north-easterly during winter and retreating monsoon

(October–November) seasons and calm westerly in pre-monsoon

(Fig. 2(b)). The winds drastically change to moderate to strong

south-westerlies in monsoon.

2.3. Data and methodology

2.3.1. Aerosol optical depth and Ångström wavelength exponent

Spectral aerosol optical depth (AOD) has been estimated regu-

larly at all the stations on clear and partly cloudy (when the so-

lar disc and the region ∼10° around it are cloud free) using the

Multi-Wavelength solar Radiometer (MWR) and the Microtops-II

sun photometer (MTOP) as detailed in Table 1. In the station SHN,

MTOP AOD has been used whenever MWR AOD is unavailable.

MWR provides AOD at 380, 400, 450, 500, 600, 650, 750, 850,

935 and 1025 nm. MTOP attached with a GPS measures instanta-

neous AOD at 5 of the eight wavelengths; 380, 440, 500, 675, 870,

936 and 1020 nm depending on the model (Moorthy et al., 1997;

Bhuyan et al., 2005; Gogoi et al., 2009). The wavelength range for

the MTOP in AGA and IPH is 380–870 nm while in SHN the last

two wavelengths are 936 and 1020 nm instead of 675, 870. It is

pertinent to mention that the 935 or 936 nm wavelength in both

MWR and MTOP is greatly affected by water vapour absorption

and is used to measure water vapour content. Langley technique

is used to derive the spectral AOD in both the instruments. Details

on MWR and MTOP are available in several earlier reports (e.g.,

Moorthy et al., 2007; Gogoi et al., 2009; Morys et al., 2001; Moor-

thy et al., 2010). Typical errors in AOD measurements from MTOP

are ∼0.03 (Morys et al., 2001) and from MWR is 0.02–0.03 at dif-

ferent wavelengths (Gogoi et al., 2009). The frequency of opera-

tion for MWR is daily and under clear sky condition, during a day

we can get separate AOD data set for forenoon and afternoon. The

MTOP is operated on an hourly/half hourly basis for 3–4 days in

a week under the clear sky condition. Data for the period October

2010–September 2014 are being used in the current study and de-

tails are presented in Table 1. Cloud obstructs the AOD observation

in pre-monsoon and monsoon seasons particularly in DBR when

observation was possible only for 60 days whereas the no of days

of observation in that season are between 157 in IPH and 206 in

AGA. In monsoon number of days of observation varies between

74 in DBR and 256 in AGA while the same are within 92 in SHN

and 144 in AGA in ret-monsoon. While the MTOP was periodically

calibrated at the factory, the MWR was inter compared with the

MTOPs for consistency.

From the spectral AOD, the Ångström wavelength exponent

α, has been derived over entire wavelength regime, through the

Ångström’s formula

τλ = βλ−α (1)

where τλ is AOD at wavelength λ (in μm) and β is the optical

depth at λ = 1 μm related to aerosol loading in the column. α ≤ 1

indicates size distributions dominated by coarse mode aerosols

(radii >0.5 μm) and α ≥ 1 by fine mode aerosols (radii <0.5 μm).

2.3.2. Vertical distribution of aerosols

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-

vations (CALIPSO) provides a global, multi-year data set of cloud
nd aerosol spatial and optical properties (Winker et al., 2007

nd references therein). The extinction coefficient at 532 nm with

m vertical resolution retrieved by CALIPSO over the NER (https:

/eosweb.larc.nasa.gov) are utilised in order to examine the alti-

ude profiles of extinction due to aerosols. The bin averaged (3

ins) daily (both day and night) extinction profiles are grouped

easonally for all the four locations for the period October 2010–

ecember 2013.

.3.3. Identification of distant source region

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Tra-

ectory) model of National Atmospheric and Oceanic Administra-

ion (NOAA) has been used to calculate the isentropic back trajec-

ories to understand the possible flow paths of airmass that would

elp to identify the source regions. This model uses the Ward’s hi-

rarchical method (Ward, 1963) to form clusters by combining the

earest trajectories in order to delineate the distinct mean path-

ays of the trajectories. The seasonal mean airmass back trajecto-

ies arriving at the four stations: DBR, IPH, SHN and AGA at alti-

udes 0.5 km, 1.5 km and 3.5 km are analyzed in this study.

