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 Atmospheric black carbon: characterization and deposition 

over semiarid region of Indo-Gangetic Basin 
 

1. INTRODUCTION 

Black carbon (BC) is a soot particle having heat absorbing nature. It is also known as 

elemental carbon. It is emitted in the environment during incomplete or partial combustion of fossil 

fuel, biomass and bio-fuels. It is a complex of light-absorbing mixture and emitted directly into the 

atmosphere in the form of fine particles (PM2.5) (Tiwari et al., 2013). The emitted black carbon can 

remain in the atmosphere for several days to a week or more. Black carbon is transported from its 

point of origin to other parts of the globe. The emitted black carbon undergoes vertical distribution 

and travel from one place to another place according to wind speed and wind direction. It interacts 

with various components present in the atmosphere before it settling down to the earth's surface via 

wet and dry deposition (Kumar et al., 2006; Bond et al., 2013). Dry deposition is an important 

mechanism of removal of pollutants from the atmosphere to the earth surface and affects the 

surface reflectance. Atmospheric BC alters radiative forcing as it absorbs both incoming as well as 

outgoing radiations. The sources and effects of BC differ by region to region and season to season. 

The measurement of black carbon is important for the assessments of exposure and its effects on 

radiative forcing. The black carbon can be also inferred but the inferential black carbon does not 

give accurate information. It is inadequate for use in radiative forcing modeling. Hence, 

measurements of concentration of black carbon should be made at many places. The Asian 

continent contributes significantly to the world BC emission. The major part of Southeast Asia, 

Eastern China and the Indo-Gangetic basin of India have been recognized as a hotspot along with 

equatorial Africa, USA, Mexico and Northern part of Latin America (Ramnathan and Carmichael, 

2008). The Indo-Gangetic basin hosts about 40% of Indian populations that are exposed to high 

load of aerosol particles and has attracted attention of the scientific community worldwide. 



2 
 

However, studies on the measurements of black carbon and its implications for health and radiative 

forcing are limited. 

The term black carbon was first introduced by Tihomir Novakov and he was referred as 

"the godfather of black carbon studies" by James Hansen, in the 1970s. The „smoke‟ or „soot‟ is 

one of the first known pollutants that have been recognized by the people concerned with the study 

of deteriorating environment (Hansen, 1970). Soot is composed of a complex mixture of organic 

compounds which is weakly absorbed in the visible spectral region and a highly absorbing black 

component which is called as “elemental” or “graphitic” or “black carbon”.  The first report of BC 

aerosol was published in the former USSR in 1967. In the 1970s, however, a continuous study 

changed the status and demonstrated that black carbon and organic soot components continued to 

be a large component in urban aerosols across the United States and Europe. Air quality continued 

to degrade in the developed countries of the world as the population increased. In the late 1970s 

and early 1980s, surprisingly large amount of black carbon were observed throughout the western 

Arctic (Rosen et al., 1981). The first measurements of such distributions in the Arctic atmosphere 

were obtained during 1983 and 1984 as part of the NOAA AGASP (National Oceanic and 

Atmospheric Administration, Arctic Gas and Aerosol Sampling Program) program with 

an Aethalometer which had the capability of measuring black carbon on a real-time basis (Hansen 

et al., 1984). The analysis of this measurement proved heavy deposition of black carbon throughout 

the western Arctic region thereby showing very high absorption optical depth (Porch et al., 1982). 

The International Council of Scientific Unions, a coordinating body of national science 

organizations, launched IGBP in 1986. IGBP (International Geosphere Biosphere Program) aimed 

to describe and understand how the physical, chemical and biological processes regulate the Earth 

system. INDOEX (Indian Ocean Experiment) was the first multinational scientific study on 

chemistry, climate, radiation campaign with multiple platform and single objective. It involves the 

USA, Europe, India and the Island countries-Maldives, Mauritius and Russia with the primary goal 

to study radiative and climate forcing by aerosol and feedbacks of regional and global climate. 

https://en.wikipedia.org/wiki/Tihomir_Novakov
https://en.wikipedia.org/wiki/James_Hansen
https://en.wikipedia.org/wiki/Aethalometer
https://en.wikipedia.org/wiki/International_Council_for_Science
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ARFI (Aerosol Radiative Forcing over India) in India is the core project of Aerosol and Radiative 

Forcing projects of ISRO-GBP, implemented through SPL (Space Physics Laboratory), 

Trivandrum. It aims the accurate regional aerosol characterization, incorporating the 

heterogeneities in space, time and spectral domains for periodical and accurate estimates of Aerosol 

Radiative Forcing over India and to assess the impacts on regional and global climate. 

 

1.1 Sources of black carbon 

The major sources of BC are volcanic eruptions, forest fires, etc. along with combustion of 

coal, biomass, oil, and vehicular emissions (Paliwal et al., 2016). The largest global sources are 

open burning of forests and savannas, solid fuels burned for cooking and heating and on-road and 

off-road diesel engines (Sharma et al., 2013). Industrial activities are also significant sources, while 

aviation and shipping emissions represent a minor contribution to emitted mass at the global scale. 

Black carbon sources vary by region. In South Asia, the majority of black carbon emission is due to 

bio-fuel cooking (cow dung cake, coal, wood) while in East Asia, the sources of black carbon 

emission are coal combustion for residential and industrial purposes (Venkataraman et al., 2005). 

In Western Europe, traffic seems to be the most important source since high concentrations 

coincide with proximity to major roads (Dons et al., 2011). Globally, diesel engine accounts for 25 

% of all BC emissions and marine vessels also contribute higher levels of black carbon compared 

to other sources (Jacobason, 2004). The largest contributors of black carbon are Asia, Latin 

America, and Africa. China and India together account for 25-35% of global black carbon 

emissions (Streets et al., 2003; Ramanathan and Carmichael, 2008). Ramanathan and Carmichael, 

2008 stated that globally 20% of black carbon is emitted from bio fuels burning, 40% from fossil 

fuels, and 40% from open biomass burning. Global annual emission of BC was estimated to be 8.0 

to 24 Tg y
-1

. Emissions of black carbon increase almost linearly, totaling about 1000 Gg in 1850, 

2200 Gg in 1900, 3000 Gg in 1950, and 4400 Gg in 2000 (Bond et al., 2007). Total Asian emission 

of black carbon was found to be 2.54 Tg, China (1.05 Tg), and India (0.6 Tg) were the first and the 
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second emitter of black carbon among the Asian countries (Streets et al., 2003). In India, the major 

contributor of BC (177.4 Gg Y
-1

) is biomass fuel (Saud et al., 2012). 

