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Abstract

Black Carbon (BC) is a short-lived climate pollutant, which has been demonstrated

to pose significant negative impacts on climate and human health. On-road traffic and open

burning of biomass are two primary sources of BC emissions in India. It has been observed

that hilly regions tend to show a higher concentration of BC due to the movement of wind

being obstructed by the geographical entities and exhibit different meteorology than plains.

Low-level clouds over the hilly region of northeast India and longer hill fogs might not

only be affecting the mass concentrations of BC but might also be affecting its radiative

properties. The northeast India being close to the Himalayas is vulnerable to climate change.

It is essential to study radiation properties and determine the contributions of fossil fuel to

the ambient BC and its dispersion over the hilly region of Guwahati. These objectives were

achieved by measurements and modelling of BC at two locations in the hills of Guwahati

and analyzing the data using radiation absorption equations with the site-specific properties

of BC.

The equivalent BC measurements were conducted using a seven-wavelength

Aethalometer (AE-33) during winter 2020 from Jan-March over a suburban atmosphere in

Guwahati, Northeast India. The daily PM2.5 and PM10 concentrations were also measured

simultaneously to quantify the share of BC and study inter-relationship. The chemical species

such as metals (Fe, Mn, Zn, Cu, Cr, Pb, Al) and ions (NO3
–, SO4

2–, F–, and Cl–) in PM2.5 and

PM10 were also quantified to study the correlation with BC. The contribution of two distinct

sources obtained by AE-33 has been improved using site-specific Aerosol Angstrom exponent.

The best wavelength pair to apportion BC from two sources such as fossil fuel and biomass

burning has been worked out. The key findings of the research showed that the traffic-derived

BC emissions (BCFF) dominate over biomass burning. The BC levels substantially varies

with local meteorological conditions and the traffic volume & its composition. The light

absorption of BC dominated at all wavelengths from 370 to 950 nm. Primary and secondary

Brown Carbon significantly contribute to aerosol light absorption at a shorter wavelengths

(370 to 660 nm) during winter nighttime.

v
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The AERMOD model was used to model BC from emissions originated from moving

traffic as line source and parking lot as area source using observational and WRF-processed

meteorology for the winter period. Hilly terrain obstructs winds and develops a negative

pressure loading to a vacuum on the other side of the hills, which promotes accumulation

of emissions causing high BC concentrations. The pockets of higher concentration were

seen at the locations where steep slopes were associated with low winds and hill fogs. The

AERMOD model after statistical evaluation against the observational BC concentrations

in two topographical areas during winter has been applied to study the reduction in BC

concentrations due to implementation of vehicular emission norms as mitigation measures

i.e. Bharat Stage BS-IV (equivalent to Euro 4) and BS-VI (equivalent to Euro 6). It

was found that the BCFF concentrations for BS-IV and BS-VI reduced by 35% and 75%,

respectively. The model was used to study the contribution of each vehicular category in BC

concentration. Based on all these findings, mitigation measures were suggested for reduction

of BC concentration from traffic. The observational data incidentally falling in period of

COVID-19 lockdown has also been analyzed for radiative properties and comparison has

been done. The probable source of origin of high aerosol loading was investigated using

HYSPLIT model.

The health risk of BC and PM2.5 were estimated in terms of daily passive smoking

method. The conclusions drawn in this research will be useful in making new strategies to

reduce BC emissions and issue public health advisories during haze occasions. Thus, it will

promote the implementation of strict regulations aiming to improve deteriorating air quality

and safeguard the exposed individuals in the hilly regions of the Brahmaputra River Basin.

Keywords: Aethalometer; Black Carbon; Brown Carbon; Source apportionment; Optical

properties; AERMOD; Health risks; COVID-19; Brahmaputra river valley; Northeast India.
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1
Introduction

1.1 General

Black Carbon (BC) is an unwanted fraction of fine particulate matter (PM2.5)†

produced through incomplete combustion of biomass and fossil fuel associated with

anthropogenic and natural activities (Bond et al., 2011; Deng et al., 2020; Chaudhury

et al., 2022). BC, also known as soot, is the particulate form of short-lived climate forcing

pollutant with warming potential next to Carbon Dioxide (CO2) (Bond and Sun, 2005).

Table 1.1 shows a comparison of BC and CO2 in detail. It is directly linked to the atmospheric

environment through different physicochemical and biological processes, which affect the

local air quality (Jacobson, 2004; Chen et al., 2022). Once released, it can travel a long

distance into ambient air in a shorter duration (Ramanathan and Carmichael, 2008) and

influence air quality in local to regional and intercontinental areas. It is also a primary

pollutant, so its concentration in the atmosphere is directly linked to anthropogenic activities

(USEPA, 2012). Although various sources of BC have been identified, it is emitted from

the transportation sector, observed to have high light absorption and adverse effects on the

atmosphere and human health (Bond et al., 2013; Van der Zee et al., 2016; Wang et al.,

2022). Rapid urbanization, unprecedented growth in vehicles, and improper planning in

the road networks result in traffic congestion, which has increased BC emissions in several

developing countries like India. In India, open burning of agricultural waste and forest fires

accounts for 24% of all BC emissions, while transportation sector and industries contribute

21% and 15%, respectively (USEPA, 2012).

†particles with the aerodynamic diameter less than or equal to 2.5 micron.
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Table 1.1 Comparison of Black Carbon to CO2 based on the properties that influences the climate (USEPA, 2012).

Property Black Carbon CO2

Atmospheric life time Days to weeks Up to millennia

Distribution of atmospheric concentrations Highly variable both geographically and temporally correlating with emission sources Generally uniform across the globe

Direct radiative properties Absorbs all wavelengths of solar radiation Absorbs only thermal radiation

Global mean radiative forcing
+0.34 to 1.0 W m–2 direct forcing +0.05 W m–2 (snow/ice albedo forcing) Net effect:
uncertain, but likely warming

+1.66 (± 0.17 W m–2)

Cloud interactions
Multiple cloud interactions that can lead to warming or cooling as well as effects on
precipitation

Increases cloud droplet acidity

Surface albedo effects
Contributes to accelerated melting of snow/ice and reduces reflectivity by darkening
snow and ice, enhancing climate warming

No direct surface albedo effects

Contribution to current global warming Likely third largest contributor (after CO2 and CH4), but large uncertainty Largest contributor

Dimming Contributes to surface dimming
No direct effects on surface
dimming

Page | 2 Environmental Engineering |
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Traffic is responsible for∼33-90% of BC emission in areas rich with vehicular activities

and traffic congestion (USEPA, 2002), while around 8% of BC is produced from open burning

of biomass (Reid et al., 2005). It is also reported that the traffic-originated BC particles

are darker than the particles from biomass combustion, hence, having higher warming

effects (Han et al., 2017; Ramanathan and Carmichael, 2008). Moreover, different types of

fuels combustions produce different amounts of BC. For example, natural gas combustion

produces too little BC, while diesel combustion produces quite a high BC (Evans et al., 2017).

Therefore, BC emissions are required to be reduced from biofuel combustion and from direct

vehicular emissions to prevent acute impact on regional climate. This problem can be solved

by developing mitigation measures and implementing proper technology. Fig. 1.1 shows the

different species derived from two sources.

Open biomass burning 

particles

Traffic: Diesel exhaust 

particles

Trace inorganics

(K, Cl, Ca; ~10%)

Elemental Carbon (~8%)

Carbon associated 

elements

(H, O, N; ~20-30%)

Organic Carbon (~55%)

Organic Carbon

(19%; Range 7-49%)

Sulfate, Nitrate (1%; Range 1-4%)

Other (3%; Range 1-10%)

Elemental Carbon (75%; Range 33-90%)

Metals (2%; Range 1-5%)

(a) (b)

Fig. 1.1 Distribution of particles originated from (a) biomass burning (Reid et al., 2005) and
(b) heavy-duty diesel PM2.5 emissions (USEPA, 2002).

The BC concentrations found in various cities of India mainly from traffic and biomass

burning are shown in Fig. 1.2. The measurements were conducted using different models

of the Aethalometer, and the apportionment was done at default settings except for a few

studies. It can be seen that the BC concentration associated with fossil fuel was higher than

the winter mean of cities under consideration. While, biomass burning contributed more to

the total BC concentrations in India’s eastern and northeastern parts of the Himalayas.
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Biomass burning

Fossil fuel

Fig. 1.2 Black Carbon concentrations from two sources in Indian cities during winter.

BC has its importance in the current situation of global warming as it is the third

largest contributor that absorbs solar radiation at all wavelengths ranging from 370 to 950 nm

(USEPA, 2012). It has high radiation absorption properties, resulting in global warming, snow

albedo effects, and a deteriorating impact on cloud formation and precipitation (Jacobson,

2004). After CO2, BC is the second-largest contributor to global warming with a net positive

radiative forcing of 1-1.2 Wm–2 (Jacobson, 2001; Bond et al., 2013). BC in the atmosphere

absorbs sunlight; and thus has positive radiative forcing (Chakrabarty et al., 2012; Liu et al.,

2018). Chakrabarty et al. (2012) showed that the total reduction of shortwave radiation

reaching the surface is ∼63 Wm–2 and radiating back to the atmosphere is ∼11 Wm–2 under

cloud-free conditions. Tiwari et al. (2016) showed that BC contributes to the cooling effect at

the surface level in the Brahmaputra river valley (BRV) region. Another study of the Central

Indo Gangetic Plain site (Gorakhpur, India) showed that BC emissions from local sources are

dominant over these long-distance transported due to calm wind conditions and shallow

boundary layer height (Vaishya et al., 2017). Chaudhury et al. (2022) concluded that the

meteorology’s effect on BC’s spatiotemporal variability was negligible at the surface locations

(at 1.5 m height) in the BRV region. Sarkar et al. (2015) reported a higher contribution

from local sources (huge tourist activities) followed by long-range and mountain wind

transport during the pre-monsoon season at the high-altitude location in the eastern part of

the Himalayas in India. It is also reported that BC particles from Indo-Gangetic Plain are

Page | 4 Environmental Engineering |
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being deposited into the northeastern part of the Himalayan regions in India during winter

and pre-monsoon seasons (Barman and Gokhale, 2019).

Fig. 1.3 shows the number of papers published and the mean observed concentrations

of BC in various parts of India from 2002 to 2018 (Rana et al., 2019). The highlighted map

area represents the district from which BC measurements have been reported. Fig. 1.3a

shows that the very few studies have been conducted in the northeastern region than the

rest of India. Also, the levels of BC are comparable with the Indian cities. These levels of BC

are alarming compared to the rest of India and worldwide. Fig. 1.3b signifies the spatial

variation of at least year-long BC concentrations in India, where circle sizes are proportional

to the BC concentrations. It provides the best estimate of the average BC in India during

2002-2018.

| Environmental Engineering Page | 5
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(a) (b)

Fig. 1.3 (a) Number of research papers published on atmospheric Black Carbon in India, (b) Variation of average Black Carbon concentrations (µg
m–3) in India based on published literature during 2002-2018 (Rana et al. 2019). The presented data show those studies that report at least
year-long Black Carbon measurements. The highlighted area on the map represents the district from which Black Carbon measurements
have been reported.
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In a particular region, the impacts of BC can be attributed to local emissions,

meteorological conditions and local geography. There is rising concern that the natural

reserves on the Himalayas are in retreat due to aerosol BC (Barman and Gokhale, 2019).

The rate of warming is different with location and elevation because high mountainous,

hilly topographical environments experience more rapid changes in temperature than

environments at lower elevations (Goldreich et al., 1986). Hilly regions have complex

wind flow patterns due to high and low ridges obstructing the direct wind flow. Almost

70% of the region in northeast India has hilly ecosystem, where alpine vegetation, snow-

capped high mountains (1-5 km, above mean sea level [a.s.l.]), and rocky surface dominate

the physical landscape (Pathak et al., 2021). For better health assessment and air quality

management the emission of Black Carbon in such areas might exhibit optical properties

different from those in simple terrain areas. It may affect the accuracy of the apportionment

of BC to the fossil fuel and biomass burning. As per the Economic Survey of India (2015), the

state of Assam showed a growth rate in emission density of BC by 15.9% and the growth rate

of per capita by 14.5% in national summary data pages. The number of on-road automobiles

in Assam has increased from 0.53 million in 2001 to 2.84 million in 2018 (Economic survey of

Assam, 2017). The vehicles plying on the roads of Guwahati city are all mixed in the various

proportion of BS-II, BS-III, and BS-IV compliant. Besides, a railway network (972 km) across

the northeastern states is mostly diesel power-driven, which might also be contributing to

the atmospheric BC.

Guwahati is the largest and fast developing urbanized city in northeast India. It is

situated in a small to steep-sloped hilly region of the lower Brahmaputra river basin. Besides

hill fogs in winter are severe, stays for long time at low levels, which may trap pollutants

and create pockets of high pollution. Thus, measurements and observations of BC in the

hilly areas with considerable human settlements are essential to improve understanding of

the impact of BC, its contribution to light absorption, and dispersion in hilly terrain. This

information is needed to improve emission inventories and formulate mitigation strategies.

Barman and Gokhale (2019) showed that in Guwahati, traffic and biomass contribute 85-92%

and 9-15%, respectively, to the total BC. Another study by Chaudhury et al. (2022) reported

higher values of BC measured at surface locations (at 1.5 m height) when compared with
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TH-2979_166104024



Chapter | 1 Introduction

upper location (at 15 m height) measurements between August 2016 to July 2017. Only

these studies on BC are available each with a limited data for about a week mostly restricted

to ∼20 m above the ground level (Chakrabarty et al., 2012; Tiwari et al., 2016; Barman

and Gokhale, 2019; Chaudhury et al., 2022). The source apportionment of BC is not done

using aerosol absorption coefficient. The characterization of Brown Carbon, both primary

and secondary at shorter wavelengths (370-660 nm) is not done. The compared studies

and their results showed that the source apportionment techniques are based on the default

Aethalometer settings, which have been improved in the present study by using site-specific

properties. In the Indian context, fossil fuel is the most dominant factor contributing more to

BC than biomass burning. The reason could be that the technology used in the vehicles is old

(BS-II, BS-III, and BS-IV compliant). Given the share of old vehicles (7-15 years petrol and

7-10 years diesel vehicles) in the fleet, BC emission is high compared to metro cities where

the old vehicles are phased out. The Indian government implemented new emission norms

(BS-VI) in 2020 to tackle air pollution from vehicular categories. This study may be useful

as a base study for future projections of BC when these vehicles will be phased out from

Guwahati. The present study, therefore, focuses on the longer (winter and pre-monsoon

season) measurements of BC, its optical properties, its dominant source identification, and

its dispersion over the complex terrain with the measurement location situated on the peak

of the hills to study effect of hill fog and complex topography. The research objectives were

framed based on research gaps and have been presented in the subsequent Chapter 2.