.3.4. Estimation of aerosol radiative forcing (ARF) and atmospheric

eating rate

In order to estimate the ARF the widely used Santa Barbara

ISORT Atmospheric Radiative Transfer model (Ricchiazzi et al.,

998) has been deployed. The necessary optical parameters re-

uired by the SBDART are obtained from the Optical Properties of

erosols and Clouds (OPAC) (Hess et al., 1998) model for user de-

ned aerosol mixture. Based on the AOD and BC values observed

n the respective locations ‘continental average’ aerosol model in

PAC is considered for DBR and IPH and ‘continental polluted’

or AGA and SHN following d’Almeida et al. (1991). The number

ensity of each component in the aerosol mixture (composed of

ater soluble, insoluble, soot, mineral transported, sulphate, sea

alt coarse/accumulation aerosols) is adjusted to fit the measured

OD spectra within 5% error, keeping black carbon aerosol num-

er density/fraction measured using an Aethalometer as an anchor-

ng point. This is a widely used method and detail methodology is

vailable elsewhere (Satheesh et al., 2010; Pathak et al., 2010 and

eferences therein). Aerosol spectral optical depths in the entire

hortwave region as well as the spectral values of single scatter-

ng albedo (SSA) and asymmetry parameter (g) are used as inputs

n SBDART to simulate solar irradiance for different solar zenith

ngles, which are further used to calculate the diurnally averaged

erosol radiative forcing at Top of the Atmosphere (TOA) and at

he surface (SUR). The difference between the ARF at the TOA and

UR gives the atmospheric forcing, later being the representative

f heating of the atmosphere due to the presence of aerosols. The

eating rate of the atmosphere is estimated following the equa-

ion

∂T

∂t
= g

Cp

�FA

�P
(2)

here ∂T/∂t is the heating rate (K day−1), g is the acceleration due

o gravity, CP (1006 J kg−1 K−1) is the specific heat capacity of air

t constant pressure, �P (=300 hPa) is the change in the atmo-

pheric pressure, and FA is the estimated atmospheric forcing.

. Results and discussion

.1. Aerosol distribution in NER: regional characterization

The tropical and subtropical climatic conditions coupled with

omplex topography introduce strong temporal and spatial het-

https://eosweb.larc.nasa.gov
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Fig. 2. (a). Annual variation of total rainfall (top 4 panels), Maximum (TMax) and Minimum (Tmin) temperatures (bottom left panel) and Relative Humidity (RH) for the four

stations: Dibrugarh (DBR), Imphal (IPH), Shillong (SHN) and Agartala (AGA). The vertical bars in Temperature and RH represent one standard deviation from the mean. (b).

Synoptic wind patterns at 850 hPa level generated using WRF-Meteorology for Indian subcontinent and adjoining regions for seasons: winter, pre-monsoon, monsoon and

retreating monsoon. The dots represents the study locations.
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Table 1

Details of the study locations, Instrumentation, Seasonal and climatological mean AOD (Aerosol Optical Depth) measured with Multi Wavelength Radiometer (MWR)

and Microtops (MTOP) at Dibrugarh (DBR), Imphal (IPH), Shillong (SHN), Agartala (AGA) for the four seasons Winter (W), Pre-monsoon (PM), Monsoon (M) and

Retreating monsoon (RM). The numbers within the parenthesis indicate number of days of observations.

Station Geographical details Instrumentation & seasonal AOD Climatological AOD

Lat (°N) Long (°E) Alt (m asl) Instrument W PM M RM

DBR 27.3 94.6 111 MWR 0.51 (24) 0.64 (60) 0.28 (74) 0.23 (94) 0.41 (352)

IPH 24.75 93.92 765 MTOP 0.38 (192) 0.59 (157) 0.32 (134) 0.29 (124) 0.40 (607)

SHN 25.6 91.9 1496 MWR/MTOP 0.53 (159) 0.74 (159) 0.41 (104) 0.38 (92) 0.52 (514)

AGA 23.9 91.2 14.9 MTOP 0.74 (216) 0.80 (206) 0.54 (256) 0.58 (144) 0.67 (822)
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erogeneity in aerosol characteristics over the south Asian region.