 

1.2 Effects of black carbon 

The presence of BC in atmosphere and its high concentration affects climate and health. 

BC has become the subject of interest in the recent years due to direct and indirect effects of 

aerosols on the global radiative balance. They can directly absorb solar and infrared radiation and 

disturb the energy balance in the earth-atmosphere system (Vaishya et al., 2016). BC aerosols can 

mix with sulfate, organic carbon, and other water soluble aerosols and become cloud condensation 

nuclei (CCN) or act as ice nuclei (IN) (Zhang et al., 2011; Tiwari et al., 2013). BC can change the 

microphysical and radiative properties and lifetime of cloud, and indirectly affect the climate 

system (Zhang et al., 2011; Vaishya et al., 2016). BC has been associated with a range of climate 

impacts, including increased temperature and accelerated ice and snow melt. Sensitive regions such 

as the Arctic and the Himalayas are particularly vulnerable to the warming and melting effects of 

BC. Black carbon may also be transported to very long distances by wind into areas of high 

elevation or into the northern latitudes where it deposits onto snow and ice (Zhang et al., 2011). 

Accumulation of black carbon on snowpack and glaciers can accelerate melting, causing water 

runoff earlier in the spring and reducing the amount of snowmelt (Thompson, 2003). These effects 

may further compromise water availability during the drier summer months when it is most needed 

by humans and ecosystems.  

The impact of black carbon on the environment has been increasingly recognized. BC has a 

short atmospheric lifetime (days to weeks), but strong warming potential. The increased emission 

of black carbon has also disturbed radiation balance of energy (Babu et al., 2002; Bond et al., 

2013). The emission from fossil fuel based industries highly contributes to black carbon or soot 

which has inherent qualities to absorb the sunlight in significant amount when they particularly lie 

over the bright surfaces (Herich et al., 2011; Li et al., 2016). They also change the properties of 
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clouds and indirectly affect the climate (Wang et al., 2011). The impact of black carbon depends 

upon location and concentration of black carbon in the region (Tiwari et al., 2013). The deposition 

of black carbon aerosols over highly reflective surface like snow, ice capped peaks and clouds alter 

their properties by raising their temperature. The decomposition of soot or black carbon over snow 

or ice directly affect their reflective capacity and results in increasing absorption of heat and in 

melting of glaciers and polar ice (Clarke et al., 1985; Hansen, 2004). The impact of BC over Indian 

subcontinent is also visible in quick reduction of glaciers in the Himalayan-Hindu Kush (HHK) 

region due to 0.25 degree increase in temperature per decade since 1970s (Thompson, 2003). 

Black carbon also causes a variety of detrimental effects on human health, agriculture 

production, plant and the earth's ecosystems (Latha and Badrinath, 2013). Black carbon falls into 

the smallest size fraction (PM2.5) regulated by the US Environmental Protection Agency. These 

particles can penetrate deep into the lungs where it may enter the bloodstream (USEPA, 2015). 

Exposure to these particles is associated with respiratory and cardiovascular diseases (Asthma, lung 

cancer, common cold, heart arrhythmia, stroke, heart failure, etc.) as well as premature death. It is 

particularly hazardous for people with heart or lung diseases as well as children and old adults 

(Brook et al., 2010). The urban air quality has reached to such levels that it has started to public 

breathlessness. Cardiovascular mortality is also associated with black carbon emission. Premature 

mortality increased due to black carbon exposure in dense traffic and caused inflammatory effect 

on the respiratory system (Grahame and Schlesinger, 2010; Jansen et al., 2011; Grahame et al., 

2014). The exposure of black carbon causes the stress and inflammation marker in the primary 

school children in a western European urban area (Dons et al., 2014). WHO, 2015 stated that BC, 

ozone and methane known as short lived pollutant and they contributed significantly to the more 

than 7 million premature death annually. Black carbon was a better indicator of harmful particulate 

substances from combustion process (Olstrup et al., 2016).  

https://en.wikipedia.org/wiki/Heart_arrhythmia
https://en.wikipedia.org/wiki/Stroke
https://en.wikipedia.org/wiki/Heart_failure
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BC affects the plant growth (reduce the photosynthesis process) and damage agricultural 

crop (Fowles, 2007). The amount of dust in the atmosphere can have adverse effects carbonyl, 

hydrocarbons and ozone concentrations (McRae et al., 1994). The increased burning of fossil fuel 

consumption had changed the scenario of black carbon in the environment (Rhodes et al., 2008). 

BC also causes the discoloration of building materials (Bergin et al., 2014). Determination of 

deposition flux of inorganic ions and gases on building material through inferential or 

parameterization and direct measurements have been reported (Kumar et al., 2002, 2005). The EC 

have been reported to be responsible for blackening of stone (Brimblecombe et al., 2005). The 

black carbon deposition on the Taj Mahal surface reported high loading of black carbon influencing 

the cultural heritage as well as natural and urban surfaces (Bergin et al., 2014).  

 

1.3 Importance of the black carbon study 

The variation in the emission source, spatial and temporal distribution, and environmental 

and climate effects of black carbon are a key area of research. The large uncertainty in global 

distribution and mixing states of aerosols and knowledge on its direct radiative forcing has made 

the study of atmospheric BC very important. Today, the majority of black carbon emissions are 

from developing countries and this trend is expected to increase (Kedia et al., 2014). This results in 

regional hotspots of atmospheric solar heating due to black carbon. Recently, WHO has released a 

report in which 13 out of 20 most polluted cities are from India (WHO, 2014). Most of the polluted 

cities of India are situated over the Indo-Gangetic Basin. It is a major source region for aerosols 

viz., mineral dust, soot, sulfate and organic particles (Srivastava et al., 2012; Kumar and Kumari et 

al., 2015; Latha et al., 2016). The IGB region has various types of emission sources. In rural areas, 

bio-fuels burning (wood, cow dung cake and crop waste) contribute to the high loading of black 

carbon (Habib et al., 2006) while in urban areas dominant source of the emission of black carbon 

are fossil fuel burning (coal, petrol, diesel, etc.) (Tiwari et al., 2009; Ram and Sarin, 2010). Agra is 
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one of the most polluted cities in India over the Indo-Gangetic basin. It is also famous all over the 

world as it hosts the „Taj Mahal‟ one of the seven wonders in the world and other monuments. The 

high load of aerosol may be due to excessive vehicular emissions, open burning and road paved 

dust. Hence, it is expected that there may be high loading of black carbon also. 