1.2 Scope and objective

The primary objective is the source apportionment of Black and Brown Carbon

aerosols from light absorption observation and to investigate the spatio-temporal variability

using source-oriented modelling in the study region of Guwahati, Northeast Indian city. The

expected results of this research may contribute to the state-of-art study, literature on BC

from this region, which is close to Himalayas and, therefore, in the context of climate change

has significance. Key tasks to achieve the main objective are as follows:

i. Fieldwork involving the selection of study domain & monitoring locations, measure-

ments of PM2.5, PM10 and Black Carbon concentrations simultaneously, collection of

Page | 8 Environmental Engineering |
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local meteorological parameters, traffic volume survey within the study region for

winter period from Jan - March 2020.

ii. Data analysis and interpretation in respect of winter season and COVID-19 lockdown

on Black Carbon air quality.

iii. Optical properties of Black and Brown Carbon aerosols (primary and secondary) and

their contribution to the total aerosol light absorption at different wavelengths.

iv. Source apportionment of Black Carbon (at 880 nm) and contribution of dominating

sources using light absorption-based default and improved method.

v. Health risks of Black Carbon and PM2.5 on human health in terms of an equivalent

passively smoked cigarette.

vi. Modelling the dispersion of traffic-derived Black Carbon emission in a hilly terrain

using observational and WRF-modelled weather data using AERMOD model.

vii. Application of the model to study the impacts.

1.3 Novelty statement

The apportion of the sources of Black Carbon aerosols has been conducted on the

Himalayas and other places using default Aethalometer settings, which are mentioned in

the literature section. This study used an improved light absorption-based method, which is

missing in the studies conducted in the country.

i. Source apportionment of Black Carbon from vehicles and biomass burning in the hilly

region of Guwahati using an improved light absorption based-method.

ii. Contribution of primary and secondary Brown Carbon to the total aerosol light

absorption using optical properties.

iii. Health risk for the dwellers of the hilly region due to Black Carbon and PM2.5 in terms

of daily passive smoking method.

iv. Comparative study of dispersion of traffic-derived Black Carbon emission in the hilly

region using onsite and WRF simulated meteorology.

| Environmental Engineering Page | 9
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1.4 Thesis outline

The thesis is organized into seven chapters.

Chapter 1: Introduction - introduces the significance of the topic and highlights the

problems and the limitations of the existing techniques used in the source apportionment

studies. It gives an overview about Black Carbon and why the study has its significance in

the Brahmaputra river valley region. It describes the main aim of this research to improve

the Black Carbon apportion method based on the light absorption properties, the detailed

scope and objectives of this research, novelty statements, and organization of the thesis.

Chapter 2: Literature review - reviews the studies on the Black Carbon emissions

in different environments. It begins with the background of emission sources, impacts of

traffic, and role of meteorological parameters, emission rates of Black Carbon, and source

apportionment techniques based on default Aethalometer model. Subsequently, it covers

aerosols’ light absorption properties, including Black Carbon, primary and secondary Brown

Carbon at different wavelengths. It further reviews the advantages and shortcomings of each

method of source apportionment, air quality models used in the dispersion of air pollutants,

followed by the summary with research gaps.

Chapter 3: Field Work and Research Methodology - the detailed methods for

estimating the dominant sources of Black Carbon, human health risks of air pollutants (Black

Carbon and PM2.5), and dispersion of traffic-derived Black Carbon have been described. The

chapter includes the site selection, traffic monitoring locations, data collection procedures

later utilized in dispersion modelling. The proposed improved methodology for estimating

the contribution of Black Carbon sources has been presented. A similar analysis has been

conducted to check the effect of COVID-19 lockdown. The method built on the winter data

was validated during the COVID-19 lockdown period.

Chapter 4: Data analysis and Interpretation - describes preliminary the data analysis

and interpretation conducted on collected field data during the fieldwork. It have been

organized for meaningful interpretation and discussed in detail. It consists of the pollutant

concentrations, chemical species and meteorological characteristics. Further, the statistical

relationship of pollutant concentration with traffic and meteorological characteristics has
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been presented. It discussed the extent of relationship of meteorology and traffic with

pollutant concentrations using statistical methods like Pearson correlation analysis and bi-

variate polar plots. Moreover, the human health risks of air pollutants in terms of daily

passively smoked cigarettes have been discussed.

Chapter 5: Results and discussion - aerosol light absorption, their contribution,

different wavelengths, traffic, and meteorological characteristics. Further, the statistical

relationship with meteorological parameters using statistical methods has been presented. It

discussed the effect of local emissions using bi-variate polar plots, and probable sources of air

masses originating from transboundary and coming to monitoring location using backward

trajectory analysis utilizing the HYSPLIT model. Dispersion modelling covers the dispersion

of traffic-derived BC emissions in hilly terrain. The spatio-temporal distribution of BC has

been combined with the observed and WRF modelled meteorological data.

Chapter 6: Impacts and Mitigations - discuss the impacts of COVID-19 pandemic

lockdown and hilly terrain on Black Carbon concentration and radiation properties of aerosols.

It provides an understanding of the reduction of anthropogenic emissions during the different

lockdown periods. The chapter also presents the calculation on reducing traffic-derived Black

Carbon emissions to meet the Bharat Stage emission norms (BS-IV and BS-VI) proposed by

the Indian government to reduce the air pollution caused by vehicular activities.

Chapter 7: Findings and Conclusions - summarizes the findings and conclusions from

the research work, limitations, and scope of future work. The key points from the study are

presented.

———–PPVUVOO———–
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2
Literature Review

The literature review has been carried out on the topics relevant to the research

objectives, including characteristics, sources, and various methodologies. It includes selecting

the best pair of wavelength and Aerosol Angstrom Exponent to apportion the Black Carbon

aerosol from two different sources, dispersion models, health effects in terms of passive

smoking, and optical properties of primary and secondary Brown Carbon aerosols.

2.1 Carbonaceous aerosols and their characteristics

Black and Brown Carbon are two carbonaceous aerosols emitted from different sources

with different characteristics. The question of what “Black Carbon” is cannot be answered

quickly, and there is no exact definition of this term in the research community. Although,

Black Carbon (BC) plays a significant role in the atmospheric environment once released

from anthropogenic and natural activities. Additionally, the distinction against the term

“soot” is not clarified. As per Intergovernmental Panel on Climate Change (IPCC, 2007a,

p.810), soot is determined as a part of BC; in other, it is used interchangeably (IPCC, 2007b;

Ramanathan and Carmichael, 2008; USEPA, 2012). Further, the definitions of BC were

proposed in terms of particle morphology (Buseck et al., 2012), its characteristics (Bond et al.,

2013), and measuring techniques (Petzold et al., 2005). Petzold et al. (2005) defined BC as

“a useful qualitative description when referring to light-absorbing carbonaceous substances in

atmospheric aerosol” and recommend using more specific terms for quantitative utilization.

These terms are Equivalent Black Carbon (eBC), Refractory Black Carbon (rBC), and Soot.

This study also recommended using the term “soot” to describe the formation of carbonaceous

particles and not atmospheric aerosols. Some studies have also used Elemental Carbon (EC),

light-absorbing carbon (Lack et al., 2014). In the present study, data derived from the optical
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absorption methods are referred to as BC880, since the procedures require a conversion of

light absorption coefficient into mass concentration. The subscript 880 denotes the BC mass

concentration at 880 nm wavelength since BC is the only substance to absorb the light (Bond

and Bergstrom, 2006).

BC is an unwanted fraction of particulate matter formed during incomplete

combustion of biofuel, fossil fuel, and biomass. Incomplete combustion means no complete

conversion of the fuels or biomass into CO2 and water due to lack of oxygen and too low

temperature. Inadequate combustion occurs in several kinds of the burning process. During

the burning processes, small carbon particles size ranging from 10 to 50 nm are formed

and accumulated in aggregates (Buseck et al., 2012; Bond et al., 2013). The size of these

particles entirely depends on the fuel burned. For example, Takahama et al. (2014) reported

three modes of BC containing particle size below 100 nm, near 100 nm, and between

200 and 300 nm due to vehicular activities in an urban environment. The light-absorbing

carbonaceous substances included in these aerosols are in this study called “Black Carbon”

or “BC” or “BC880”. These emitted particles are insoluble in water, while the irregular

morphology facilitates the sorption of other species (Petzold et al., 2005). The formation of

aggregates starts immediately after emission, and the aggregates get internally or externally

mixed. Therefore, hardly any pure BC particles exist in the atmosphere, particularly in a

highly polluted atmosphere. The particles grow via coagulation during transport. Their

size distribution is directly related to the formation mechanism and atmospheric processes

during transport. The more efficient the fuel burn, the smaller the particles. Usually, the BC

particles are assigned to the Aitken mode, but they grow in the atmosphere due to subsequent

coagulation and are found in the accumulation mode (Väkevä et al., 2002).

BC is removed from the atmosphere via wet and dry deposition (USEPA, 2012).

Dry deposition acts as a sink for the atmospheric BC. In regions with high precipitation,

wet deposition is necessary, like Northeast India. The lifetime of BC strongly depends

on the deposition rate of the areas the particles are transported through. For example,

Northeast India is a passage over which the pollutants are transported from Indo Gangetic

plains and deposited to Himalayan margins (Barman and Gokhale, 2019). It usually has a

short atmospheric lifetime between days to weeks (Cape et al., 2012; Bond et al., 2013).
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Hilly regions are generally experiencing low wind circulation, which might lead to the

accumulation of aerosols. The low-level fog occurrence in the winter season can lead to

a higher concentration of aerosols. The deposition rate decreases with particle size for

smaller particles, while it increases for larger particles (Nilsson and Rannik, 2001). Thus,

the deposition might be higher in the hilly areas than in other regions, which might lead to a

longer atmospheric lifetime of BC in the hilly region.

One of the essential properties of BC is the strong ability to absorb light in a spectral

range of visible light. The mass-specific absorption coefficient, also known as mass absorption

cross-section (MAC), at 550 nm of at least 5 m2 g�1 (Petzold et al., 2013). In this study, the

MAC values at seven discrete wavelengths provided by the manufacturer of the Aethalometer

(AE-33) were used (Drinovec et al., 2015). The MAC is only slightly wavelength-dependent

and holds for freshly formed particles. As mentioned above, BC particles can consist of a

primary BC and a coating of different possible components. This coating may alter the optical

properties of BC. Light absorption is enhanced if the primary BC is coated with scattering

material (Fuller and Kreidenweis, 1999).

Two other specific particles absorbing visible light are Brown Carbon (BrC) and dust

particles (Bond et al., 2013). BrC is a subset of organic aerosols and consists of a complex

mixture of organic compounds. Its color results from non-uniform absorption over the

visible wavelength range (Lack et al., 2014). It absorbs sunlight at shorter wavelengths

(Andreae and Gelencsér, 2006). BrC is originated from primary emissions or is formed

through multiphase reactions in the ambient air (Laskin et al., 2015). Secondary organic

aerosols from biomass burning are more absorptive at shorter wavelengths than the primary

organic aerosols (Saleh et al., 2013). BrC and BC are similar in size, but BrC absorbs light

weaker than BC at longer wavelengths. The MAC value of BrC is smaller than 1 m2 g�1,

while dust in comparison to BC and BrC has the lowest light absorption, around 0.009 m2

g�1 at 550 nm (Petzold et al., 2013). Moreover, dust particles can be distinguished from

BC since these have typical diameters larger than 2 µm, a crystalline structure, and crustal

elements (Bond et al., 2013).
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2.2 Sources of Black Carbon and Brown Carbon

Forest fires, volcanic eruptions, incomplete combustion of fossil fuel, and open biomass

burning release the BC emissions in the atmospheric environment (Penner et al., 1993; Bond

et al., 2013). Two-thirds of BC emission occurs in modern times due to anthropogenic

activities involving fossil/biofuel combustion and domestic wood burning (Bond et al., 2013).

Natural sources such as forest fires and savannah fires also contribute to BC emission into the

atmospheric environment (Andreae and Metlet, 2001). The primary sources of BC can be

classified based on the past emission inventory based on the following BC emitting sources

(Andreae and Metlet, 2001; Bond et al., 2004; Lu et al., 2011):

i. Combustion of carbon-based fuels by industrial sector, power plants, transportation,

and residential sector.

ii. Coke production, including the gas heating, refining, and leakage processes.

iii. Brick production, including material conveying, product drying, and fuel firing

processes.

iv. Waste incineration, including combustion of municipal and industrial waste.

v. Outdoor biomass burning, including natural fires.

Bond et al. (2004) found that BC emissions from India were estimated as 483 Gg/y

(ranging from 307 to 1035 Gg/y) based on fossil fuel and biomass combustion. Total BC

emissions from India constituted 10% of the global total, making it the second-largest

contributor to global BC after China with 1365 Gg/y (∼35% of emissions). However, in

another study, Bond et al. (2007) found that the BC emissions from coal use increased from

28 Gg (in 1950) to 55 Gg (in 2000), a ∼95% increase. However, this increase was due to an

actual 1100% rise in coal usage during this period. It indicates the increased efficiency of coal

use and thus lowering emission factor. Moreover, Lu et al. (2011) found increased energy

consumption from 1996 to 2010, increasing BC emissions. The growth in BC emissions in

India, unaffected by control technologies, was primarily governed by energy consumption.

The resulting emissions of BC are summarized as shown in Table 2.1.
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Table 2.1 Black Carbon emissions in India from 1996-2010 in Gg/y (Lu et al., 2011).

Emission sources
Year

1996 2000 2004 2008 2010

Agricultural and waste burning 60 56 59 71 74

Biofuel 338 373 426 449 454

Coal 117 172 209 276 295

Forest and Savannah burning 19 17 19 16 19

Industry 155 168 198 217 227

Oil 117 126 124 153 159

Power plants 3 4 4 5 5

Residential 402 421 481 563 579

Transport 80 88 88 107 111

Other 8 10 12 14 15

Gustafsson et al. (2009) employed radiocarbon (14C) techniques to determine the

contribution of different sources in Maldivas and Singhagad, west India. This study found

that more (68%) soot carbon represents an unmanageable portion of BC spectrum from

biomass than fossil fuel combustion. However, more (54%) elemental carbon (EC) arises

from fossil fuel combustion.