The AOD over the NER shows spatial variability from east to west

(Fig. 3). The dots in the figure whose sizes are function of AOD val-

ues indicate the climatological AOD averaged for the study period

mentioned above. The aerosol loading is found to be the highest

in the westernmost location AGA (τ p = 0.67 ± 0.20) and lowest

in the eastern location IPH (τ p = 0.40 ± 0.14). The station SHN,

despite being at a much higher elevation than the other three,

exhibits the second highest AOD value. Appreciable climatological

mean AODs are observed at all the stations, notwithstanding the

low population density (except AGA) and the highly vegetated en-

vironment of the NER. This can be explained based on the fact that,

the study locations being the capital cities of different states (ex-

cept DBR) are urban pockets within the usual rural environment

of NER. It is well known again that the rural areas are associ-

ated with large aerosol sources due to fuel consumption, including

biofuels used for domestic purposes. Babu et al. (2013) have re-

ported high increasing rate of aerosol loading in rural areas com-

pared to urban locations in India. Thus the local pollution such as

emissions from brick kilns, oil/gas fields and coal mines and other

anthropogenically generated aerosols from biofuel/fossil fuel emis-

sions are major sources of aerosols in the region. Estimates as on

2013 depicts that the state of Assam in NER is having ∼59% regis-

tered vehicles followed by Manipur (IPH) with 7.7%, Tripura (AGA)

with 7% and Meghalaya (SHN) with 6.4%, which are highly concen-

trated in the urban centres. IPH is influenced by urban pollution

while AGA is heavily influenced by soil dust. Again, the western

locations AGA and SHN, being located at the outflow pathways of

winter haze from IGP, exhibit appreciable aerosol loading in winter.
On the other hand the other two stations DBR and IPH are com-

Fig. 3. Spatial variability of climatological average AODs over NER. The bubble size

is a function of the magnitude of AOD of the respective locations.
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aratively less affected by winter haze. Moreover, the high AOD in

GA may be attributed to the fact that being close to Bangladesh,

he site is exposed to the influence of the heavy pollution in the

lains of Bangladesh. On the other hand, open coal mines are pre-

ominant in SHN which adds to the urban pollution there. There

re number of cement factories, emissions from which in addition

o that from the Shillong city may be trapped in the valley where

he measurements are made. DBR is a growing city in terms of in-

ustrialization and urbanization while IPH is an urban pocket in

he eastern part of the NER, thus both showing appreciable aerosol

oading. Another major source of natural aerosols in this region is

he secondary aerosols produced by the biogenic volatile organic

ompounds (BVOCs) emitted by natural forests. In NER 66% of to-

al area is covered by forest and thus primary biological aerosols

re also abundant.

As seen in Fig. 4(a) AOD in DBR, IPH and SHN exhibit an annual

ariation with the peak value in the pre-monsoon season, partic-

larly in the month of March. In AGA on the other hand AOD re-

ains at a nearly equal level from January to May after which it

ollows the trend as at the other stations i.e., a monsoon minimum

nd a slow buildup in the retreating monsoon season. Similar sea-

onal AOD cycle with pre-monsoon peak and retreating monsoon

ip in AOD has been reported from Dibrugarh by Bhuyan et al.

2005), Gogoi et al. (2009) and Pathak et al. (2010). Heavy mon-

oon rains effectively remove soluble gases and aerosol, which re-

ults in lowering of aerosol load in that season. The lowest AOD

bserved in retreating monsoon season is the representative of

he background aerosol condition (Pathak et al., 2012) and is as-

igned to the combined effect of local meteorological conditions

nd topography of the region (Gogoi et al., 2011). In winter un-

er favourable meteorological conditions like scanty rainfall result-

ng in longer residence time of aerosols in the atmosphere leads to

ppreciable aerosol burden.

The western location AGA exhibit significant aerosol loading

AOD > 0.6) in the winter and pre-monsoon season. On the other

and, in DBR, IPH and SHN, AOD > 0.6 is observed only in the

re-monsoon season. The day to day AOD variability is high dur-

ng November–May at all the locations, when various type of out-

oor burning activities occur (Pathak et al., 2010). In Fig. 4(b) the

requency of occurrence of AOD within each bin (in steps of 0.2)

anges are shown for the four stations. In DBR, on 30–35% of days

OD remains within 0.2–0.4, AOD > 0.4 occurs on less than 20%

he days of observation. Percentage occurrence of high AOD > 0.6

s low and AOD > 1.0 are rarely measured. In IPH on >40% of the

ays AOD remains around 0.4, it is in the range 0.6–0.8 on ∼25% of

he days while AOD > 0.8 or more is infrequent. Similarly, in SHN

lso the frequency of occurrence is high for low AOD which de-

reases progressively for higher AOD values. In contrast frequency

istribution is different for AGA. Each of AOD values 0.4, 0.8 and

.0 occurs on nearly 20% of the days while high AOD > 1.2 occurs

n 10% of the days.