 

2. REVIEW OF LITERATURE 

Scientific community has paid attention on the study of black carbon due to the significant 

impact of BC on radiative forcing, climate change and its effects on human health as well as on 

plants and ecosystem. A number of studies have been reported on measurements of black carbon 

mass concentration, its raditive forcing and climate change effects as well as its effects on 

ecosystem in India and abroad. However, black carbon study is in primitive stage and sufficient 

datasets are not available.    

 

2.1 BC mass concentration 

National status  

The average BC mass concentrations obtained using an aethalometer during January-

March 1999 at Goa, a coastal station bounded by Arabian Sea on its west and Western Ghats on its 

East was about 3 µg m
-3

 (Leon et al., 2001). Extensive ground based measurements of aerosol 

Black Carbon (BC) and size segregated aerosol mass concentrations have been reported from 

tropical coastal station, Trivandrum. BC has shown diurnal (with a nocturnal peak and mid 

afternoon low) and seasonal variations (highest during winter and lowest during monsoon). Daily 

mean BC concentration as high as ∼6 μg m
-3

 was observed on several occasions (Babu et al., 

2002). BC mass concentrations measured using an aethalometer in Bangalore, a continental urban 

location were found to be in the range of 0.4-10.2 µg m
-3 

during November 2001 (Babu et al., 

2002). The mean BC mass concentrations over Mumbai, an urban, densely populated and 
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industrialized city on the west coast of India, during January-March 1999 was 12.4 µg m
-3

 

(Venkataraman et al., 2002). Latha and Badarinath, 2003 have made measurements of black carbon 

aerosols at traffic density to see the impact of mobile sources on black carbon concentrations at 

Hyderabad, India and found high concentration of BC by a factor of ∼2 during morning (0600 to 

0900 h) and evening hours (1900 to 2300 h) compared to afternoon hours. Moorthy et al., 2004 

reported near surface BC mass concentration of 3.5 µg m
-3 

over Hyderabad. Jayaraman et al., 2006 

have reported the BC mass concentrations measurement in western and central India employing the 

same aethalometer used in the current study. The average BC mass concentration during the 

campaign was about 2 µg m
-3

. Kanpur is an urban location in northern India where BC 

concentrations were found to be in the 6-20 µg m
-3 

range during December 2004 (Tripathi et al., 

2005). Black carbon (BC) aerosols were monitored continuously at Pune, a tropical urban location 

in southwest India. BC concentrations were maximum (about 80% more than annual mean)  in 

winter mainly due to prevailing meteorological conditions like low wind speeds and low ventilation 

coefficients; as well as due to the transport from northeast regions (Safai et al., 2007.) Badrinath et 

al. (2007) have reported the BC mass concentration in the range of 15 μg m
-3

 to 50 μg m
-3 

at 

Allahabad during December 2004. Baxla et al. (2009) have reported seasonal and diurnal behavior 

of atmospheric submicron aerosol in the northern Indian city of Kanpur in the Indo-Gangetic Plain. 

The diurnal variation of BC and submicron aerosol mass followed very similar trends in all the 

seasons. Badarinath et al. (2009) have studied the black carbon (BC) aerosol mass concentration 

variation in contrasting environments of India in urban and rural areas and reported considerable 

contrast in its spatial variations. Pathak et al., 2010 have reported the mass concentration of black 

carbon (BC) aerosols over Dibrugarh in Northeast India for the period June 2008 to May 2009. The 

BC mass concentration is highest (16.3 µg m
-3

) in winter and lowest (3.4 µg m
-3

) in monsoon. 

Rehman et al., 2011 have studied BC concentrations during cooking hours, both indoors and 

outdoors. The concentrations of BC reaching 60 µg m
-3 

in the morning and in the evening cooking 

hours. Reddy et al., 2012 have studied the BC mass concentration over the Anantpur during August 

http://www.sciencedirect.com/science/article/pii/S0169809503001169
http://www.sciencedirect.com/science/article/pii/S0169809503001169
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2006 to July 2007. Safai et al., 2012 have reported vertical profiles of black carbon (BC) aerosol 

and determined from aircraft measurements under the Cloud Aerosol Interaction and Precipitation 

Enhancement Experiment (CAIPEEX) program during 2009 over Bangalore and Hyderabad. BC 

mass loadings decreased approximately from 103 to 104 ng m
-3

 at the surface to  ~102 ng m
-3

 at an 

altitude of about 7 km. Kant et al., 2012 have reported Ground based measurement of black carbon 

(BC) over Dehradun during January to December 2007. The annual average BC concentration was 

found to be 4.3 µg m
-3

. The diurnal variation of BC shows a gradual build up in the morning hours 

between 0600 to 0900 local time and in evening from 1900 to 2200 hrs local time while low 

concentration is observed during day and night time. Kompalli et al., 2013 have indicated 

significant BC mass concentration (6.5 μg m
-3

) at Kharagpur during 2004-2008. Singh et al., 2014 

have studied the BC mass concentration in Patiala during October 2008-May 2009. The variation 

of BC mass concentration has been found in the range of 2 μg m
-3

 to 20 μg m
-3

. Mahapatra et al. 