Lyamani et al. (2011) investigated BC concentrations in an urban area, which varied

daily. They attributed the large variability in BC concentrations to variations in emission

sources and meteorological conditions. Further, a reduction in the concentration of BC was

also observed, attributed to a decrease in traffic-related emissions. The winter concentrations

were double the summer concentrations, more likely due to emissions caused by domestic

heating, less vertical mixing, and lower wind speeds. The articulated diurnal variation

observed during the study period was consistent and was mainly ascribed to the atmospheric

boundary layer’s daily evolution and local anthropogenic activities.

Trompetter et al. (2013) suggested BC as a good proxy for combustion-related PM

concentrations. BC’s vertical extent and profile show that it is mainly bounded by a surface

layer less than 50 m in height from the surface. Surface-based thermal inversion strengthens

during the night resulting in the decrease of mixing height and volume of atmosphere

available to BC for dispersion, which aggregates the observed pollution episodes at ground

level. Inversion events in the confined valley are the significant reasons for enhanced
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concentrations of BC during the late evening.

Zha et al. (2014) studied and found that PM2.5 has about 5.29% of BC. However, this

observation was based on short-term data. Local pollution sources mainly contribute to BC.

Fossil fuel usage is considered a significant source of BC apart from BB burning.

2.3 Impact of atmospheric Black Carbon

2.3.1 Vehicular emissions

The primary source of particulate pollution is traffic emissions (Gokhale and

Raokhande, 2008). Using a mobile laboratory, Schneider et al. (2008) performed an in-situ

study of various traffic-related emissions under real-atmosphere cruise conditions. The

results show that traffic emitted particles are dominated by Black and Organic Carbon in the

aerodynamic vacuum diameter below 200 nm. The different size modes were distinguished

with the Aerodyne aerosol mass spectrometer. The highest BC and OC mass concentrations

were found in the inner city traffic, while the highest particle number concentrations were

observed during truck chasing on motorways.

Invernizzi et al. (2011) conducted a BC monitoring in Milan, Italy, in three main radial

roads connecting the outskirts to the city center, each with three segments: including an

outer one with no traffic restrictions, an intermediate one subjected to the traffic congestion

charge (denoted as Eco pass) where a ticket is required to enter for cars equipped with

engines before Euro 4 standards, and the pedestrian zone in the city center, where each of

the three main roads ends. A sharply declining gradient in BC concentrations from the outer

zone, without traffic restrictions, was observed to the more central areas for all three radial

main roads. These results suggest that BC is a more relevant metric of traffic pollution and

should be considered in demonstrating the effectiveness of air quality mitigation measures.

A field study conducted by Liang et al. (2013) at the highway segment has described

the role of the local wind field and microclimate conditions in the near road BC transport,

concentration, and composition. Microclimatic factors and traffic flow strongly correlate

when their diurnal patterns are investigated. The initial vertical dispersion at the road caused

due to plume rise in response to the wind-traffic interactions is significant and needs further
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attention.

For comparative analysis, Song et al. (2013) carried out a study simultaneously at

three different sites near a road, urban and rural. A higher concentration was observed

at the roadside site than at urban and rural areas, indicating that vehicle emissions may

be a significant source. In summer, a strong correlation was observed between the diurnal

variations of BC at the roadside and the patterns of heavy-duty diesel vehicles. The BC/CO

ratio played the role of a marker that helped indicate the contribution from HDDVs, especially

at night time of summer season. The main focus of the study was to highlight the contribution

of HDDVs towards BC and PM.

Takahama et al. (2014) observed that BC mass and number size distribution has the

presence of three modes BC containing particles: below 100 nm, near 100 nm, and between

200 and 300 nm BC diameter. The urban activities generated the most significant mode

during the evening hours. The study also focused on adjacent areas traffic patterns and

composition, impacting the BC concentrations depending on the prevailing wind direction.

It was observed in the case of diesel-driven vehicles; the significant contribution is coming

from the ten years and above category.

Barman and Gokhale (2019) studied the impact of traffic on BC concentration at two

locations with varying traffic volumes in Guwahati. Light commercial, heavy-duty diesel

vehicles, and two-wheelers were the most significant contributor to BC. This study observed

comparatively higher BC concentrations at high traffic than low traffic locations. This study

also found that the BC emissions from vehicles were increased to 0.44-0.55 Gg (2018) from

0.29-0.33 Gg (2011).

Emission factors are highly flexible and depend on the combustion engine’s technology

and particulate reduction equipment fitted out in automobiles (Bond et al., 2004; Yan et al.,

2011; Myung and Park, 2012). Depending on the technology of combustion engines and dust

reduction equipment employed on automobiles, BC emission factors (EFBC) are expected

to be highly variable. Novakov et al. (2003) assumed a linearly decreasing diesel EFBC for

developed countries from 1965 to 1985. The assumption made was that the diesel EFBC

in developing countries remained 10 g kg�1 throughout the period for the countries such
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as India and China. Bond et al. (2004) considered the decrease of EFBC for gasoline and

diesel vehicles based on the measured emission factors of particulate matters measured

for heavy-duty vehicles in the United States of America. They estimated the trends in BC

emissions from motor vehicles. Wang et al. (2009) calculated the fleet average emission

factors based on the data collected during the on-road measurements during the 2008 Beijing

Olympic Games. By performing a carbon balance over the fuel combustion process, one

can relate carbon-containing species’ emissions from vehicle exhaust to fuel consumption.

The derived emission factors for different types of individual vehicles and the fleet average

emission factors are shown in Table 2.2.

Wang et al. (2012) tested several factors other than vehicle type for their effects on log

EFBC using analysis of variance. Among these factors, vehicle model, year, and country were

significant (p<0.05) for log EFBC of gasoline vehicles. They recognized that EFBC decreased

over time due to advances in control technology and tightening of emission regulations.

They established that GDP is a good indicator reflecting variation among countries in terms

of BC emission, citing the relationship between economic growth and technology evolution.

Takahama et al. (2014) reported the effect of vehicle mileage and vehicle type based

on the fuel usage, such as diesel or gasoline. In the case of diesel-driven vehicles, the

significant contribution comes from the ten years and above category.

Paliwal et al. (2016) developed an inventory of BC emissions in India at the district

level. It was spatially distributed onto grids at a resolution of 40×40 km2. The uncertainty in

emissions has been estimated using a Monte Carlo simulation by considering the variability in

activity data and emission factors ( Table 2.3). In total BC emission, domestic fuel contributed

most significantly (47%), followed by industry (22%), transport (17%), open burning (12%),

and others (2%).

Page | 20 Environmental Engineering |
TH-2979_166104024



Literature Review Chapter | 2

Table 2.2 On-road emission factors for different types of vehicles (Wang et al., 2009).

Vehicle type Number of vehicles BC (g kg-fuel�1)

Diesel trucks 19 1.0 (0.6-4.3)

Diesel buses 30 0.5 (0.3-0.9)

Euro III Natural gas bus 1 0.2

Gasoline trucks 6 0.9 (0.6-1.1)

High-speed diesel van 1 6.8

New diesel trucks 1 0.3

Table 2.3 Emission factors of Black Carbon for the transport sector in India (Paliwal et al.,
2016).

Vehicle type Emission factors (g km�1)

Two-wheeler 0.02 ± 0.01

Car 0.09 ± 0.06

LMV 0.15 ± 0.01

LCV 0.19 ± 0.07

Bus 0.49 ± 0.24

Truck 0.34 ± 0.17

2.3.2 Biomass burning

It can be seen from Table 2.4 that transportation sources show the lowest OC/BC

ratios. In contrast, biomass burning categories are dominated by organic carbon emissions,

and industrial sources are somewhere in the middle. All these sources also emit CO2 and

greenhouse gases, and sulfur emissions. The sulfur emissions transform into SO2, NOx

emissions into nitrates, and contribute to ozone and other particles.

Table 2.4 Global Black and Organic carbon emissions from six source categories (Lamarque
et al., 2010).

Source category BC (Gg) OC (Gg) OC/BC

Energy/Power 54 368 7

Industry 1497 2249 2

Transportation 1340 1447 1

Domestic 1947 7746 4

Open biomass burning 2755 23868 9

Solid waste 35 47 1

Total 7628 35725 4.7
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Fig. 2.1 shows that 35% of the total global emissions of Black Carbon are from biomass

burning, while the domestic or residential sector contributes 25% of the worldwide total.

In developing countries, most residential emissions come from cook-stoves than burning

biomass, dung, or coal resulting in significant emissions of BC. India, China, and Africa

contribute nearly two-thirds of the total BC emissions from biomass.

Open Biomass Burning 

(Includes Wildfires) 

35.5%

Residential/Domestic 

25.1%

Transport/Mobile 

19%

Industry 

19.3%

Energy/Power 

0.7% Other 

0.5%

Global BC emissions, 2000 (7,600 Gg)

Open Biomass Burning 

(Includes Wildfires) 

66.6%

Residential/Domestic 

21.6%

Transport/Mobile 

4.4%

Industry 

6.3%

Energy/Power 

1%
Other 

1%

Global OC emissions, 2000 (35,700 Gg)

Fig. 2.1 Global distribution of Black and Organic Carbons emissions by major sources
categories (USEPA, 2012).

Fig. 2.2 shows the BC emissions around 37 world regions. It can be seen that countries

like India, China, and United States are dominated by anthropogenic sources, whereas Africa,

Brazil, and Australia are dominated by open biomass burning.
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Fig. 2.2 Black Carbon emissions (in Gg) from two sources worldwide (Lamarque et al.,
2010).

The residential in India do not have fireplaces, unlike other European and American

countries. The uncontrolled open burning of softwood, hardwood, papers, agricultural

waste, etc., for cooking and heating purposes, especially in winter, is common in rural and

suburban areas. Several measures have been taken in urban and rural areas in the past years

to reduce air pollution, focusing on household emissions. The Government of India, in March

2011, launched a National Carbonaceous Aerosol Programme to study regional carbonaceous

aerosols, including atmospheric transformation processes, sources, and impacts on climate,

clean air, and the ecologically sensitive Himalayas (INCCA, 2011). In January 2019, the

Government of India launched another National Clean Air Programme to reduce PM10 and

PM2.5 by about 20 to 30% by 2024, which targets 122 non-attainment cities (NCAP, 2020).

The Government of India rolled out several schemes to reduce carbon particles, including

improved cook-stoves and LPG for cooking in suburban and rural areas. These schemes have

reduced the consumption of kerosene.
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2.4 Impact on climate

Black Carbon (BC) influences the climate in three ways: direct, semi-direct, and

snow albedo. It has a dominant influence on global warming due to its strong radiation

absorbance characteristics. It absorbs radiation at different wavelengths (370-880 nm) and

thereby contributes to global warming as a direct effect. It has a semi-direct impact on cloud

formation and precipitation by acting as base nuclei for cloud condensation. BC will hinder

the droplet formation, size, and number distributions that cause clouds’ reflectivity (Jacobson,

2004). BC also reduces the albedo of snow and ice, which results in accelerated melting

(Warren and Clarke, 1990) in the sensitive region such as the Arctic and the Himalayas.

It also affects nutrient retention time and plays a significant role in soil biogeochemical

processes. BC can absorb a million times more energy than CO2 and is the third-largest

contributor to global warming (Bond and Sun, 2005). In addition to climate change, BC

emission reduction can avoid over 1.6 million premature deaths from inhalation of smoke

from indoor cooking (Rehman et al., 2011). Fig. 2.3 shows the possible effects of BC on

climate compared to greenhouse gases (For example, CO2).

Fig. 2.3 Effect of Black Carbon on climate as compared to greenhouse gases (USEPA, 2012).
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1. Penetrated sunlight reflects off from snow and ice.

2. Non-light absorbing clean clouds or transparent particles reflect sunlight, thereby

reducing absorbed solar energy by the surface.

3. Suspended BC absorbing incoming solar radiation and warming the atmosphere.

4. BC laden clouds absorbing more solar energy than normal clouds become of short life

span and less likely to precipitate.

5. BC laden snow and ice absorb more solar energy than the normal one, accelerating

melting speed.

6. Earths surface absorbs incoming solar radiation and reflects it into the atmosphere as

infrared radiations.

7. Partial absorbance of infrared radiations by greenhouse gases and re radiating back to

earth resulting in global warming.

2.5 Impact on human health

Atmospheric BC is closely related to health impacts (Magalhaes et al., 2018; WHO,

2012). When inhaled, BC is deposited in the lungs via the respiratory system causing

significant acute health effects and premature deaths (Jansen et al., 2005; WHO, 2012). The

internal lung surface area of the human body ranges from 130 to 180 m2, while it has also

been reported that 1 m2 kg�1 body weight is a real value for the lung surface of mammals

(Fröhlich et al., 2016). The BC particles have a very high surface area of about 74 to 89 m2 g�1

(Hammes et al., 2008). BC can either cause health effects or act as a carrier of chemical species

(Wang et al., 2014). Its small size, irregular morphology, and notably bulky surface area

facilitate the absorption of atmospheric volatile organic compounds and polycyclic aromatic

hydrocarbons and enter deep into the bronchial tree (Jansen et al., 2005). BC exposure

and health risk outcomes are linked with cardiovascular health effects, neurodevelopmental

behavioral intellectual disorders in newborns and contrary birth consequences, and breathing

mortality and morbidity due to long-lasting disruptive respiratory infection, lung cancer,

asthma (Matt et al., 2004; Wu et al., 2018). Some studies expressed the special health effects

of BC effluence in an equal number of daily passive-smoking cigarettes (PSCs), built on
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the existing epidemiologic evidence (Van der Zee et al., 2016). Van der Zee et al. (2016)

described the health risk exposure to 1 µg m�3 (of BC) being ∼4 PSC day�1 for similar

health consequences. This study includes Lung cancer (LC), Cardiovascular mortality (CM),

Low Birth Weight of infants (LBWI), and Lung function decrement in children in % (PLFD),

respectively. Using this approach, Wu et al. (2018) studied the health risks in terms of passive

cigarette equivalents w.r.t. the possibility of LC, CM, LBWI, PLFD, individually in Tibetan

Plateau (Qinghai), Pani et al. (2020) over an urban region (Chiang Mai), Thailand in north

peninsular, and Ambade et al. (2021) over Jamshedpur, an urban site in eastern India.