Pathak et al. (2010, 2012) have attributed biomass burning and

ransported aerosols along with the other local sources as the
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Fig. 4. (a). Box plot showing month to month variation of mean AOD at the four stations. The vertical lines represent the standard deviation from the mean. Each box

represents 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. (b). Frequency of occurrence of AOD at the four locations in NER: Dibrugarh (DBR), Imphal (IPH), Shillong (SHN) and Agartala (AGA).
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ontributor of seasonal aerosol burden particularly in the pre-

onsoon and winter seasons in Dibrugarh, NER. These have been

e-discussed here in order to evaluate the regional picture of the

erosol loading. The severe anthropogenic biomass burning expe-

ienced in NER, particularly in pre-monsoon is illustrated in Fig.

. Table 2 also shows the number of fire counts averaged for dif-
erent regions of south, east and south-east Asia. The number of

re counts in NER particularly in pre-monsoon (198) exceeds any

ther region of the Asia. But in winter east and south-east Asia ex-

eeds in fire count number. It is worthwhile to mention here that

he anthropogenic biomass burning associated with shifting culti-

ation in NER and other regions of South Asia causes the observed
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Fig. 5. Seasonal MODIS retrieved fire count map covering South, South-East and East Asia.
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fire activities while natural forest fire is predominant in south-east

Asia. The prevailing westerly winds, combined with the orogra-

phy of the IGP that spatially confines the aerosols into a rather

narrow channel and leads to the outflow into the northern and

head Bay of Bengal (BoB), results in the large loading of aerosols

in that region (Girolamo et al., 2004; Nair et al., 2007; Niranjan

et al., 2007). The eastern coastal belt of India, comprising several

ports and industries, is a hot spot of accumulation mode aerosols

(e.g., Moorthy et al., 2005). This is indicated by the very high val-

ues observed over Visakhapatnam and Bhubaneswar during Win-

ter ICARB (Moorthy et al., 2010 and references therein). These re-

gions are found to influence the aerosol environment in NER in all

seasons. Eleven distinct advection pathways namely IGP, southern

India, northern Arabian Sea and west Asian desert region, south-

ern Arabian Sea, East coast of India, Myanmar and East Asia have

been identified on the basis of trajectory clustering (Fig. 6 and

Table 3). The influence of the pollution in Bangladesh in AGA is

revealed by the back trajectories which reach AGA always travers-

ing Bangladesh. In monsoon 5 days back trajectories reaching at all
Table 2

Fire count numbers detected by MODIS-Aqua satellite averaged for October

2010–September 2014 for different regions of Indian Subcontinent including

NER and Asia for the four seasons Winter (W), Pre-monsoon (PM), Monsoon

(M) and Retreating monsoon (RM).

Regions PM M RM W

NER (22–30°N, 88–98°E) 198 4 3 27

IGP (19–30°N, 76–88°E) 38 7 16 9

South India (8–19°N, 72–94°E) 28 12 6 14

West India (19–30°N, 68–76°E) 14 4 32 9

Central India (19–25°N, 76–84°E) 49 6 6 11

East and south-east Asia (10–45°N, 98–140°E) 58 12 10 42

w

w
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t
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t

d

o

t

a

d
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a

w

he locations except DBR originate at Arabian Sea carrying sea salt

articles. It is well established that Arabian Sea is characterized by

oading due to natural aerosols (e.g., dust and sea salt) and the BoB

y anthropogenic aerosols. Thus unlike other locations trajectories

rom BoB carries moisture and pollutants towards DBR. Thus ex-

ernal influence significantly determines the aerosol environment

n the region.