(2013) have studied black carbon (BC) mass concentration variation over Bhubaneswar. Daily, 

monthly and seasonal measurements revealed a clear winter maxima (5.6 μg m
-3

) of BC followed 

by post-monsoon (4.05 μg m
-3

), monsoon (3.02 μg m
-3

) and pre-monsoon (2.46 μg m
-3

). Kompalli 

et al., 2014 have quantified the role of atmospheric boundary layer in producing temporal changes 

in BC. The seasonal variations in BC concentrations have a strong inverse relationship with mixed 

layer height and ventilation coefficient. The rainfall is scanty or insignificantly small during the dry 

season. Joshi et al., 2015 have made long-term (2009-2012) ground-based measurements of aerosol 

black carbon (BC) from a semi-urban site, Pantnagar in the Indo-Gangetic Plain (IGP) near the 

Himalayan foothills. Sarkar et al., 2015 have reported a continuous monitoring of black carbon 

(BC) aerosols over a high altitude station Darjeeling at eastern part of Himalaya in India during 

January 2010-December 2011. BC concentration varied between 0.2–12.8 µg m
-3 

with an average 

of 3.4 µg m
-3 

over the entire period of study. Raatikainen et al., 2015 have conducted the 

measurements of BC in northern India at two sites: Gual Pahari located at the Indo-Gangetic plains 

(IGP) and Mukteshwar at the Himalayan foothills. Vaishya et al., 2016 have reported two years of 
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aerosol spectral light absorption measurements, using filter based technique, from the central Indo-

Gangetic plain (IGP), Gorakhpur. Spectral absorption analyses were 4 time higher in winter (W) 

and post-monsoon (PoM) seasons at UV wavelengths as compared to IR wavelengths. Aerosols 

from the biomass sources contribute ~28%. Kompalli et al., 2016 have reported the BC mass 

concentration in Nagpur. Li et al., 2016 have reported that combustion-derived black carbon (BC) 

aerosols accelerate glacier melting in the Himalayas and in Tibetan Plateau (the Third Pole).  

 

International status 

Bodhaine, 1995 have studied the mean BC mass concentrations measured using 

aethalometers over Barrow, Alaska and Mauna Loa, Hawaii during 1988-1993 and concentration 

were less than 1 µg m
-3

. BC mass concentrations measured using an aethalometer at Jungfraujoch a 

high-altitude station in Switzerland during June 1995 to June 1997 were found to be in range of 

0.1-0.8 µg m
-3 

(Lavanchy et al., 1999). Allen et al. (1999) have reported BC in Uniontown, 

Philadelphia, USA during the summer of 1990 found diurnal and weekly temporal variations. Daily 

averaged BC mass concentrations were found to be lowest at 0.65-1.49 µg m
-3

. Kim et al. (1999) 

have studied the EC mass concentrations in Cheju, an island station. EC mass concentrations were 

in the range of 4.86-9.86 µg m
-3

. Im et al. (2001) have measured black carbon concentrations using 

an aethalometer at Mount Gibbes in the southeastern United States. BC mass concentrations in the 

polluted continental air masses were about 0.3 µg m
-3 

during summer which reduced to about one 

third in winter. He et al., 2001 have reported the average BC mass concentrations to be 8.7-10.1 µg 

m
-3 

at Chegongzhuang, Beijing. The average BC concentrations at Saint Denis, an urban site of La 

Re´unionisland in the Indian Ocean in November 1996 were found to be in the range of 0.27-0.65 

µg m
-3 

 (Bhugwant et al., 2000). The BC mass concentrations over Maldives were found to be high 

and in the 2.7-9.4 µg m
-3 

(Chowdhury et al., 2001). Ruellan and Cachier, 2001 have reported the 

mean BC mass concentrations during August-October 1997 in Paris nearby a high traffic road at 

about 14 µg m
-3

. BC mass concentration measurements were made at East St. Louis an urban site in 
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Illinois (Sullivan et al., 2004). Byčenkienė et al., 2011 have made continuous measurements of 

black carbon (BC) aerosol mass concentration at a background site Preila during the period 2008-

2009. Monthly means of BC concentration ranged from 212 to 1268 ng m
-3

 and the highest hourly 

means of concentration were from 4800 to 6300 ng m
-3

, predominantly in spring and winter 

months. Chen et al., 2014 have reported BC mass concentration at an urban site of Guangzhou in 

South China which ranged from 0.6 to 20.5 μg m
-3

, with an average value of 4.7 μg m
-3

. Cao et al., 

2014 have studied the optical properties of BC, such as depolarization ratio, extinction coefficient, 

optical depth, Ångström exponent and effective radius. Kanaya et al., 2016 have made long-term 

(2009-2015) observations of atmospheric black carbon (BC) mass concentrations using a 

continuous soot-monitoring system (COSMOS) at Fukue Island, western Japan and provided 

information on wet removal rate constraints and the emission strengths of important source regions 

in East Asia (China). The BC concentration has been reported to be four times higher than 

concentration on city sidewalk (Jeong et al., 2017). 

 

2.2 Radiative Forcing 

National status 

Babu et al., 2002 have organized a comprehensive aerosol field campaign in which 

simultaneous measurements were made of aerosol spectral optical depths, black carbon mass 

concentration and size segregated aerosol mass concentrations over an urban continental location 

Bangalore.  Large amounts of BC were observed; both in absolute terms and fraction of total mass 

(~11%) and sub-micron mass (~23%) implying a significantly low single scatter albedo. The 

aerosol visible optical depth was in the range of 0.24 to 0.45. Estimated surface forcing was as high 

as -23 W m
-2

 and top of the atmosphere (TOA) forcing was +5 W m
-2

 during relatively cleaner 

periods. The net atmospheric absorption translates to an atmospheric heating of ~0.8 K day
-1

 for 

cleaner periods and ~1.5 K day
-1

 for less cleaner periods. Dey et al., 2003 have retrieved the aerosol 

http://pubs.rsc.org/en/results?searchtext=Author%3ASteigvil%C4%97%20By%C4%8Denkien%C4%97
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parameters over the Arabian Sea and the Bay of Bengal. Top of the Atmosphere (TOA) and the 

surface forcing have been deduced over the Arabian Sea and the Bay of Bengal. In general, higher 

forcing over the atmosphere has been observed over the Bay of Bengal (30 to 54 W m
-2

)
 
compared 

to those over the Arabian Sea (26 to 48 W m
-2

). Tripathi et al., 2005 have made extensive 

measurements of aerosol black carbon during December 2004 at Kanpur as a part of ISRO-GBP 

comprehensive aerosol land campaign. The estimated surface forcing is as high as 62 ± 23 W m
-2

 

and top of the atmosphere (TOA) forcing is +9 W m
-2

, which means the atmospheric absorption is 

+71 W m
-2

. Panicker et al., 2010 have discussed the extent of Black Carbon (BC) radiative forcing 

in the total aerosol atmospheric radiative forcing over Pune. The atmospheric radiative forcing for 

composite aerosols were found to be +35.5, +32.9 and +47.6 Wm
-2 

during post-monsoon, winter 

and pre-monsoon seasons, respectively. The average BC mass fraction was found to be 4.83, 6.33 

and 4 µg m
-3

during the above seasons contributing around 2.2 to 5.8% to the total aerosol load. 