2.6 Impact due to COVID-19 related shutdown

The COVID-19 pandemic forced partial or complete lockdown leading to the sudden

closure of anthropogenic activities. The lockdowns were lifted gradually, and the actions were

successively increased. During the lockdown, the total or partial shutdown of anthropogenic

activities (stone quarries, road construction, open burning of biomass, hill cutting, vehicular

movement, etc.) improved the air quality concerning PM2.5, PM10, BC, NO2, SO2, CO, NH3,

and O3 pollutants in Indian mega-cities, e.g., New Delhi (National capital region), Kolkata

(Eastern India), Mumbai (Southern India) (Chowdhuri et al., 2020; Goel et al., 2021; Mahato

et al., 2020; Kumari and Toshniwal, 2020) and PM2.5 worldwide (Chauhan and Singh, 2020).

The lockdown also reduced India’s aerosol optical depth (AOD); nearly 45% of the AOD

dropped during lockdown periods (Ranjan et al., 2020). In a study by Mahato et al. (2020),

PM10 and PM2.5 concentrations decreased by about 60% and 40%, respectively, throughout

the initial lockdown (LD1: March 25-April 14) in the National capital region (Delhi) as

compared to 2019. Chowdhuri et al. (2020) reported a significant decrease in a lightning

flash by about 49% in summer because of lockdown in Kolkata, India. Pathak et al. (2021)

assessed the impacts of lockdown over the upper Brahmaputra river basin (Dibrugarh) of

Northeast India. They observed that the air quality in respect of O3, NO2, NOx, CO, SO2,

PM10, PM2.5, PM1, and BC improved moderately during lockdowns compared to 2015-2019.

Gogoi et al. (2021) reported a decrease in BC by about 60% and about 30% over Indo-

Gangetic plain and Northeastern India, respectively, during LD2. It also found that the BC

was high over the IGPs and Northeast India compared to the rest of India. The COVID-19

amid lockdown also reduced the air impurity levels (by 30-50%) in the neighboring region
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(Southwestern China) (Chen et al., 2020) and other areas in the world (Chauhan and Singh,

2020).

2.7 Impact of meteorology on Black Carbon

Cao et al. (2010) measured BC concentrations in the southeast Tibetan Plateau along

the valley of the Yarlung Tsangpo river during winter period, November 2008 to January

2009. This study found that the mean concentration of 0.75 µg m–3, which was much higher

than the concentrations measured in the background and remote regions (0.004 to 0.34 µg

m–3). Further analysis suggested that the major contaminating sources were from the BC

emissions in eastern Indian and Bangladesh. The heavy emissions in China had no substantial

effects on the southeast Plateau in winter due to west prevailing winds. It also found that

Yarlung Tsangpo river valley causes a leaking-wall, whereby under certain meteorological

conditions, BC particles are being transported up onto the glacier. The analysis suggested

that leaking-wall effect cannot occur when the prevailing winds were north-west winds,

during which the transport along the valley of the Yarlung Tsangpo river was obstructed.

As a result, large variability of BC concentration was observed due to change of prevailing

wind directions. Coincidentally, it is upper stream of the Brahmaputra river and hence these

glaciers have an impact on origins of Brahmaputra river.

Chakrabarty et al. (2012) conducted BC measurements for a week during January to

February 2011 in Guwahati, India, the largest city in the BRV region. This study found that

the diurnal variation of BC coincided with the diurnal variability of local weather parameters.

High BC concentrations in the morning hours were attributed to pollutants being trapped

near the surface in a residual shallow nocturnal boundary layer. Also, in morning hours, BC

concentration was high due to anthropogenic activities including transportation emissions

from the morning commute and biomass burning associated with domestic heating. During

mid-afternoon, BC was mixed vertically by the deepening boundary layer and dispersed

horizontally by higher wind speeds. After sunset, reduced vertical mixing results from sinking

boundary layer and consequently BC mass concentrations increased until 20:30 to 23:00

LST as emissions were trapped near the surface. All anthropogenic emissions are reduced as

the night progresses and BC concentrations decreased slowly.
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Safai et al. (2014) monitored BC constantly at Pune, India from January to December

2005. This study reported that BC concentrations were maximum (∼80% more than the

annual mean), mainly due to prevailing atmospheric conditions like wind speed. In monsoon

season, BC concentrations were minimum (∼60% less than the annual mean) due to washout

effects of rain and south westerly winds from marine areas. The morning and evening peak

of BC in diurnal variation was related to change in the local boundary layer and the intensity

of local traffic emissions.

Sarkar et al. (2015) observed BC aerosols over a high-altitude station in Darjeeling

in the eastern part of the Himalayas in India from January 2010 to December 2011. This

study investigated the long-range transport of BC aerosols along with the meteorological

impacts on these aerosols. In pre-monsoon, the contribution of local emissions (massive

tourist activities), long-range transport, and mountain wind transport were 56%, 27%, and

17%, respectively, towards the total BC loading over the study region. Moreover, heavy

rainfall during the monsoon resulted in minimum BC concentration due to below-cloud

scavenging of BC aerosols.

Barman and Gokhale (2019) investigated the deposition and long range transport

of vehicular BC emissions using HYSPLIT model in 2016-17. This study found that the BC

emissions originated in the northeastern city of Guwahati, India are transported over and in

the Brahmaputra river valley and the Himalayas. This study reported that the deposition of

BC in Himalaya was high during winter than the pre-monsoon seasons. The deposition was

high in March and subsequently decreased from April to May due to rainy events.

Ambade et al. (2021) carried out BC monitoring from December 2017 to November

2018 at the industrial site in the eastern, India. During monsoon months, low BC

concentrations waer reported because of extensive rainfall. The BC concentration were found

almost half than the winter season. Correlation analysis has found a strong relationship

between BC and PM2.5. However, an inverse relationship was noticed between BC and

temperature, precipitation, wind speed and humidity during the study period.

Cui et al. (2021) conducted measurements of BC aerosols from December 2019 to

November 2020 in the rural environment of Qingdao, Northeastern China. This study found
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that the boundary layer height (BLH) influence presented evidently seasonal dependence,

while there was no significant seasonality for horizontal wind speed. This study also

concluded that the vertical dilution effect would have seasonal dependence with the highest

efficiency during winter under high BLH conditions.

Chaudhury et al. (2022) analyzed the BC concentration measured at ten strategic

locations in Guwahati, India and reported that the temporal variation of BC concentrations

at higher levels followed the temporal variation of the traffic pattern, while the local

meteorological fluctuations at the surface level height interfered with this relationship.

2.8 Measurements and methods of quantification

There are no specific instruments to measure BC in the atmosphere because BC is

not well defined. Though, two techniques are available, filter-based technique and direct

technique. Based on two approaches, the instruments detect all aerosols that absorb light at

specific wavelengths. The methods are mentioned what the scientific community is using

to measure atmospheric BC. The most common technique is to measure the absorption

of BC with a filter-based absorption photometer. The available methods are Particle

Soot/Absorption photometers (PSAP), Photoacoustic Spectrometer (PAS), Continuous Light

Absorption Photometer (CLAP), Aethalometer (Lack et al., 2014; Drinovec et al., 2015).

Above all, Aethalometer measurements are most common nowadays. The concept is similar

for all filter-based instruments. While ambient air is filtered, BC is deposited on a filter

media, and optical attenuation of transmitted light is measured. The deposited particles

related aerosol absorption coefficient (babs) is calculated by Beer-Lambert law (Weingartner

et al., 2003) as given by equation 2.1.

I= Ioe−babs×z (2.1)

where Io and I denote the intensity of incoming and remaining light after passing through

a filter with a thickness of z. This study used the dual spot Aethalometer (AE-33) model

for BC measurements and discussed in Chapter 3. Fig. 2.4 shows the measurement of the

carbonaceous components of particles.
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Fig. 2.4 Measurement of the carbonaceous components of particles (USEPA, 2012).

2.8.1 Source apportionment

The Aethalometer (AE-33) model is based on the change in the aerosol light absorption

from inadequate burning of fossil fuel (FF) and biomass (Sandradewi et al., 2008). FF

combustion has a vast share of BC, whereas BB has a considerable amount of BrC entirely

reliant on burning material (Zotter et al., 2017). The two-component mixing model (AE-33)

is sensitive to the presumed Angstrom Absorption Exponent (AAE) values associated with FF

(AAEFF) and BB (AAEBB) and also on the spectral choice. A few studies used 370-880 nm

(Vaishya et al., 2017; Dumka et al., 2018, 2019; Liu et al., 2018; Mousavi et al., 2018) and

others used 470-950 nm (Sandradewi et al., 2008; Barman and Gokhale, 2019).

The AAE values depend on fuel type changes, combustion efficiency, and aging

progressions in the near-UV rather than the visible and near Infrared range (Kirchstetter

et al., 2004; Bond and Bergstrom, 2006; Stockwell et al., 2016). Dumka et al. (2018), using

the site-specific spectral properties in Delhi, estimated the share of both BB and FF to the

whole BC. It improved the results significantly compared to the other study using the default

Aethalometer setting (AAEFF as 1.0, AAEBB as 2.0) in a similar region (Tiwari et al., 2015).

Dumka et al. (2018) used AAEFF as 1.0 and AAEBB as 1.8 for the approximation of the BCFF

and BCBB in Delhi, India, likewise Pani et al. (2020) in Chiang Mai, Thailand and Vaishya

et al. (2017) in Gorakhpur (IGPs), India. The AAEBB and AAEFF value in the range of 1.68-2.2

and 0.9-1.1, respectively, are used in source apportionment studies (Stockwell et al., 2016;
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Zotter et al., 2017; Dumka et al., 2018; Barman and Gokhale, 2019; Pani et al., 2020). The

AAEBB strongly depends on biomass and combustion type and can vary up to 3.5 (Dumka

et al., 2018; Deng et al., 2020).

2.8.2 Light absorption properties

The optical properties of BC, primary brown carbon (BrCpri), and secondary brown

carbon (BrCsec) are different. BrC absorbs sunlight at shorter wavelengths (Andreae and

Gelencsér, 2006). Atmospheric BrC is originated from primary emissions or formed through

multi-phase reactions in the ambient air (Laskin et al., 2015). Secondary organic aerosols

from BB are more absorptive at shorter wavelengths than the primary organic aerosols (Saleh

et al., 2013). Consequently, BrCsec is a leading contributor to the universal radiative driving

budget. The babs_BrC involvement varied typically depending on meteorological conditions

and wavelength (from UV to IR). The radiation wavelengths emitted by the sun that reaches

the earth begin around 280 nm (UV-B), peak in the mid-visible range, and reach out past

2000 nm (infrared). The shorter the wavelength, the higher its energy (Fig. 2.5a). Fig. 2.5b

shows that BC is more effective in absorbing solar energy across the entire solar spectrum

than BrC. When the light absorption curves for BC and BrC are superimposed upon the

solar spectrum, the significance of the different absorption efficiencies between BC and BrC

becomes evident (Fig. 2.5c). It means that BC will absorb more solar radiation than BrC.

Li et al. (2018) conveyed 10-16% contribution (at 405 nm) in pre-monsoon and

19-15% in winter at rural and urban sites in Guangzhou, China, while increasing in rural

areas. Using a similar approach, Qin et al. (2018) reported a babs_BrC_370 value of 13.67 Mm�1

along with contributions (∼24%) at suburban Guangzhou, and China and Liakakou et al.

(2020) also stated a similar BrC contribution (21.65%) at the urban background of Athens, in

winter. In winter, another study conducted by Yuan et al. (2016) presented a ∼6% babs_BrC_405

contributions at an urban and ∼12% rural location in the Pearl River delta, China. Overall,

a summary of the literature review shows generally more outstanding contributions in rural

regions due to the more significant influence of BB from agricultural actions.
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Fig. 2.5 Light absorption by Black Carbon, Brown Carbon, and ambient mixtures (USEPA,
2012).

Another significant point on the distinction between babs_BrC and babs_BC absorption

constituents is the dust involvement on total babs at a shorter wavelength, which can cause

overestimation of BB% on dusty days (Liakakou et al., 2020). Zhao et al. (2019) utilized

iron (Fe) content and MAC values as well for dust samples to evaluate its influence on

entire babs at a remote place in the Tibetan plateau, resulting in a yearly input of ∼4% and

∼9% at 808 nm and 405 nm, separately. Another study conducted in Athens revealed an

insignificant influence of dust on spectral absorption and scattering properties (Katsanos

et al., 2019). Similarly, by considering 166 days with dust events for four years’ data in

Athens, Liakakou et al. (2020) found that the dust events disturb the estimations of BrC

absorption by ∼4%, which are inside the uncertainties of the approximation method (Qin
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et al., 2018). Humic-Like Substances (HULIS) initiating from BB absorb intensely at short

wavelengths (370 nm), whereas nitro-aromatic compounds engage more at wavelengths

greater than ∼400 nm (Graber and Rudich, 2006; Satish et al., 2017).

2.8.3 Dispersion modelling

There is rising concern that the natural reserves on the Himalayas are in retreat

due to aerosol BC (Barman and Gokhale, 2019), a light-absorbing fraction of carbonaceous

aerosols. Across the Himalayan region, substantial biomass-burning (BB), forest fires, and

burning of agricultural residues throughout the year add BC to the atmosphere (Tiwari

et al., 2016; Prabhu et al., 2020). BC has a considerable warming potential with the rate of

warming changes with location and elevation (Ramanathan and Carmichael, 2008). The

mountainous and hilly topography experience additional quick variations in temperature than

surroundings at minor peaks (Goldreich et al., 1986). Thus, hilly regions with considerable

human settlements may substantially impact the BC and its contribution to light absorption.

Forecasting dispersion of particulate pollution in hilly terrain is challenging mainly

because of wind-flow patterns. The models such as ISCST (Industrial source complex short

term), CALPUFF (unsteady-state Lagrangian puff model), and AERMOD (steady-state UPEPA

regulatory model) are widely used for studying dispersion of airborne pollutants (Al-Jeelani,

2013; Huang et al., 2019; Michanowicz et al., 2016; Tartakovsky et al., 2013, 2016; Vaitieknas

and Banaityte, 2007; Venkatram et al., 2009). AERMOD is the advanced Gaussian plume

model (USEPA, 2021). For near-field applications (less than 50 km), it accounts for airborne

pollutant impacts in flat and complex terrain within the same modelling framework (USEPA,

2021; Huang et al., 2019).