.2. Particle size distribution

The annual variation of Angstrom exponent α (indicator of the

erosol size distribution) is presented in Fig. 7 which exhibits

onsistent spatio-temporal variation. It is lowest in the monsoon

onths of July/August due to drastic decrease in the influence of

ub-micron aerosols during the rainy period associated with wet

emoval processes. On the other hand it attains annual peak in

inter with the production of submicron aerosols mostly from

nthropogenic activities discussed in the previous section along

ith the indoor/outdoor burning in cold season. Spatially, the

esternmost station SHN depicts the lowest values of α in any

onth, notwithstanding that the station is at much higher eleva-

ion (∼1.4 km above mean sea level) than the other three stations.

his may be associated with the emission of coarse aerosols from

he open coal mines situated near the study location and urban

ust from upwind Shillong city. The highest value for the exponent

ccurs at the eastern most station DBR followed by IPH. Hence

hese two stations are characterized by fine aerosols whereas SHN

nd AGA are rich in coarse mode aerosols originating from soil

ust in dry months, particle aging under hazy condition (partic-

larly in winter). Thus there is a distinct east-west asymmetry in

erosol distribution within the NER with higher aerosol loading in

estern locations AGA and SHN.
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Fig. 6. Back trajectories at different seasons: Pre-monsoon, monsoon, ret-monsoon and winter arriving at the four locations in NER: Dibrugarh, Imphal, Shillong and Agartala

at altitudes 500 m AGL, 1500 m AGL and 3500 m AGL.
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.3. Aerosol characteristics in Asia: regional distribution

The seasonal mean values of AOD and α, as reported by differ-

nt investigators over the Asian countries, have been compared in

rder to identify the similarities or otherwise with other regions

f Asia in respect of aerosols (Supplementary table). On an average
Table 3

Seasonal percentage trajectories in each cluster arriving at three altitudes 0.5 km, 1

Imphal, Shillong and Agartala during different seasons.

Trajectory ratio (%)

Seasons Winter Pre-monsoon

Station Cluster no Altitude

0.5 km

AGL

1.5 km

AGL

3.5 km

AGL

0.5 km

AGL

1.5 km

AGL

3

A

Dibrugarh 1 76 56 67 74 41 4

2 16 34 20 20 40 3

3 8 10 13 6 19 1

Imphal 1 83 61 42 37 38 4

2 16 25 32 36 37 3

3 1 14 26 27 25 1

Shillong 1 71 49 36 41 57 5

2 18 33 33 31 30 4

3 11 18 31 28 13

Agartala 1 47 53 41 50 53 5

2 41 40 34 41 30 2

3 12 7 25 9 17 2
he NER region behaves similar to most of the regions/locations

n Asia with pre-monsoon high AODs (except West India, where

OD reaches its peak level in monsoon). NER behaves like the

ast/South-East/West Asia and the Himalayan region with minimal

erosol burden in the retreating monsoon, while the IGP, south In-

ia and the oceanic region show lowest AOD in monsoon. In mon-
.5 km and 3.5 km above ground level (AGL) in the four locations Dibrugarh,

Monsoon Retreating monsoon

.5 km

GL

0.5 km

AGL

1.5 km

AGL

3.5 km

AGL

0.5 km

AGL

1.5 km

AGL

3.5 km

AGL

4 35 56 41 52 60 42

9 34 37 37 34 23 32

7 31 7 22 14 17 26

9 41 58 38 56 57 41

4 33 33 36 30 35 37

7 26 9 26 14 8 22

4 40 44 64 89 86 57

1 39 30 24 6 11 26

5 21 26 12 5 3 17

4 39 53 54 77 46 42

6 37 35 38 15 44 33

0 24 12 8 8 10 25
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Fig. 7. Time series plot of Ångström Exponent, α at the four locations in NER: Di-

brugarh (DBR), Imphal (IPH), Shillong (SHN) and Agartala (AGA). The bubble sizes

are the function of the values of α. The vertical lines represent one standard devi-

ation from the mean.
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soon, NER AOD is comparable to East and South-East Asian AOD,

exceeding that in the Himalayan region and South India but lower

than the IGP and west Asia. Unlike NER and other regions in IGP,

AOD maximizes during retreating monsoon. This establishes re-

gional variability in aerosol loading, which is strongly related to
Fig. 8. Seasonal distribution of CALIPSO derived vertical profiles of extinction co-efficient

The seasons: Winter, Pre-monsoon, Monsoon, Ret-monsoon are arranged serially from top
ources. Climatologically, NER ranks second highest in aerosol load-

ng with regional average AOD of 0.49 ± 0.2 next to IGP region

0.64 ± 0.2) followed by East/South-East Asia and South India.