Panicker et al., 2008 have reported surface forcing of 9.4 W m
-2

. Study reveals that about 25% of 

the aerosol shortwave cooling is being compensated by increase in long wave radiation due to 

aerosol absorption. Verma et al., 2011 have studied the aerosol radiative effects due to aerosols 

emitted from different emission sectors (anthropogenic and natural) and originating from different 

geographical regions within and outside India during the northeast (NE) Indian winter monsoon 

(January-March). Aerosols lead to the reduction in surface radiation by 40-60% of the total 

reduction in surface radiation due to all aerosols over the Indian subcontinent and adjoining ocean. 

Das and Jayaraman, 2011have studied and addresses the role of black carbon (BC) in aerosol 

radiative forcing (ARFI) over western Ahmedabad (urban area), Udaipur (semi-arid region) and 

Mt. Abu (a hilltop representing background conditions), India. Surendran et al., 2013 have reported 

the radiative effects of black carbon (BC) aerosols over New Delhi using Santa Barbara DISTORT 

Atmospheric Radiative Transfer (SBDART) model. Kaskaoutis et al., 2013 have reported the 

aerosol episode (AE) days and examines the modification in aerosol properties and radiative 

forcing during the period 2001-2010 based on Kanpur-AERONET data. Raju et al., 2015 have 

http://www.sciencedirect.com/science/article/pii/S0169809515000307
http://www.sciencedirect.com/science/article/pii/S0169809515000307
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reported that the presence of BC resulted in positive radiative forcing in the atmosphere leading to 

warming effect (+ 2.1 W m
-2

) whereas cooling was observed at the top of the atmosphere (− 0.4 W 

m
-2

) and at surface (− 2.5 W m
-2

). Using the OPAC and SBDART models, optical properties and 

aerosol radiative forcing (ARF) in the spectral range 0.2 to 4 μm for composite aerosol and 

without-BC aerosol at the top of the atmosphere, surface and atmosphere were computed. Patel and 

Kumar, 2015 have reported during pre-monsoon 2012 using ground measurements, satellite 

observations and model simulations. The mean top of the atmosphere (TOA) and surface forcing 

come out to be -14.49 W m
-2

and -53.29 W m
-2

, respectively. The mean net atmospheric radiative 

forcing was 38.79 W m
-2

.Latha et al., 2016 have studied black carbon radiative effects at the 

densely populated plain station, Varanasi and the lesser populated plateau station Ranchi with large 

forest cover but with numerous open coal mines. 

 

International status 

Aerosol affects the Earth's temperature and climate by altering the radiative properties of 

the atmosphere (Jacobson, 2001). Yu et al., 2001 have made an effort to reduce uncertainties in the 

quantification of aerosol direct radiative forcing in the southeastern United States (US). The cloud-

free instantaneous TOA ADRFs for highly polluted, marine and continental air masses range from -

20.3 to -24.8, -1.3 to -10.4, and -1.9 to -13.4 W m
-2

, respectively. Jacobson (2004) have reported 

that aerosols affect the Earth's temperature and climate by altering the radiative properties of the 

atmosphere. This finding implies a higher positive forcing from black carbon than previously 

thought, suggesting that the warming effect from black carbon may nearly balance the net cooling 

effect of other anthropogenic aerosol constituents. Alam et al., 2011 have analyzed aerosol optical 

properties through the ground-based Aerosol Robotic Network (AERONET) over the mega city 

Karachi during August 2006–July 2007. The aerosol radiative forcing (ARF) for the whole 

observation period at the top of the atmosphere (TOA) is in the range of -7 to -35 Wm
−2

 at the 

surface from -56 to -96 W m
-2

 increasing the atmospheric forcing from +38 to +61 W m
-2

 (average 
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+51±13 W m
-2

). Bond et al., 2013 have studied global atmospheric absorption attributable to black 

carbon. The best estimate for the industrial era (1750 to 2005) direct radiative forcing of 

atmospheric black carbon is +0.71 W m
-2

 with 90% uncertainty bounds of (+0.08, +1.27) W m
-2

. 

Wang et al., 2014 have reported the radiative forcing and climate response due to black carbon 

(BC) in snow and/or ice. The results show that the global annual mean surface radiative forcing due 

to BC in snow/ice were +0.042 W m
-2

, with maximum forcing found over the Tibetan Plateau and 

regional mean forcing exceeding +2.8 W m
-2

. Jian et al., 2004 have found that BC aerosols induce 

a positive radiative forcing at the top of the atmosphere (TOA), which is dominated by shortwave 

radiative forcing. The maximum radiative forcing occurs in North China in July and in South China 

in April.  