Venkatram et al. (2009) estimated the effect of traffic emissions on near-road air

quality using AERMOD by interpreting on-site measurements of three VOC species: benzene

(C6H6), 1,3-butadiene (C4H6), and toluene (C7H8). The site measurements were taken at high

spatially resolved intervals of 10 m to 100 m from the highway in Raleigh, North Carolina,

US. The AERMOD performance in modelling the near-road concentrations supported its use

for local scale estimations of traffic impacts in the absence of concentration measurements.

Al-Jeelani (2013) studied traffic emissions at Haram Mosque in Makkah, Saudi Arabia.
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The study comprised measurements of pollutants including NO2, SO2, CO, O3, PM10, and

PM2.5 using a mobile laboratory at three locations. Industrial Source Complex-AERMOD (ISC-

AERMOD) model was used for numerical calculations and pollutant dispersion. For numerical

analysis, pollution dispersion modelled for a one-hour average over four months considering

four seasons: winter (January), spring (May), summer (June), fall (September). It was

observed that the high-rise buildings acted as a flow obstacle. Mean pollutant dispersion

was found in the south and southeast direction in January and June, along with the highest

mean concentrations during the same months.

Tartakovsky et al. (2016) studied the dispersion of total suspended particles (TSP)

and PM10 emissions from five stone quarries in a hilly area east of Israel’s coastal plain using

AERMOD and CALPUFF. They found AERMOD’s predictions better than those obtained by

CALPUFF.

Huang et al. (2019) applied the AERMOD model to simulate the dispersal of odor,

hydrogen sulfide (H2S), ammonia (NH3), and respirable dust from a broiler, dairy, and cage

layer barn emissions of the Prairies in Canada. The model predicted the impacts of odor up

to about 3 km.

Pandey and Sharan (2021) explores the feasibility of using the AERMOD model as a

source-receptor relationship for a point-source identification. This study concluded that the

point source is estimated with reasonable accuracy if the AERMOD model is utilized along

with the least squares inversion technique for source identification.

A study by Al-Jeelani (2013) of dispersion of traffic emissions of various air pollutants

at Haram Mosque in Makkah, Saudi Arabia, using AERMOD, found that high-rise buildings

act as flow obstacles. The AERMOD model was also applied to evaluate volatile organics

from traffic emissions (Venkatram et al., 2009). Thus, AERMOD is a well-considered air

pollutant dispersion model, mostly applied to point sources (about 100 m stack height) in

flat terrains (Venkatram et al., 2009; Al-Jeelani, 2013; Tartakovsky et al., 2013) and hilly

terrain (Tartakovsky et al., 2016).
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2.9 Summary

BC is the product of incomplete combustion of solid and liquid fuel, has high global

warming potential, and impacts air quality from local to intercontinental distances. It has

measurable effects on atmospheric warming through radiative absorption and scattering

and land warming through changes in albedo, which make the BC a potent driver of climate

change. Fossil fuel particularly the vehicular emissions contribute to BC. Microclimatic factors,

including solar radiation, tend to have a noticeable impact on BC. The confined valleys tend to

show an enhanced concentration of BC due to the movement of wind being obstructed by the

geographical entities. BC emissions need to be controlled from biofuel combustion and direct

vehicular emissions to prevent acute impact on local and regional climate. Epidemiological

studies establish the link of cardiopulmonary mortality and morbidity with exposure to BC.

According to some toxicological studies BC acts as a carrier of a large number of substances

of erratic harmfulness to the mortal group. BC needs immediate attention because of its

rising trend and higher global warming potential. A serious concern about BC is due to its

impacts on the Himalayan glaciers located in the proximity of the Brahmaputra river valley.

Thus, the rise in BC mainly due to rising traffic needs special attention in Guwahati, the most

urbanized city in northeast India. The AERMOD model predicts concentrations well in the

near-road environment.

The long-range transport, deposition in the Himalayas, and radiative effects of BC are

studied (Barman and Gokhale, 2019; Chakrabarty et al., 2012). Guwahati’s carbonaceous

aerosol characteristics and source apportionment studies are carried out using the default

Aethalometer model (Barman and Gokhale, 2019; Tiwari et al., 2016). These studies did

not use site-specific properties on the optical characteristics of BC and the BrC absorption

properties. The surface characterization of BrC found in India, which may help study

its impact on climate change, is not found in the literature. Also studies on the surface

characterization of BrC, both primary and secondary, for the BRV region are not found.

———–PPVUVOO———–
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3
Field Work and Research Methodology

The data for carrying out the research have been collected in the study region for

the winter season from Jan-Mar 2020 as per the standard methodology (CPCB, 2011). The

other necessary allied data were taken from the project entitled “Urban Black Carbon -

Global Impacts and Local Mitigations” funded by the Science and Engineering Research

Board (SERB) of Department of Science & Technology, Government of India (Grant No:

EMR/2014/001039). The methodology adopted in this research has been shown in Fig. 3.1.

3.1 Description of the study region and selection of monitoring

locations

Northeast India (NE-I) is a transitional region between the Indian Himalayan Region

(IHR) and the Indo-Gangetic plains (IGPs). It is recognized as one of the passages over

which airborne contaminants are transported to Eco-sensitive Himalayan margins, especially

during the winter season (Barman and Gokhale, 2019). The mighty Brahmaputra river has

cut through IHR to escape into the greater plains such as northeast India and Bangladesh via

Tibetan Plateau. Hence, the sampling site falls in the lower Brahmaputra River basin (BRB).

Guwahati is the largest city and the only gateway to the northeast India. It is also a part

of the Indo-Burma biodiversity hotspot. This city is hugely congested and overpopulated;

the population of Guwahati in 2011 was around 1.1 million, and population density was

2900 persons per km2. The narrow streets of Guwahati with frequent traffic jams add a

huge quantity of fine particulate matter originating from incomplete combustion of fossil

fuel (Barman and Gokhale, 2019).

| Environmental Engineering Page | 37
TH-2979_166104024



Chapter | 3 Field Work and Research Methodology

SELECTION OF SITES DATA COLLECTION

PROCESSING OF AETHALOMETER 

DATA

PROCESSING OF FILTER BASED PM2.5 &

PM10 AND MODELLING

EQUIVALENT PASSIVE CIGARETTE 

SMOKING METHOD
HEALTH RISKS OF FINE PARTICLES

VALIDATION AND APPLICATION 

Selection of highest terrain in the lower 

Brahmaputra river basin for field study1

2
Ambient Particle (PM2.5 and 

PM10) mass sample collection

1

2

Traffic volume data (2W, 3W, 

4W,  LDDV, HDDV)

Black Carbon concentrations at 

multiple wavelengths (370-950 nm)

3

Meteorological parameters 

(WS, WD, T, RH, P, RF, SR)
4

Selection of traffic volume  

monitoring location

Selection of weather 

monitoring station

3

Screening of unreliable data 

occurred during sample collection1

2
Optical properties of aerosols 

(Black Carbon, Brown Carbon)

Source apportionment using site 

specific properties
3

MODELLING INPUTS

1

2 Chemical analysis: metals (Fe, Mn, Zn, Cu, 

Cr, Pb, Al), ions (NO3
−, SO4

2−, F−, and Cl−)

Laboratory work related to the 

collected PM2.5 and PM10 samples

1

2 Health risk analysis of PM2.5

Combined health risk analysis of 

Black Carbon and PM2.5

3

Health risk analysis of Black 

Carbon1

2
Relative risks of Black Carbon 

and PM2.5 for health outcomes

3

Relative risks of environmental tobacco 

smoke for health outcomes

Background concentration of 

Black Carbon and PM2.5

Emission rate for the adopted, BS-IV 

and BS-VI emission norms 1 1

Performance evaluation using 

statistical parameters

Source emission, meteorological, 

topography and receptor data
2 Effect of implementation of BS-

IV and BS-VI emission norms

2

Transboundary influence using 

HYSPLIT model
3

Impacts & mitigations 

of BC using dispersion 

modelling

Air Quality 

Monitoring

Health Risks 

Analysis

Data Analysis & 

Interpretation, and 

modelling

Fig. 3.1 Flow chart of research methodology.
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The large vehicle population in Guwahati, particularly the heavy-duty diesel vehicles

(Barman and Gokhale, 2019), and 2-wheelers are the prime sources of BC emissions, besides

open burning biomass. Heavy Duty trucks (Mining-Dumper, Tipper Lorry, Freight-Trailer,

etc.) are allowed from late evening to late morning since these are the only roads to enter

the other NE-I states. However, buses, mopeds, light-duty diesel automobiles, and two- and

three-wheelers are not restricted, which leads to dense traffic congestion. Because of its

land-locked geography, during winter, there is often an accumulation of airborne pollutants

in the lowermost layer leading to bad air quality (Chakrabarty et al., 2012; Tiwari et al.,

2016). In this study, the study area is referred to a complex terrain due to this regions

characteristics.

A real-time BC measurement campaign was carried out in Guwahati in Assam,

northeast India, from January to March 2020 (winter season). It is located in a lower

Brahmaputra River basin of NE-I. The sampling train was positioned on the top floor of

a hospital building (∼11 m above the highest terrain) of Maa Kamakhya Temple on the

Nilachal hills (91.71°E, 26.16°N, 225 m above mean sea level). The Kamakhya temple is an

autochthonous place of worship and an important pilgrims destination. The pilgrims come

to this place annually on a mix-proportion of vehicles. Many small vendors’ stalls, shops, a

health care center, and residential houses are located near this station. Many people, thus,

may be exposed to higher levels of traffic-related air pollutants. Besides vehicles, the rural

habitation in the area has open biomass burning for heating (mainly in winter), agricultural

remaining, and cooking purposes. The nearby sources of local emissions were cement and

brick kilns industries in the surrounding with a trafficked National highway - NH27 and

NH427 at a distance of ∼3.5 km to the west and NH427 at ∼2 km to the north at 51 m

elevations. The location of the study region and two monitoring sites in Guwahati are shown

in Fig. 3.2 and Fig. 3.3.
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Fig. 3.2 The Guwahati (XY, solid red star) location in Assam, Northeast India, and neighboring regions (Drawn with ArcGIS v10.6.1).
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Fig. 3.3 Two monitoring location in Guwahati, Northeast India (Source: Google Earth).
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3.2 Field work

The field work was carried out to collect the primary data on the concentration of

pollutants such as BC, PM2.5, PM10, meteorology, and traffic characteristics during the period

from Jan to June 2020, covering two seasons. The pollutant concentration measurements

were carried out for at least two weeks each month. The traffic volume study was carried out

for two weeks, and meteorological monitoring was carried out for the entire study period.

The whole setup mentioned above was synchronized daily and checked for the appropriate

flow rate to ensure the data quality. All the instruments were equipped with a backup power

supply, which powered them for nearly 15 minutes during the electricity interruption period.

The standard guidelines given by the Central Pollution Control Board (CPCB) of India for

monitoring pollution data were followed (CPCB, 2011). Table 3.1 shows the list of different

parameters collected at two locations.

Table 3.1 Summary of data collected at two locations in the Brahmaputra River Valley region,
Northeast India.

Location name Elevation [msl] Period Parameters

Kamakhya hill top 225 Jan to March 2020 Black Carbon, PM2.5, PM10, Traffic data

IIT Guwahati 56 March to June 2020 Black Carbon, Meteorology∗
∗ It is continuously recorded from Jan to June 2020 at IIT Guwahati.

3.2.1 Measurement of ambient Black Carbon concentrations

The aerosol light absorption was measured using a dual spot multi-wavelength

Aethalometer (Model number AE-33, Magee Scientific Inc., Berkeley, CA, USA) at wavelengths

(λ) of 950, 880, 660, 590, 520, 470, 370 nm. It measures the light attenuation (threshold

of 120) from LED lamps at multiple wavelengths with a typical half-width of 20 nm. The

two-spot (0.79 cm2) - measurement technique eliminates filter-matrix scattering and non-

linear loading effects. BC was sampled at a flow rate of 0.12 m3 h–1 over a PM2.5 cut cyclone

and rain/insect guard with a minimum detection limit of 0.005 µg m–3 and its uncertainty

of 10%. Drinovec et al. (2015) give more details on its operation. The filter tape roll (30

mm × 10 m) of TFE-coated glass fiber filters (M8060) was used for sampling. The multiple-

scattering-enhance factor was set to 1.57, and AE-33 was operated as per recommended

surrounding conditions listed in the AE-33 model user manual. The 1-min raw data obtained
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from AE-33 was screened for zero, negative, and unreliable values; missing values occurred

during the instruments internal calibration (e.g., optical stability test, tape error, clean air

test) and averaged hourly. Further, the aerosol absorption coefficient (babs in Mm–1) and

Black Carbon concentrations (in µg m–3) were not calculated for such bad raw data, which

affects the hourly values on a few days.

To control the COVID-19 epidemic, a lockdown in Northeast India was announced by

the Indian government. The entire setup mentioned above was installed at the rooftop (∼12

m above the ground level) of the Air and Noise Pollution Laboratory, Department of Civil

Engineering, IIT Guwahati (Fig. 3.3). BC mass concentrations and meteorological parameters

were recorded on the university grounds of IIT Guwahati during the COVID-19 pandemic

lockdown. The COVID-19 pandemic forced partial or complete lockdown leading to the

sudden closure of anthropogenic activities. The lockdown in four phases and the limitations

in several activities started from March 24 to May 31, 2020. Each stage had a different

relaxation scale in several essential activities such as public transportation and essential

industries opening. Hence, the sampling was also done in six different stages: pre-lockdown

(February 12- March 21), lockdown 1 (March 25 to April 14), lockdown 2 (April 15 to May

3), lockdown 3 (May 4 to 17), lockdown 4 (May 18 to 31), and post-lockdown (June 7 to

July 3 2020). The lockdown period was divided into different phases based on the measures

taken and the standard operating procedures issued by the Indian government to extend the

lockdowns from time to time, depending upon the situation of the pandemic. The lockdowns

were lifted gradually, and the actions were successively increased. This lockdown period

allowed analyzing the variation in the concentration and sources of Black Carbon in the

fastest growing city situated in a small to the steep-sloped hilly region of the Brahmaputra

valley, Northeast India.