The NER is dominated by fine mode aerosols (α ≥ 1) in general

ike the east and south-east Asia and IGP (Supplementary table).

he aerosol column is dominated by coarse mode particles (α ≤ 1)

n pre-monsoon in East Asia while for NER, south India and IGP

oarse particles are predominant in monsoon. The α value ≤ 1 in

est India and Himalaya and Tibetan plateau region during pre-

onsoon and monsoon season indicates size distributions domi-

ated by coarse aerosols mostly associated with dust or sea salt.

.4. Vertical distribution of aerosols in NER

The spatio-temporal distribution of vertical extinction profiles

t 532 nm as obtained from CALIPSO Lidar measurements over

ach location is illustrated seasonally in Fig. 8. The profiles were

elected for satellite passes with 1° × 1° grid cantered around each

ocation. The extinction is found to be highest in AGA followed by

HN particularly within 2 km. This is corroborated with the max-

mum AOD observed in AGA and that followed by SHN. In general

istinct elevated aerosol layers are present between 2 and 4 km

n all the stations during most of the seasons. But in IPH the ele-

ated layers are observed from 1 to 3 km in winter. Interestingly,

uring the main summer monsoon period (July and August) the

ossibility of transport of air masses from central India to the BoB,

hen northwards over Bangladesh and up into the Himalayas is ev-

dent (Lawrence and Lelieveld, 2010) across the NER under the in-

uence of Tibetan Plateau anticyclone. The ret-monsoon season be-

ng affected by monsoon wet scavenging possesses there is a less
at 532 nm at the four locations in NER: Dibrugarh, Imphal, Shillong and Agartala.

to bottom.
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robability of aerosol build up at elevated altitudes. However, few

rofiles with signature of elevated aerosols during this season are

lso prominent. Scanty rain along with long range transportation in

inter results in accumulation of aerosols at higher altitudes in ad-

ition to that near the surface (Gogoi et al., 2011). The trajectories

bove the boundary layer (1.5 km and 3.5 km) discussed in previ-

us section are attributed to the observed elevated aerosol layers

ver NER. Several studies across the Indian subcontinent show the

levated aerosol layers at an altitude of ∼2–4 km above the local

oundary layer formed due to the long-range transport of aerosols

rom distant locations (Ramana et al., 2004; Niranjan et al., 2007;

autam et al., 2010; Mishra et al., 2010). Ramana et al. (2004) re-

orted elevated aerosol layers in northern India, particularly dur-

ng the winter season which they have attributed to dry convective

ifting of pollutants from distant sources and subsequent horizon-

al upper air long range transport. Mishra et al. (2010) from micro

ulse Light Detection and Ranging (LIDAR) observed a mineral dust

ayer at the west coast of peninsular India which according to them

s due to advection of air mass from arid regions around western

rabian Sea. LIDAR observation by Satheesh et al. (2008) showed

hat during pre-monsoon, most of Indian region is characterized

y elevated absorbing aerosol layers up to 4 km over central India.

n the north eastern region also aerosol layers within 3–5 km has

arlier been reported by Sharma et al. (2009) from satellite obser-

ation.

.5. Climatic implications of aerosols

The climatic implication of aerosols is represented in terms of

he aerosol radiative forcing (ARF). The ARF in the atmosphere

ives the amount of radiation flux absorbed by the atmosphere

ue to presence of aerosols. This energy gets converted into heat

hereby resulting in heating of the atmosphere. The direct ARF

ay contribute to the weakening of the Asian monsoon system

Li et al., 2007 and references therein). In Fig. 9 the seasonal ARF

t top of the atmosphere (TOA), at the surface (SUR) and the in

he atmosphere (ATM) estimated using the method described in

he four locations are presented. The TOA ARF estimated during

he study period over the NER locations varies from −9.4 Wm−2

n IPH in pre-monsoon to 0.94 Wm−2 in SHN in retreating mon-
ig. 9. Aerosol radiative forcing at Top of the Atmosphere (TOA), at the surface

SUR) and in the atmosphere (ATM) over the four locations in NER: Dibrugarh

DBR), Imphal (IPH), Shillong (SHN) and Agartala (AGA) during pre-monsoon (PM),

onsoon (M), retreating monsoon (RM) and winter (W) for the period October

010–September 2014.
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oon season (Fig. 9). The positive or less negative TOA ARF par-

icularly in retreating monsoon and winter seasons is associated

ith higher BC fraction over all the locations. Further, the ab-

orbing aerosols above the low level clouds which explain about

0% of the global burden but 50% of the forcing (Zarzycki and

ond, 2010) may have an influence on the enhanced (less neg-

tive) TOA forcing over this region. The low-level cloud can re-

ect solar radiation effectively and so absorbing aerosols above low

loud have more absorption (Podgorny and Ramanathan, 2001).