  

2.3 Dry deposition 

National status 

A limited study on dry deposition has been carried out. Suman, 2007 have reported the dry 

deposition monitoring throughout central Panama in 1981 in order to collect particulates produced 

during the period of agricultural burning.  Latha et al., 2005 have reported the estimation of black 

carbon aerosol scavenging coefficient by using ground-based measurements over an urban 

environment of Hyderabad during January to December 2004. Kumar and Kumari, 2012 reported 

the parameterization method of dry deposition of S compounds on natural surface (leaf of Cassia 

siamea) through direct measurement method. Nair et al., 2013 have studied the absorbing aerosols 

such as black carbon (BC) or dust over high-altitude Himalayan regions (Hanle and Nepal Climate 

Observatory-Pyramid) have potential implications on the regional climate and hydrological cycle 

over South Asia. The estimated amount of BC in the snow varied from 117 to 1.7 µg kg
−1

 for a 

wide range of dry deposition velocities (0.01-0.054 cm s
−1

) of BC, snow depth (2-10 cm) and snow 

densities (195-512 kg m
-3

). Reddy et al., 2000 have used box model to compare the burdens, optical 
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depths and direct radiative forcing from anthropogenic PM2.5 aerosol constituents over the Indian 

subcontinent. The contribution from various aerosol constituents was 28% sulphate, 25% mineral 

(clay), 23% fly-ash, 20% organic matter and 4% black carbon.  

 

International status 

Koch and Hansen, 2005 have studied the impact of black carbon (BC) on the sensitive 

Arctic climate, possibly altering the temperature profile, cloud temperature. The GEM‐AQ model 

suggested that the below‐cloud scavenging dominates the contribution of BC removal over the 

Arctic with an estimation of 48% for 2001, whereas the contributions of in‐cloud scavenging and 

dry deposition were about 27% and 25%, respectively. Takeda et al., 2012 have performed quick 

measurements of black carbon (BC) particles deposited on foliar surfaces of forest tree. An optical 

method was used for measuring the amount of BC extracted from foliar surfaces and collected on 

quartz fiber filters. The absorption spectrum of the filters was measured by spectrophotometer with 

an integrating sphere. Hienola et al., 2013 have reported the regional aerosol-climate model and 

suggests that the excessive wet removal is not the main cause of the low black carbon concentration 

output. Ruppel et al., 2013 have reported the spheroidal carbonaceous particles (SCP) are a well-

defined fraction of black carbon (BC). Generally, trends of SCP deposition and model results 

showed the rapidly increasing values in the year of 1950-1980, and a decrease towards the present. 

Ginot et al., 2014 have studied a shallow ice core at the summit of Mera Peak in the southern flank 

of the Nepalese Himalaya range. The analyses revealed that mass fluxes were a few orders of 

magnitude higher for dust (10.4 ± 2.8 g m
−2

 yr
−1

) than for refractory black carbon (rBC) (7.9 ± 2.8 

mg m
−2

 yr
−1

). The fraction of dry deposition to total deposition increases from 16% to 

25%. Yasunari et al, 2013 have reported BC dry deposition rates in a wide range of 270-4700 μg m
-

2
 during the study period. Huang et al., 2014 reported the anthropogenic aerosol components in the 

Arctic troposphere, such as black carbon (BC) and showed a strong seasonal variation 

https://www.hindawi.com/73851503/
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characterized by a peak in later winter and early spring. The estimated global BC burden is 0.28 

Tg. Hadley, 2010 have reported modeling studies of snow and ice by black carbon deposition. This 

study provides one of the first direct measurements for the efficient removal of black carbon from 

the atmosphere by snow and its subsequent deposition to the snow packs of California. Yasunari et 

al., 2010 have reported the possible minimal range of reduction in snow surface albedo due to dry 

deposition of black carbon (BC).  

 

2.4 BC Inventory 

National status 

Sharma et al. (2013) have reported that India is known to emit large amounts of black 

carbon (BC) particles, and the existing estimates of the BC emission from the transport sector in 

the country widely range from 72 ~ 456 Gg/year (for the 2000‟s). Gadhavi, 2015 have evaluated 

emission inventories of black carbon (BC) using Lagrangian particle dispersion model simulations 

and BC observations from a rural site in southern India. Burkhart et al., 2015 have studied a new 

GIS based comprehensive high resolution grid wise emission inventory of Black carbon. Domestic 

fuels contributed maximum (48%) followed by Industry (22%), Transport (17%), open burning 

(12%) and others (1%). Paliwal et al., 2016 have reported black Carbon (BC) emissions from India 

for the year 2011 were estimated to be 892.12 ± 151.53 Gg/yr.  

 

International status  

Koch and Hansen, 2005 have studied black carbon (BC) particles, derived from incomplete 

combustion of fossil fuels and biomass and found to have a severe impact on the sensitive Arctic 

climate, possibly altering the temperature profile, cloud. Cao, 2006 have reported the emission 

inventories of black carbon (BC) and organic carbon (OC) from China. The emissions were 1500 

Gg for BC and 4100 Gg for OC which is mainly due to the burning of coal and bio fuels. Bond et 
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al., 2007 have reported an emission inventory of primary black carbon (BC) and primary organic 

carbon (OC) aerosols from fossil fuel and bio fuel combustion between 1850 and 2000. Emissions 

of black carbon increase almost linearly, totaling about 1000 Gg in 1850, 2200 Gg in 1900, 3000 

Gg in 1950, and 4400 Gg in 2000. Wang, 2011 have studied BC emission inventories for North 

America, Europe, and Asia. Núñez, 2014 have studied a black carbon (BC) emission inventory for 

Mexico. Chow, 2010 have reported the particulate black or elemental carbon (EC) (black carbon 

(BC). Chowa, 2006 have reported emission inventories for black or elemental (BC or EC) and 

organic (OC) carbon can be derived by multiplying PM2.5 emission estimates by mass fractions of 

these species in representative source profiles. The total estimated EC emissions of 432 Gg yr
-1

 was 

apportioned as 42.5% from biomass burning, 35.4% from non road mobile sources, 15% from on 

road mobile sources, 5.4% from fossil fuel (e.g., coal, oil, and natural gas) combustion in stationary 

sources, 1% from other stationary industrial sources, and 0.5% from fugitive dust. Annual BC 

emissions had increased from 5.3 to 9.1 tera grams during this period. BC emission intensities had 

increased in the industrial and agricultural sectors, mainly due to an expansion of low-efficiency 

industry (coke and brick production) in developing countries and to an increasing usage of diesel in 

agriculture in developed countries. 
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OBJECTIVES 

 

Black carbon is the second most global warming causing element and is responsible for 

half of the total current warming impact. The human generated BC emissions are contributing 

largely to ongoing climate change including global warming. India is reported to be one of the top 

emitters of BC in the world, whereas the Indo-Gangetic basin tops in the country. Agra is also a 

populated site in the Indo-Gangetic basin and suffers from high load of air pollution. However, a 

very few detailed real time black carbon study at Indo-Gangetic basin in general and at Agra in 

particular have been done and it is high time that such a study is systematically undertaken at Agra. 