3.2.2 Measurements of ambient PM2.5 and PM10 concentrations

PM2.5 and PM10 samples were collected from Jan to Mar 2020 using a low volume

fine particulate sampler equipped with the corresponding particle size impactor (model:

Envirotech APM 550M). This instrument is designed for simultaneous offline measurements

of two-particle sizes at a flow rate of 1 m3 hr–1. Everyday samples were collected on

pre-desiccated Teflon filter tapes (2 µm, 46.2 mm Dia., Whatman, USA) and analyzed
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gravimetrically using an electronic weighing balance (model: Sartorius CD-225D, Germany,

sensitivity: ±0.001 mg) in a temperature and relative humidity-controlled room. The filters

were weighted thrice before and after sample collection. The residual mass was obtained by

deducting the mean of post- and pre-sampling weights. Afterward, filters were kept in PTFE

cassettes in the zipped pouch at –4°C before chemical characterization.

3.2.3 Chemical analysis of PM2.5 and PM10 samples

The chemical analysis was performed to the PM2.5 and PM10 samples for the

quantification of metals and ions. The analysis of the PM samples was carried out separately

from Apr to May 2020. As we had only one filter paper and were required to analyze both

metals and ions, the sampled Teflon filter was carefully cut into two halves. A one-half

portion of each sampled filter was extracted twice in 5 ml ultrapure (resistivity: 18.2 Ωm.cm

at 25°C) water for 30 min to get water-soluble ions. The total solvent extracts (10 ml)

were filtered using 0.2 µm PVDF syringe filters and analyzed using ion chromatography

(model: IC, Metrohm 792 basic IC, Switzerland). Multi-element standard solution (Centipur,

Merek, Darmstadt, Germany) of anions was used in different concentrations for a five-point

calibration. In total, four anions: nitrate (NO3
–), sulfate (SO4

2–), fluoride (F–), and chloride

(Cl–) were measured. The method for detection limits NO3
–, SO4

2–, F–, and Cl– were 0.02,

0.02, 0.05, 0.03 µmol L–1, respectively. The accuracy of the method was studied through

recovery tests. Ion recovery efficiency and reproducibilty were determined by spiking the

known amount of ion mass on the unexposed filter paper, extracting it, and analyzing it on IC.

Ion recovery for all species was between 88 and 104% (accuracy: 4-12%), and precision was

within 5% of the known concentration. Due to a technical error in the instrument, cations

were not analyzed.

For metals, a remaining half portion of the filter sample was digested in a mixture of

2.5 ml HNO3 (nitric acid) (∼69% w/w), 2.5 ml of HClO4 (per-chloric acid) (∼65% w/w),

and 5 ml of HF (hydrofluoric acid) (∼49% w/w), on a hot plate in operating conditions

of ∼90°C temperature for a period of ∼75 minutes. The solution was diluted up to 50 ml

with distilled deionized water and stored at 4°C in prewashed polyethylene specimen tubes

until the analysis. Four-point calibration with prepared standards was done for heavy metals,

and coefficient of determination (R2 as 0.99) was obtained for the calibration curves. A
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constant calibration verification was performed for every tenth sample runs in the diagnostic

sequence. Air sample extraction and chemical analysis of metal and ions were carried out

as per the USEPA compendium methods. The minimum detection limit of the AAS (model:

SpectrAA 55) instrument for Iron (Fe), Manganese (Mn), Zinc (Zn), Copper (Cu), Chromium

(Cr), Lead (Pb), and Aluminium (Al) is 0.06, 0.02, 0.01, 0.03, 0.06, 0.10, 0.03 mg L–1.

Metal recovery efficiencies were determined by spiking the known quantity of metal mass

on the filter paper and extracting and analyzing it, as per the developed standard operating

procedures on AAS. The recoveries for the metals were in the range of 85-98%. The precision

and accuracy of the instrument were within 4% and in the range of 2-15% for the analyzed

metals, respectively.

3.2.4 Measurement of meteorological parameters

Besides source conditions and characteristics, local meteorology plays a significant

role in the dispersion of air pollutants. A wireless weather station was installed to record

the local meteorological conditions (Model: Vantage Pro, California, USA) installed (∼2 km

to the west-north-west) on the roof top of Air & Noise Pollution (ANP) Laboratory (∼12 m

above the ground level) on the campus of the Indian Institute of Technology (IIT) Guwahati

(26.1878°N, 91.6916°E, Elevation: 56 m [m.s.l.]) (Fig. 3.4). The data was recorded at

five-minute interval. A data logger was used to back up the monitored meteorological

data. The meteorological parameters includes atmospheric temperature (°C), wind speed

(m s–1), rainfall (mm), relative humidity (%), barometric pressure (mbar), wind direction

(°), and surface-reaching solar radiation (W m–2). It is capable of measuring the pre-tested

values of meteorological parameters with maximum accuracy: Atmospheric Temperature

(0.1°C precision ± 0.5°C), Relative Humidity (1% RH precision ± 3% RH), Rainfall (214

cm2 collector with 0.2 mm bucket), Wind Speed (0.4 ms–1 steps ± 5%), Wind Direction

(16-point compass), Barometric Pressure (internal console ± 1.0 mbar), and surface reaching

Solar Radiation (detects SR at wavelengths of 300 to 1100 nm ± 5%). It can transfer the

recorded data to the console unit placed up to 300 m distance (Jenkins, 2014). In this

study, the sunshine hours were taken as 7 per day (09:00-16:00 LST). The measurements

of meteorological parameters were carried out from Jan to June 2020, covering the Indian

winter and pre-monsoon seasons.
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Fig. 3.4 Wireless weather station (Vantage pro2, USA) installed at the Air Pollution
Laboratory, IIT Guwahati rooftop.

3.2.5 Traffic volume study

To determine the various traffic characteristics, video cameras were installed at two

locations- parking lot area (L1) in the Kamakhya hilltop (26.16473°N, 91.707038°E, 225

m [a.s.l.]), Assam Trunk road (L2) in the foothills of the valley (26.159981°N, 91.70603°E,

66.83 m [a.s.l.]). The L1 is ∼225 degrees to the north of the monitoring station. Fig. 3.5

shows the geographical location of the traffic monitoring locations. The traffic data was

recorded from 07:00 to 20:00 LST each day (referred to as daily in this study). After that,

the videotapes were manually analyzed to determine the traffic characteristics such as hourly

traffic volume, traffic speed, traffic flow rate, and traffic composition.
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Fig. 3.5 The details of two traffic monitoring locations in the Brahmaputra River valley,
Northeast India.

As per the Automotive Research Association of India (ARAI, 2008, 2017), the traffic

composition was classified into five different categories termed as two-wheelers (2W:

motorcycles, mopeds, and scooters), three-wheelers (3W: Auto-rickshaws), four-wheelers

(4W: passenger cars), light transport vehicles and mini passenger carriers (LDDV), and buses

and heavy trucks (HDDV).
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3.3 Estimation of Wavelength-dependent light absorption coefficient

The AE-33 model was used to assess the sources like biomass (BB) and fossil fuel (FF)

burning originated BC in the ambient BC concentrations (Sandradewi et al., 2008). This

method assumes that the optical absorption of BC at a particular wavelength (babs_BC_λ) is a

sum contributes of biomass and fossil fuel burning, and the equivalent absorption coefficient

follows λ–1 and λ–2 spectral dependences, respectively. The light absorption by carbonaceous

constituents includes BC, primary Brown Carbon (BrCpri), and secondary Brown Carbon

(BrCsec) . The Aethalometer provides the estimates of BC concentrations at seven wavelengths

(λ) of 950, 880, 660, 590, 520, 470, 370 nm using associated aerosol absorption coefficient

(babs) and default mass absorption cross-section (MAC) values of 7.19, 7.77, 10.35, 11.58,

13.14, 14.54, and 18.47 m2g–1, respectively at each wavelength. The aerosol light absorption

coefficient (babs) at a specific wavelength (λ) is calculated by equation 3.1.

babs(λ)= BC(λ) ·MAC(λ) (3.1)

3.4 Source apportionment of Black Carbon using improved light-

absorption method

The AE-33 provides estimates of the biomass burning percentage (BB%) utilizing

an approach with default Angstrom Absorption Exponent (AAE) values of 1.0 for fossil

fuel (AAEFF) and 2.0 for biomass burning (AAEBB). However, since AAE varies with the

site characteristics, default AAEFF and AAEBB values in the AE-33 model lead to incorrect

estimates of BC associated with fossil fuel (BCFF) and biomass burning (BCBB) (Dumka et al.,

2018). Hence, the AAE values were calculated from the derived babs(λ) at the spectral band

of 370-880 nm by equation 3.2.

AAE=
ln (babs_370 nm/babs_880 nm)

ln (370/880)
(3.2)

The values, which lie at the side of the calculated AAE370-880 series, were obtained as

AAEFF = 1.0 and AAEBB = 1.7 (Fig. A.1a). The BC, BCFF, and BCBB were estimated by the
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AE-33 model using the equations from 3 to 9 (Sandradewi et al., 2008). The AE-33 model

adopts that BC is originated only from BB and FF combustion sources, which can be written

as given by equation 3.3.

BC= BCFF + BCBB (3.3)

The spectral babs for the pair of the wavelength (370, 880 nm) is divided as given by

equations 3.4-3.5:

babs(370 nm)= babs_FF(370 nm)+ babs_BB(370 nm) (3.4)

babs(880 nm)= babs_FF(880 nm)+ babs_BB(880 nm) (3.5)

The right-side unknown terms of equations 3.4 and 3.5 need to be calculated for

approximating the light elimination employing FF and BB at 370 and 880 nm. Equations 6-7

relate to the wavelengths (370, 880 nm) and babs for FF and BB. The values of AAEFF as 1.0

and AAEBB as 1.7 were primarily used in equations 3.6 and 3.7.

babs_FF(370 nm)

babs_FF(880 nm)
=

�

370
880

�−AAEFF
(3.6)

babs_BB(370 nm)

babs_BB(880 nm)
=

�

370
880

�−AAEBB
(3.7)

By solving equations 3.4-3.7, the BCFF and BCBB at 880 nm were obtained, given by

equations 3.8 and 3.9.

BCFF(880 nm)=
babs_FF(880 nm)

MAC(880 nm)
(3.8)

BCBB(880 nm)=
babs_BB(880 nm)

MAC(880 nm)
(3.9)
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3.5 Estimation of Brown Carbon

The assumption for estimating the Brown Carbon (BrC) absorption (babs_BrC) is that

BC is the lone absorber at higher wavelengths (950 and 880 nm). The value of AAEBC is

taken as 1. Hence, the whole babs was separated into babs_BrC and babs_BC contributions in the

spectral range of 370-660 nm, using equation 3.10 (Qin et al., 2018).

babs(λ)= babs_BC(λ)+ babs_BrC(λ) (3.10)

Then, the babs_BC was concluded from 880 nm to the smaller wavelengths (370-660

nm) by AAEBC as 1.0 in equation 3.11, and babs_BrC(λ) was estimated by equation 3.10.

babs_BC(λ)= babs(880 nm) ·
�

λ

880

�−AAEBC
(3.11)

3.6 Estimation of secondary Brown Carbon

The babs(λ) is due to other carbonaceous aerosols from primary and secondary sources

(Wang et al., 2019). BC is assumed to be radiated from simply primary sources. Hence, the

absorption of secondary BrC in babs(λ) (babs_BrC_sec(λ)) was calculated by equation 3.12.

babs_BrC_sec(λ)= babs(λ)− babs_pri(λ) (3.12)

where, babs_pri(λ) indicates the light absorbed by mutually primary non-combustion

and combustion sources. The light absorption of primary non-combustion (babs_pri_non-com)

sources is negligible even in heavily stagnated natural background sites (Teich et al., 2017);

hence it was neglected. Equation 3.13 can be written from the BC tracer technique.

babs_pri_comb(λ)=
�

babs(λ)
BC

�

pri · [BC] (3.13)

The (babs(λ)/BC)pri ratios were calculated by minimum R2 method (shown in

Fig. A.1b), in which a series of arbitrary values were chosen inside the range of estimated

babs(λ)/BC ratios at a particular wavelength (Wang et al., 2019).
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3.7 Health risk analysis

The health risks of BC’s exposure for the residents of the study region were estimated

in equal amounts of passively smoked cigarette (PSC) (Van der Zee et al., 2016). The number

of passively smoked cigarette (NPSC) equal to 1 µg m–3 increase in BC concentration intended

for a particular health consequence was calculated by equation 3.14.

NPSC =

�

ln (RRBC)
∆Concentration

�

� ln (RRETS)
assumed number of PSC

� ·∆BC (3.14)

where,
� ln (RRBC)
∆Concentration

�

denotes a resultant risk for change in ∆Concentration of BC,
� ln (RRETS)

assumed number of PSC

�

shows the risk of environmental tobacco smoke (ETS) exposure for

the total passively smoked cigarette per day, RR denotes the likelihood of evolving a disease

persuaded by the exposure to atmospheric pollutants, RRBC & RRETS denote the relative

risk (RR) of aerosol BC and ETS exposure for the particular health outcomes (Table 3.2

and Table 3.3) and ∆BC denotes the change between BC’s estimated and background mass

concentration. This assessment followed the hypothesis of (Van der Zee et al., 2016), in which

as per the (Global Adults Tobacco Survey, 2019) (http://gatsatlas.org/), estimates daily

consumption of 14 cigarettes was assumed equivalent to tobacco consumption in Guwahati,

Assam India. It was anticipated that the everyday exposure of people is equal to the daily

mean concentration of BC. The health risk estimates for air pollutants and ETS exposure are

estimated with standard error (SE). The background concentration of BC was taken as per

the 1.25th percentile from the entire dataset (Rupakheti et al., 2017; Pani et al., 2020), i.e.,

∼4 µg m–3.

Similarly, the health risks of PM2.5 were estimated in terms of the number of PSC to

10 µg m–3 increase in PM2.5 concentration. Furthermore, the combined health risks of BC

and PM2.5 were also estimated for four different health outcomes.
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Table 3.2 Risk estimates for ETS exposure (compared to no ETS exposure) concerning health outcomes (Van der Zee et al., 2016).

Outcome Description Risk estimate (95% CI) Exposure References

Lung cancer (LC) Incidence (> 15yrs) 1.21 (1.13-1.30) At home; in non-smokers
Surgeon General
Report, 2006

Cardiovascular mortality (CM)
Ischemic heart disease (IHD)
mortality > 15 yrs

1.27 (1.19-1.36)
At home or at work; in
non-smokers

Surgeon General
Report, 2006; Öberg et
al., 2010

Percentage lung function
decrement in school aged children
(PLFD)

Percentage reduction in
Forced Expiratory Volume in
1s (FEV1)

1.4% (1.0-1.9%) Either parent Cook et al., 1998

Low birth weight (LBW)
Prevalence of LBW < 2500g
at term

1.38 (1.13-1.69)
Any exposure at work or at
home; in non-smoking
mothers

Windham et al., 1999

Table 3.3 Risk estimates (95% CI) for equivalent Black Carbon concentration and the established health outcomes (Van der Zee et al., 2016).