reviously, Pathak et al. (2010) have reported the less negative

OA forcing over DBR. The highest surface ARF, which is associated

ith surface dimming, occurs in the pre-monsoon season ranging

rom −34.5 Wm−2 in DBR to −53.8 Wm−2 SHN followed by winter.

n the other hand, in AGA maximum surface forcing is observed in

inter (−56.5 Wm−2) and is followed by pre-monsoon season. At

he expense of this surface forcing (or cooling) atmosphere in AGA

n winter is warmed by 56.2 Wm−2 or 1.6 K day−1. On the other

and, highest atmospheric forcing occurs in the pre-monsoon sea-

on ranging from 31.6 Wm−2 in SHN to 25.1 Wm−2 in IPH. The

eating of the atmosphere due to aerosols is found to occur in the

ther locations IPH, DBR and SHN in the pre-monsoon season by

.7 K day−1, 1.0 K day−1 and 1.2 K day−1 respectively. In the lo-

ations AGA and SHN observed higher forcing values are associ-

ted with high AODs compared to the other two locations. Also BC

oncentrations (not reported here), exhibiting similar spatial vari-

tion in NER determines the forcing as well as heating in the at-

osphere. However, in ret-monsoon surface forcing as well as at-

ospheric heating is comparatively small due to less abundance

f aerosols. Earlier Pathak et al. (2010) have also shown the re-

emblance between the seasonal ARF with the AOD values in DBR.

part from AOD and BC fraction, the ARF is also a function of other

ptical and physical parameters like SSA, g, α, vertical extinction

oefficient, black carbon fraction, aerosol particle size as well as

urface reflectance etc. The ATM ARF in AGA is found to be greater

han estimations over Trivandrum, Ahmedabad and Visakhapatnam

Pathak et al., 2010 and references therein). Seasonal highest forc-

ng in general over Indian subcontinent exhibit spatio-temporal

ariability, for example, in Trivandrum it is in winter like AGA, but

n Visakhapatnam and Ahmedabad seasonal highest ATM ARF is re-

orted in retreating (post) monsoon and monsoon seasons respec-

ively (Pathak et al., 2010 and references therein).

As the NER behaves as a sink region for the aerosols, the heavy

erosol loading at different altitudes may sustain for longer pe-

iod of time thereby heating the atmosphere as well as can con-

ribute to frequent cloud formation under the influence of advo-

ated moisture from BoB. Thus aerosols in this region play a crucial

ole in both direct and indirect effect of aerosols, on atmospheric

irculation and hence monsoon, which needs further investigation.

lso, the impact of aerosols on extreme weather conditions par-

icularly in monsoon season and on the decreasing precipitation

rend in the NER are auxiliary issues to be explored. Present study

s expected to help in these regards.

. Conclusions

Spatio-temporal distribution of aerosols and its implications

re studied in North-Eastern Region of India based on a long

erm ARFINET database. Following conclusions are drawn from the

tudy.

• Aerosol burden in the NER like most of the locations in South

and South-East Asia exhibit maximum values in pre-monsoon

season. But unlike many locations, this region exhibit lowest

aerosol loading in retreating monsoon season.
• Aerosol optical depth exhibits an east-west asymmetry within

the NER with higher values in the western locations Agartala
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and Shillong compared to the eastern locations Dibrugarh and

Imphal. The western locations are influenced by both natural

aerosols (sea salt and soil dust) and anthropogenic aerosols

produced locally or transported from Indo Gangetic plains and

Bangladesh.
• NER ranks second highest in aerosol loading in the Asian re-

gion with regional average AOD ∼ 0.49 next to the IGP region

(AOD ∼ 0.64) followed by East/South East Asia and south India.
• Elevated aerosol layers in the region form mostly due to upper

air transportation.
• Strong surface forcing due to the presence of aerosols is

experienced in NER with surface aerosol radiative forcing

of ∼ −56.5 Wm−2 and heating of 1.6 K day−1, which exceeds

or are comparable to those in many of the locations especially

in the Indian subcontinent.
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