The average life span of BC is from a few days to weeks but it plays a significant role in 

atmospheric warming and affects human health, vegetation and materials. It is basically minute in 

size and mostly remains suspended in the atmosphere, and settle onto the surface via dry and wet 

deposition. Dry deposition is an important mechanism of removal of pollutants from the 

atmosphere to the earth surface in India as dry conditions prevails for most part of the year while 

rains are confined to a short monsoon period. However, study on dry deposition of black carbon is 

limited and none from India as it is a cumbersome method. With this in view the objectives of the 

present investigation are: 

 

 to measure the concentration of black carbon in ambient air at Agra 

 to examine seasonal variation in the concentration of black carbon 

 to measure and estimate the dry deposition flux of black carbon, 

 to study the seasonal variation in dry deposition flux of black carbon, 

 to determine the radiative forcing due to black carbon and 

 to provide the datasets for climate model. 
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3. MATERIALS AND METHODS 

3.1 Site selection 

The proposed study will be carried out at Agra over IGB. Agra (27.17ºN, 78.0ºE) is located 

in the semi arid area of North Central India and situated at a distance of 200 km from the South-

East of Delhi. Two-third of its peripheral border lines (SE, W and NW) are surrounded by the Thar 

Desert of Rajasthan. It represents one of the important sites over the Indo-Gangetic basin. The 

major industrial works are rubber processing, engineering, brick-kilns and chemical works. 

Besides, a number of petha industries are operating in the city. The vehicular emissions are one of 

the major sources of air pollution affecting the urban population in Agra. Unlike industrial 

emissions, vehicular pollutants are released at ground level and hence the impact on the recipient 

population will be more. The poor road, congested traffic and vehicular emission resulted into high 

pollution load. 

The climate of Agra is dry, and it truly represents the subtropical region. Soil is sandy and 

loamy. Agra, situated on the Indo-Gangetic plain is about 169 m above the mean sea level (MSL) 

and has semiarid climate. The daily average temperature in summer lies between 21.9 
º
C to 40 

º
C 

and in winter temperature varies between 4.2 
º
C to 31.7 

º
C. The climate of Agra has been generally 

divided into four seasons: winter (December to February), summer (March to June), monsoon (July 

to September) and post monsoon (October to November). Most of the time atmosphere is in calm 

condition represents the wind velocity < 1 m s
-1

. The wind follows two distinct patterns: during 

monsoon winds come from N, NE quadrant while in the rest of the season dominant winds are from 

NW sector.  

 

3.1.1 Site description 

In Agra, the sampling will be carried out at Dayalbagh, a suburban site. It is 10 km away 

from the industrial sector of the city where due to agricultural practices, vegetation predominates. 
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At Dayalbagh, all samples will be collected on the roof of a building in the Institute campus. The 

surrounding area is completely free of constructions and tall trees. Population around the sampling 

site is about 15,000. The soil is sandy and calcareous. A stockyard of about 1000 cattle is situated 

at a distance of 400 m west from the sampling site. The sampling site lies at a distance of about 200 

m away from the side of the road that carries mixed vehicular traffic of the order of 10
3
 vehicles in 

a day and a national highway (NH-II) at a distance of 2 km south has dense vehicular traffic (10
5
 

vehicles in a day). The site is surrounded by a variety of deciduous trees and agricultural fields. 

Agriculture is the major activity and fields around the site are covered with a variety of crops in the 

winter. In the summer uncultivated fields lie barren and dry.  

 

3.2 Measurements in Air 

Black carbon, particulate matter, and dry deposition will be measured. 

 

3.2.1 Black carbon mass concentration 

Black carbon (BC) concentration measurements will be carried out using the New seven 

channels Aethalometer (Model AE33; Magee Scientific USA). Aethalometer collect aerosol 

particles on the filter continuously by drawing air containing aerosol through the filter tape at a 

flow rate of 2 LPM. BC concentration will be estimated every minute following an optical 

attenuation technique. Aethalometer used continuous filtrations through quartz filter and estimates 

optical absorption using principle of transmission (Hansen et al., 1984). It measures changes at 7 

different wavelengths (370, 470, 520, 590, 660, 880 and 970 nm). It is a self sufficient and 

automatic instrument and reproduces the data spontaneously. Fresher aerosols closer to the 

combustion sources show a larger „spot loading effect‟. Well‐aged aerosol shows almost zero effect 

under atmospheric conditions of high chemical activity and oxidative processing. The effect is 

revealed statistically by processing data collected over a large number of tape advances, 
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representing many data points collected at loadings (attenuation values) ranging from zero to the 

preset maximum (Drinovac et al., 2015). AE-33, a seven channel Aethalometer is programmed in 

such a way that it does not need any correction and can directly be taken into consideration. 

 

3.2.2 Dry deposition of black carbon 

 Dry deposition of black carbon on leaves of Ashok (Polyalthia longifolia) and Amaltas 

(Cassia fistula) plants will be measured using surface washing methods (Davidson and Wu, 1990; 

Kumar et al., 2003). 

 

3.2.2.1 Dry deposition on leaves 

Dry deposition of black carbon samples will be collected from four leaves of Ashok 

(Polyalthia longifolia) and Amaltas (Cassia fistula). The leaves of selected plants will be tagged 

and washed with deionized water / chloroform using a sprayer for a number of times. The tagged 

and washed leaves will be air dried and exposed for 72 or 96 hrs on non rainy / non dewy / non 

foggy days. The black carbon deposit on the leave surface will be washed off into a beaker using 

50 ml deionized water or chloroform and will be transferred to polypropylene bottles. The 

extracted BC particle will be filtered through a quartz filter. 

Field blanks will be collected in the same manner as dry deposition on leaf surfaces by 

exposing the leaves for one minute. 