Outcome PM2.5 (per 10 µg m–3) EBC (per 1 µg m–3) References

Lung cancer (LC) 1.09 (1.04-1.14) 1.05 (0.02-1.08) Van der Zee et al., 2016

Cardiovascular mortality (CM) 1.20 (1.09-1.31) 1.13 (1.09-1.18) Smith et al., 2009

Percentage lung function
decrement in school-aged children
(PLFD)

1.5% (–0.3-3.2%) 1.3% (0.3-2.2%) Van der Zee et al., 2016

Low birth weight (LBW) 1.19 (1.00-1.42) 1.16 (0.93-1.44) Van der Zee et al., 2016
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3.8 Dispersion modelling of traffic-derived Black Carbon emissions

3.8.1 AERMOD air quality model

AERMOD is an advanced steady-state Gaussian plume model developed by USEPA

as a modified version of Industrial Source Complex (ISCST3) (USEPA, 2012). The basic

assumption is that the pollutants originated from the plume disperses in vertical and

horizontal directions following the Gaussian or normal distribution, while traveling in the

down wind direction. The extent of dispersion depends on the wind speed, wind direction,

and turbulence in the lateral and vertical movements, characterized by their probability

density function. It can model multiple sources (for example, point, line, area, volume,

etc.) in flat and complex terrain. AERMOD model calculates the pollutant concentration by

summing up the contributions from the direct source, indirect source, and penetrated source

(Weil et al., 1997). It can be written as given by equation 3.15.

CT{x, y, z}= Cd{x, y, z}+Ci{x, y, z}+Cp{x, y, z} (3.15)

where, CT denotes the total concentration, Cd denotes the direct source concentration,

Ci denotes the indirect source concentration, and Cp denotes the penetrated source

concentration. x, y, and z denote the receptor distance in the x, y, and z direction.

The direct source describes the dispersion of plume material that reaches the ground

directly from the source via downdrafts. It is calculated as given by equation 3.16 (Weil

et al., 1997).

Cd {x , y, z}=
Q fp

2πuσyσz

· ex p

�

−y2

2σ2
y

�

�

ex p

�

−
Z −ϕd j + 2Zi

2

2σ2
z

�

+ ex p

�

−
Z +ϕd j − 2Zi

2

2σ2
z

��

(3.16)

where, Q denotes the source emission rate (g s–1), fp denotes a fraction of the source

material that remains trapped in CBL, u denotes the wind velocity (m s–1), σy & σz denote

the dispersion of coefficients in the y and z direction (m), ϕdj denote the the height of the

direct source (m), Zi denotes the the height of CBL (m), and Z denotes the height of receptor

(m), respectively. The height of the direct source is calculated as: ϕdj = hs+∆h+wx/u where,

hs, ∆h, w, x, u denote the height of the stack (m), plume rise (m), updraft velocity (m),
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downwind distance (m) and wind velocity (m/s), respectively.

The indirect source is included to treat the first interaction of the updraft plume with

the elevated inversion. It means that the plume that initially rise to the top of convective

boundary layer in updrafts return to the ground via downdrafts. It is calculated as given by

equation 3.17 (Weil et al., 1997).

Ci {x , y, z}=
Q fp

2πuσyσz

·ex p

�

−y2

2σ2
y

�

�

ex p

�

−
Z −ϕd j + 2Zi

2

2σ2
z

�

+ ex p

�

−
Z +ϕr j − 2Zi

2

2σ2
z

��

(3.17)

where, ϕrj = hs+wx/u is the height of indirect source (m). It can also be written as

ϕrj = ϕdj –∆h.

The penetrated source is included to account for material that initially penetrates the

elevated inversion but subsequently can re-enter the convective boundary layer via turbulent

mixing of the plume. It is simple Gaussian form for both vertical and horizontal plume

distributions. It is calculated as given by equation 3.18 (Weil et al., 1997).

Cp {x , y, z}=
Q
�

1− fp

�

2πuσyσz

·ex p

�

−y2

2σ2
y

�

�

ex p

�

−
Z − hep + 2Zi

2

2σ2
z

�

+ ex p

�

−
Z + hep + 2Zi

2

2σ2
z

��

(3.18)

where, the penetrated plume height (hep) is the height of the plume centroid above

the mixed layer. It can be calculated as hep=(hs+zi)/2 + 0.75∆h.

The pollution concentration contributed by all three sources are substituted in

equation (3.15) to get the total concentration at the particular receptor.

3.8.2 Structure for AERMOD model

The presence of obstacles (e.g., slight to steep slopes and building heights) significantly

influences the meteorological conditions (e.g., wind field, fog occurrence) and dispersion

pattern of air pollutants (Hnová et al., 2021). Hence, three primary data inputs were prepared

to run the AERMOD model: vehicular emission rate, atmospheric data (temperature, wind

speed, cloud cover, wind direction, relative humidity, mixing height, precipitation, pressure),

and topography data (altitude, hills and valleys elevation). The AERMOD modelling system

has two modules: AERMET to process the meteorology to produce the meteorological data
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contours for both observed and WRF processed met data, and AERMAP to process the

terrain data to create the topography data contours for identified receptors (USEPA, 2012).

Composed with vehicular emission rates, the outputs of these two modules were incorporated

into the third section, AERMOD- to produce BC concentration contours at the receptors in

the modelling domain for the specified interval. Fig. 3.6 shows the process flow chart for

this study.

Emission data

AERMETAERMODAERMAP

Comparison of modelled and 

observed data results 

SRTM1 data at 30 m 

resolution

Receptor Locations

Source locations

Case 2: observed met 

data at 2 km distance

Case 1: modelled 

WRF model output

Case 3: observed met 

data at 7 km distance  

Adopted 

Emission norms

BS-IV 

Emission norms

BS-VI

Emission norms

Evaluation of 

implementation of BS norms

Fig. 3.6 Schematic methodology for the AERMOD study.

3.8.2.1 Emission source data

The road traffic at L1 (Fig. 3.5) was considered congested since the vehicles were

stopped at the parking lot area. The road traffic at L2 was deemed to be free-flowing to

account for a variable emission since, during congestion, emission may be constant. L1 and

L2 were treated as area and line source types, respectively. The background concentration

of BCFF was obtained as the 1.25th percentile of the estimated BCFF concentration from the

whole dataset (Kondo et al., 2006), i.e., ∼3 µg m–3. This concentration is used as a boundary

concentration in AERMOD calculations of the contribution from local sources.

3.8.2.2 Meteorological data

Two sets of weather data were used as an input to the AERMOD model in this study-

data from a Weather Station (observed met data) and Weather Research Forecasting model

(WRF)-produced meteorological data (modelled met data). It is assumed in the AERMOD
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that concentrations at all distances during a modelled period are governed by the temporal-

average meteorology of the period. The observed and the modelled meteorological data,

including surface meteorological conditions and upper air sounding records, were used

for the dispersion modelling. These data were processed in the AERMET that generated

two meteorological data profiles for AERMOD modelling. In the observed meteorological

data, cloud cover is needed by the weather-related preprocessor AERMET for generating the

input records. Though, cloud cover is barely recorded in typical weather stations. However,

surface-reaching solar radiation (in W m–2) data was available from the weather station.

Hence, we used equation 3.19 to derive the cloud cover data (Kasten and Czeplak, 1980;

Kim and Hofmann, 2005).

SR= SRo(1 – 0.75 c3.4) (3.19)

where, SR and SRo represent the solar radiation separately under cloudy/actual/real-

time and clear sky situations, respectively and c denotes the cloud cover (0 to 1). The peak

value amongst the quantities in each month is presumed to signify solar radiation during

clear sky situations. In contrast, the value at a specific hour on the day is presumed to denote

the real-time solar radiation situations in the simulated period. The mixing heights were

obtained at one hour from the HYSPLIT model through the turbulent kinetic energy outline

technique (Draxler and Rolph, 2016; Dumka et al., 2018). The Upper air estimator tool

of the AERMET view was used to estimate the upper-air parameters. The reason for using

observed meteorological data was to compare the obtained results processed using WRF

data, which may still provide valuable results. We have also used the meteorological data

from the pollution control board (PCB) located at 7 km southeast-south.

3.8.2.3 Topography data

The topography may cause acceleration, deceleration, and refraction of wind

arrangements to a significant level. Complex topography produces limited-scale movements

of air pollutants (Hnová et al., 2021). The Shuttle Radar Topography Mission of one Arc-

second (SRTM1) data at ∼30 m resolution was used in the domains AERMAP module.

Currently, SRTM is a complete elevation resolution digital topographic catalogue of Earth

(Tartakovsky et al., 2016). Terrain elevations were in meters relative to the mean sea
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level built on the WGS84 coordinate system, Zone 46R, which varied from 44 to 354 m in

the specified domain. A buffer of 10 m was considered from the predefined extent of the

modelling domain for proximity analysis. Additionally, the surface roughness, brown ratio,

and net radiation were also included. The AERMAP was utilized to formulate the topography

info built on the source locations, SRTM data, and receptor locations.

3.8.2.4 Receptor data

For receptor locations in the complex terrain, the modelling process employed a

Cartesian receptor grid with 100 m receptor spacing, in addition to two discrete receptors.

The Cartesian receptor grid varied as per modelling extent. The modelling extent was 1050

× 1350 m from SW coordinates (26.157508°N, 91.701921°E). The 154 receptors excluding

L1 and L2 locations were defined in the modelling domain, each with a different height due

to uneven terrain heights.

3.8.3 Emission rate

The emissions (in mg s–1) were calculated by equation 3.20.

ERw =
Σ

n
j=1Nj · EF(i, j) · ATS

Nvehicles
(3.20)

where, ERw denotes the weighted emission rate (mg s–1), Nj denotes the number of

vehicles of an individual category, EF (i,j) denotes the emission factor of pollutant i for jth

vehicle category, and Nvehicles denotes the total number of vehicles, respectively. ATS denotes

the average speed of the traffic fleet (km hr–1). The average speed of the traffic fleet is

considered as 20 km hr–1, which is analyzed from the videotapes.

The adopted emission factors were obtained from Table 2.3 (Paliwal et al., 2016).

ARAI (2017) proposed the new emission norms for PM2.5 only. So, we calculated the BC

emission rates for BS-IV and BS-VI emission norms from the share of fossil fuel-derived BC in

PM2.5. It was 11% (ranged from 6-20%) during the study period. 2W and 4W vehicles were

considered gasoline engines; hence the fraction is taken as 6%. Similarly, 3W, LDDV, and

HDDV vehicles were considered diesel engines; the fraction is taken as 20%. So based on

these assumptions, BS-IV and BS-VI emission rates were calculated and listed in Table 3.4.
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Table 3.4 Emission rates of BCFF from the adopted emission factor (Paliwal et al., 2016), BS-IV and BS-VI emission norms (ARAI, 2017).

Vehicles type
Emission factor (g km–1) Emission rate (mg s–1)

BCFF (Adopted) PM2.5(BS-IV) PM2.5(BS-VI) BCFF (Adopted) BCFF(BS-IV) BCFF(BS-VI)

2W 0.02 – 0.0045 0.1111 0.1111 0.0015

3W 0.15 0.0425 0.025 0.8333 0.0472 0.0277

4W 0.09 0.025 0.005 0.5000 0.0083 0.0015

LDDV 0.17 0.06 0.012 0.9444 0.0667 0.0133

HDDV 0.415 0.02 0.01 2.3055 0.0222 0.0111
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3.8.4 Modelling conditions

To determine the best modelling predictions for the study domain, few conditions

were used to conduct the modelling studies. The conditions are:

1. Prediction of BCFF concentrations at location L1 and L2 using the background

concentration as a boundary condition.

2. Prediction of BCFF concentrations using daytime (07:00 to 20:00 LST) emission rate.

3. Prediction of BCFF concentrations in hilly terrain, only to reveal the obstruction in BC

dispersion that could occur due to uneven terrain.

For AERMOD modelling under these conditions, a traffic volume study was conducted

at two unlike locations, L1 and L2. Due to the unavailability of data at nighttime, the model

prediction was performed for the specified time.

3.8.5 Application of AERMOD

The model was also applied to BC pollution reduction due to the implementation of

Bharat Stage (BS) emission norms i.e., BS-IV (equivalent to Euro 4) and BS-VI (equivalent to

Euro 6) in India. These emission norms were implemented in 2017 (BS-IV) and 2020 (BS-VI)

to reduce emissions from vehicles fitted with direct gasoline injection and compression

ignition or diesel engines. It is important to note that BS-VI norms apply to all categories

of vehicles all over India since April, 2020. At the same time, a significant fraction of the

traffic fleet comprises the vehicles of BS-II, BS-III, and BS-IV vehicles. Many autos in the

city have two-stroke engines. The results of new emission norms are not yet realized as the

penetration of BS-VI vehicles is in a negligible fraction.

3.8.6 Performance evaluation

Due to the effect of arbitrary atmospheric developments, there may not be any flawless

model in air quality modelling (Chang and Hanna, 2004). The model operational efficiency

can be evaluated by relating the modelled and observed concentrations of the pollutants

using appropriate statistical measures as listed in Table 3.5.
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Table 3.5 List of statistical measures for testing air quality models’ performance (Willmott, 1982; Chang and Hanna, 2004).

Formula Description of the parameter Acceptable range

FB = 1
0.5×

(Co−Cp)

(Co+Cp)

FB is the fractional bias, measures relative bias, and indicates only systematic errors, varies
from –2 to +2 with the desired value of 0. –2 represents extreme under prediction and +2
extreme over prediction

–0.5 to 0.5

NMSE =
(Co−Cp)2

(CoCp)

NMSE is the normalized mean square error, measures relative scatter, and reflects systematic
and unsystematic (random) errors. NMSE ranges from 0 to∞, where 0 represents perfect
agreement.

<= 0.05

GMB = exp(lnCo–lnCo)
GMB is the geometric mean bias, measures relative bias, and indicate only systematic errors
desired value 0.

0.75 to 1.25

GV = exp[(lnCo − lnCp)
2] GV is the geometric variance, desired value 0. 1 to 1.25

R =
(Co−Co)(Cp−Cp)

(σCo
σCp

)

R is the correlation coefficient. Ranges from 1 to –1, where 1 and –1 represent perfect
correlation, and 0 indicates no correlation.