 

3.2.3 Black carbon in soil 

A representative number of soil samples will be collected from nearby places of the 

sampling site. Top of the soil will be removed and soil below the 1-2 cm will be collected. 1 gm of 

dried and sieved soil will be taken in 250 ml of conical flask and will be extracted in 100 ml E-pure 

water on electrical shaker for 2 hours. Extract will be filtered through pre-weighed quartz fiber 
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filter. The quartz fiber filter will be dried and weighed. The concentration of BC on quartz filter 

will be analyzed as the dry deposition sample. 

 

3.3 Mass concentration of particulate matter 

3.3.1 Sample collection, preparation and storage 

Respirable Suspended Particulate Matter (PM10) and fine particulate matter (PM2.5) 

samples will be collected using the Polltech fine dust sampler at a flow rate of 16 LPM for 24 hrs 

using a glass fiber filter and PTFE filter, respectively. Pre-desiccated and pre weighed filter papers 

will be used as collecting surface and will be mounted in the filter holder and the instrument will be 

run for 24hrs. After the sampling filter will be withdrawn and will be kept in desiccators to remove 

the moisture and weight will be taken. Particle deposited on the filter will be determined 

gravimetrically. The difference in the mass of filter paper after the sampling and before the 

sampling will give loads of aerosol particles.  

 

Half of the each filter will be cut into small pieces and extracted in 50 ml dionized water 

followed by half an hour extraction on ultrasonic bath. Extract will be filtered through Whatman 42 

filter paper into polypropylene bottles. The sample will be stored in refrigerator till the analysis. 

The sample will be analyzed for major cations (Na
+
, K

+
, Ca

2+
, Mg

2+
 and NH4

+
) and major anions 

(F
-
, Cl

-
, NO3

-
, SO4

2-
). All the plastic wares and glass wares will be cleaned by soaking in detergent 

for a few hours, followed by rinsing with deionized water for several times till conductivity of 

water reaches 1 µs and then will used for collecting/storing samples. 

 

3.3.2 Analytical procedure 

3.3.2.1 Analysis of BC in dry deposition and soil  

Black carbon in dry deposition sample will analyzed using OC/EC analyzer. 
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3.3.2.2 Chemical Analysis 

A representative number of samples of PM10 and PM2.5 will be analyzed for major anions 

and major cations using Ion chromatograph (Dionex DX 1000) and Atomic Absorption 

Spectrophotometer. 

 

3.4 Measurement of meteorological parameters 

Air pollution status in any air shed is governed by meteorological conditions. 

Meteorological parameters viz., temperature, relative humidity, wind speed, wind direction and 

solar radiation will be monitored using a self contained battery operated AWS 10.0 Data logger 

(Ms/s Rave Innovations, Noida). AWS is a microprocessor based wind recording system with built-

in clock and calendar. It consists of sensors for wind speed, wind direction, temperature, relative 

humidity and solar radiation. The data logger acquires data from the sensors for wind speed, wind 

direction, air temperature and solar radiation and stores the data in its memory for later retrieval as 

well as display the data to monitor. The global radiation will be monitored by using Pyranometer 

(Delta ohm). These global radiation lies in the range of 300-2800nm. 

 

3.5 Estimation of radiative forcing 

3.5.1 Optical properties of aerosol 

The physical and optical properties of aerosols viz., aerosol optical depth, scattering and 

extinction coefficients, single scattering albedo, asymmetry factor measurements are cumbersome 

as they are highly variable over scale from local to regional to global and vary with location on 

earth and the season and very important in the radiation budget. Theoretical calculation of optical 

properties of aerosol will be carried out using the OPAC model (Hess et al., 1998).The new 

mixture of aerosol type will be defined in the OPAC model (Hess et al., 19998) software package 

and number densities of five components viz., insoluble, water soluble, soot, mineral accumulation 
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and mineral coarse will be incorporated to derive the aerosol optical parameters viz., aerosol optical 

depth (AOD), single scattering albedo (SSA), asymmetric parameter (ASP), extinction coefficient, 

absorption coefficient, scattering coefficient and angstrom coefficients for Agra region. Water 

soluble chemical constituents and minerals of aerosol measured during the study period will be 

used as input in OPAC.  

 

3.5.2 Radiative forcing estimation  

The aerosol radiative forcing due to BC represents the difference between the aerosol 

radiative forcing for aerosol with and without the BC component. The shortwave aerosol radiative 

forcing due to BC will be estimated using Santa Barbara DISORT Atmospheric Radiative Transfer 

(SBDART) model (Ricchiazzi et al., 1998). SBDART is a FORTRAN computer code designed for 

the analysis of a wide variety of radiative transfer. The inputs values of SBDART model will be 

deduced from Optical Properties of Aerosols and Clouds (OPAC) model (Hess et al., 1998). The 

values of spectral aerosol optical depth and BC mass concentration will be measured and optical 

parameters for composites total aerosols will be deduced. In order to estimate the forcing due to BC 

alone, optical parameters for aerosols will be deduce again, keeping BC concentration equal to zero 

and constructed columnar AOD for BC free atmosphere from OPAC. However, the removal of BC 

increases the SSA value to a greater extent, which actually participate in aerosol radiative forcing 

(Gogoi et al., 2009; Morthy et al., 2010; Nair et al., 2014). In the present study in the SBDART 

model, tropical model atmospheric profiles will be used for aerosol and for aerosol free conditions. 

As Agra is on sand dunes surface reflectance properties of sand will be considered in the model 

calculation. The composite direct aerosol radiative forcing at the surface and the top of the 

atmosphere (TOA) will be estimated by calculating the differences in net shortwave radiative 

fluxes with and without black carbon aerosols. The flux in the atmosphere will be obtained by 

subtracting the flux at the TOA and at the surface.  
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3.6 Statistical Analysis  

The data will be subjected for statistical analysis viz., mean, standard deviation, ANOVA 

test, correlation analysis, regression analysis, factor analysis using SPSS Vers. +6.0 software 

packages. The ANOVA test will performed to see the significance in the variation in the mean; 

correlation and regression analysis to the dependencies on variables and factor analysis to identify 

possible sources. ANOVA analysis will be used to see whether the difference in mean values of 

variables is significant between sites, seasons and collecting surfaces. 
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