–1 to 1

FAC2 =
Cp
Co

FAC2 is the factor of two, and the desired value is 0. 0.5 to 2.0

d = 1–
Σ

n
i=1(Coi

−Cpi
)2

Σ
n
i=1

�

|Cpi
−Co|+|Coi

−Co|
�2

d is the index of agreement, measures the degree of model prediction, varies from 0 and 1.
It determines the magnitude of agreement between observed and modelled values
considering the sensitivity of differences between the values.

0.4 to 1.0

R2
CV = max
�

0, 1– RMSE2

MSEobserved

�

R2
CV is the cross-validation of R2.

RMSE = sqrt[(Cp − Co)
2]

RMSE is the root mean square error. It gives information about the non-systematic
component of the differences in measurements and always non-negative.

>=0

MSEobserved = [(Co − Co)
2] MSE is the mean squared error of observed values. It is always strictly positive and not zero.

Co and Cp are observed and modelled value, C : mean value over the datasets, σCo
and σCp

: standard deviation over the observed and modelled datasets.
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Hanna (1993, 1988) recommended the usage of numerical performance methods such

as fractional bias (FB), geometric mean bias (GMB), geometric variance (GV), correlation

coefficient (R), and the fraction of extrapolations within a factor of two observations (FAC2),

normalized mean square error (NMSE), an index of the agreement for testing the performance

of air quality models. The model was also quantitatively evaluated using specific multiple

out of sample cross-validation and external validation methods (Willmott, 1982; Keller

et al., 2015). Cross-validation was assessed using two measures termed root mean square

error (RMSE) and cross-validation R2 (RCV
2) (Keller et al., 2015). For each period, BC

concentrations were estimated at the monitoring site L1. The index of association, covariation,

or correlation between observed and estimated concentrations measures the strength of model

predictions. Standard statistical indicators are the Pearson product-moment correlation (r),

the proportion of variance explained by estimated BC concentrations, and R. It is also common

to find r or Rs statistical significance to corroborate the correlation coefficients interpretation

(Willmott, 1982). Table 3.5 shows the statistical parameters applied to validate the model

output.

———–PPVUVOO———–
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4
Data Analysis and Interpretation

In this section, the data collected during the fieldwork have been analyzed for

meaningful interpretation and discussed in detail. The process of data description and

interpretation helps to transform the data into information.

4.1 Black Carbon concentrations

The hourly-averaged BC concentration for the winter season was found to be 10.02

± 4.72 µg m–3 with the highest of 30.48 µg m–3 on most foggy days as shown in Fig. 4.1. In

January, it was 11.83 ± 2.56 µg m–3, in February, it was 10.58 ± 2.17 µg m–3 and in March,

it was 7.69 ± 1.61 µg m–3. The BC concentration level ranked from high in January to low

in March. During a few rain events, the sudden decrease in the BC concentration (up to 2.10

µg m–3) was observed. However, daily-averaged BC concentrations were found to be higher

during weekend (10.89 µg m–3) than weekdays (9.72 µg m–3) during the study period.

Table 4.1 summarizes ambient BC concentrations reported in Guwahati and other

cities worldwide in previous studies. During winter, Barman and Gokhale (2019) analyzed

BC in an urban and a rural sites and found the highest winter average BC concentration of

22.44 µg m–3 and 20.58 µg m–3, respectively. The increase of BC in winter might be attributed

to vehicular activities, biomass burning for heating purposes, unfavorable meteorological

conditions, and the region’s topography. The average BC concentration in this study during

winter 2020 was similar to that in Helsinki, Finland (10.4 ± 20.3 µg m–3), lower than Delhi

(24.4 ± 12.2 µg m–3) and higher than Beijing, China (5.31 ± 6.26 µg m–3). By contrast,

developed and hilly cities like Los Angeles, USA (8.45 µg m–3) and Chiang Mai, Thailand

(2.7 ± 1.0 µg m–3) exhibit lower BC concentrations than Guwahati.
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Fig. 4.1 Hourly time series of Black Carbon concentrations during the winter period.

Page | 64 Environmental Engineering |

TH-2979_166104024



Data Analysis and Interpretation Chapter | 4

Fig. 4.2 shows the winter diurnal variation of hourly-average BC concentration. It

has been observed that the BC concentration peaked in the morning rush hours (08:30 to

10:30 LST). This may be caused by increased vehicular activity during these hours, lower

mixing layer height, and extended fog in the valley. BC concentration was minimum during

afternoon (02:30 to 3:30 LST). The thermal convection is high and atmospheric boundary

layer is deep during these periods. This causes rapid dispersion of BC from surface level.

The atmospheric boundary layer depth decreases when sunset happens and a nocturnal

layer begins to form at closer ground level. This causes inversion and trapping of pollutants

ultimately leading to build up of BC concentration. The low BC concentrations during

midnight and early morning hours can be attributed to the low anthropogenic activities. The

hourly-mean BC concentration was comparatively higher during winter daytime (10.16 ±

2.64 µg m–3) than nighttime (9.86 ± 0.49 µg m–3).

μ
g

 m
−
3

Peaks during 

Morning

Fig. 4.2 Winter mean diurnal pattern of hourly-average Black Carbon concentrations.
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Table 4.1 Comparison of Black Carbon (unit: µg m–3) mass concentrations reported in different studies.

Measurement site Site type Period Instrument BC Mean value References

Guwahati, India Suburban-hilly Jan to Mar 2020 Aethalometer AE-33 10 ± 4.72 This study

Guwahati, India Urban Dec 2011 Aethalometer AE-51 9-41 Chakrabarty et al. (2012)

Guwahati, India Rural Dec 2016 to Feb 2017 Aethalometer AE-33 20.58 Barman and Gokhale (2019)

Darjeeling, India High altitude Jan 2010 to Dec 2011 (winter) Aethalometer AE-42 3.9 ± 2.2 Sarkar et al. (2015)

Delhi, India Urban Dec 2015 to Feb 2016 Aethalometer AE-33 24.4 ± 12.2 Dumka et al. (2018)

Delhi, India Urban Dec 2011 to Mar 2012 Aethalometer AE-31 12.1 ± 8.7 Tiwari et al. (2015)

Gorakhpur, India Urban Aug 2013 to Jul 2015 (winter) Aethalometer AE-33 19 ± 14 Vaishya et al. (2017)

Ahmedabad, India Urban Dec 2016 to Feb 2017 Aethalometer AE-31 7.5
Rajesh and Ramachandran
(2018)

Agartala, India Rural Jan 2011 Aethalometer AE-31 12.56 Kaur et al. (2020)

Vijaywada, India Suburban Jan to Dec 2016 (winter) Aethalometer AE-31 4.68 ± 1.32 Prasad et al. (2018)

Dehradun, India Urban Dec 2019 to Feb 2020 Aethalometer AE-33 9.45 ± 2.65 Prabhu et al. (2020)

Hanle, India Rural Dec 2009 to Fe 2010 Aethalometer AE-31 0.07 ± 0.06 Babu et al. (2011)

Kadapa, India Semi-arid, rural Dec 2011 to Feb 2012 Aethalometer AE-42 2.87 ± 0.81 Begam et al. (2016)

Beijing, China Urban Dec 2015 to Feb 2016 Aethalometer AE-33 5.31 ± 6.26 Liu et al. (2018)

Athens, Greece Suburban Mar 2013 to Feb 2014 (winter) Aethalometer AE-31 2.4 ± 1.0 Diapouli et al. (2017)

Granada, Spain Urban Nov 2014 to Feb 2015
Aethalometer AE-31,
AE-33

2.3 ± 2.1 Titos et al. (2017)

Chiang Mai, Thailand Urban Mar to May 2016 Aethalometer AE-31 2.7 ± 1.0 Pani et al. (2020)

Ontario, Canada Urban Jun 2015 to May 2016 (winter) Aethalometer AE-33 1.2 Healy et al. (2017)

Los Angeles, USA Rural/agricultural Mar 2016 to Feb 2017 (winter) Aethalometer AE-33 8.45 Mousavi et al. (2018)

Helsinki, Finland Suburban Jan to May 2017 Aethalometer AE-33 10.4 ± 20.3 Helin et al. (2018)
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4.1.1 Ambient Black Carbon, PM2.5 and PM10 concentrations

The daily-average BC, PM2.5, and PM10 mass concentrations during winter in the

study region are plotted in Fig. 4.3. The real-time PM2.5 (ranging from 37 to 153.28 µg m–3)

and PM10 (ranging from 56.43 to 215.73 µg m–3) concentrations obtained from 51 each

samples during winter are 79.67 ± 28.25 µg m–3 and 118.99 ± 41.03 µg m–3, respectively.

The mean coarse mode fraction (PM10–PM2.5) was found to be 39.33 ± 20.94 (ranging from

10.24 to 97.61 µg m–3), which corresponds to 33% of the PM10, lesser to the fraction found

in Guwahati (42% of PM10) (Tiwari et al., 2017). Further, 71% and 60% of the days in

winter exceed the daily standards specified by National Ambient Air Quality Standards, India

(NAAQS-I) for PM2.5 (60 µg m–3) and PM10 (100 µg m–3), respectively. The minimum and

maximum PM2.5 concentrations differ even five times, with the highest in January and the

least in February. The low PM concentrations were observed in the month of March for a

few days, which might be due to a few rain events washing out the atmospheric particles.

The significant variations in the daily-average PM concentrations may be attributed to rain

washouts, boundary layer dynamics, transient emission events, the mixed proportion of

vehicles category (BS-II to BS-VI), and aerosols from long distances (Fig. 4.11).
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The large variation in PM and BC concentrations during winter period indicate that

the natural cleansing mechanism (rain washouts) is effective over this region. Contrarily, low

wind speed and hilly topography surrounded immediately by valley might have promoted

the accumulation of airborne particles in this region. The mean BC/PM2.5, BC/PM10 and

PM2.5/PM10 was found to be 0.13 ± 0.03 (ranging from 0.07 to 0.23), 0.09 ± 0.03 (ranging

from 0.03 to 0.15), and 0.67 ± 0.11 (ranging from 0.37 to 0.87), respectively. These ratios

indicate a dominance of fine-mode particles. As per previous studies, the ratio of BC/PM2.5

is generally higher in traffic source emissions than that from other sources (Liu et al., 2018;

Zhang et al., 2013). The maximum BC/PM2.5 appeared on 3 March 2020, which may be

affected by various meteorological factors and pollution sources. On a monthly basis, the

contributions of PM2.5 to PM10 are the order of March (∼50%), February (∼63%), and

January (∼77%). Fig. 4.4 shows a correlation between the daily mean BC vs. PM2.5 and

PM2.5 vs. PM10 concentrations. The high R2 values of PM2.5 vs. PM10 for the whole data

set (R2 = 0.78) indicate similarity in sources of PM pollution. At the same time, the poor

correlation (R2 = 0.54) of BC vs. PM2.5 shows the possibility of different emission sources of

both pollutants.

Table 4.2 also presents the results of PM2.5 and PM10 concentration at Guwahati and

cities around India. The concentrations were lower than the previously reported values at

this region (Tiwari et al., 2017) and higher than Dibrugarh, which is located at the upper

Brahmaputra river basin (Pathak et al., 2013). High PM2.5 and PM10 concentrations were

reported over the Indo Gangetic Plains [for example. New Delhi (Tiwari et al., 2013), Kanpur

(Sharma and Maloo, 2005), Agra (Pipal et al., 2011)], which are comparable in magnitude

with the current observed concentrations.
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Table 4.2 Summary of PM2.5 and PM10 concentrations during winter in India.

Location Coordinates Elevation∗ Location type PM2.5 (µg m–3) PM10 (µg m–3) References

Guwahati 91.71°E, 26.16°N 225 m Suburban-hilly 79.67 ± 28.25 118.99 ± 41.03 This study

Guwahati 91.66°E, 26.15°N 51 m Urban 99.7 ± 43.2 156.6 ± 64.9 Tiwari et al. (2017)

Dibrugarh 94.6°E, 27.3°N 111 m Urban 51.9 ± 32.4 57.2 ± 32.4 Pathak et al. (2013)

New Delhi 77.12°E, 28.35°N 296 m Urban 80 to 900 150 to 1500 Tiwari et al. (2013)

Kanpur 80.28°E, 26.49°N 126 m Urban 146 272.70 ± 64.64 Sharma and Maloo (2005)

Agra 78.02°E, 27.16°N 166 m Urban 90.2 ± 7.2 278.7 ± 106.6 Pipal et al. (2011)

Agra 78.02°E, 27.16°N 166 m Suburban 89.12 ± 37.94 234.54 ± 128.27 Pipal et al. (2011)

Hyderabad 78.4°E, 17.48°N 563 m Urban 22-38 30-55
Latha and Badarinath
(2005)

Mumbai 72.83°E, 18.96°N 4 m Rural 64 ± 3.5 105 ± 4.5 Awasthi et al. (2011)

Udaipur 73.6°E, 24.5°N 733 m Urban 59 ± 9.5 128.3 ± 11.5 Panicker et al. (2015)

Jabalpur 79.93°E, 23.16°N 396 m Urban 68 ± 9.1 109.3 ± 10 Panicker et al. (2015)

Ahmedabad 72.55°E, 23.03°N 53 m Urban – 106 Ganguly et al. (2006)

Trivandrum 76.9°E, 8.55°N 39 m Coastal 54.1 59.5 Pillai et al. (2002)

Kolkata 88.36°E, 22.56°N 7 m Urban 179 304 Das et al. (2006)

Pune 73.85°E, 18.72°N 612 m Urban 69 90 Kumar and Joseph (2006)

Anantapur 77.6°E, 14.71°N 335 m Suburban 21.29 22.07
Balakrishnaiah et al.
(2011)

∗ Above mean sea level

Page | 70 Environmental Engineering |

TH-2979_166104024



Data Analysis and Interpretation Chapter | 4

4.1.2 Chemical speciation of PM2.5 and PM10

The concentration of the ionic species and metals in PM2.5 and PM10 are listed in

Table 4.3. The ionic species are light scattering type aerosols, while BC is a strong absorber

of solar light (Bond et al., 2013). The ratio between organic and inorganic species is

commonly used in source identification and mixing processes in the atmosphere (Behera and

Sharma, 2010). A multilinear regression analysis was performed between PM2.5, BC, ionic

species, and metals. The Spearman’s correlation coefficients are summarized in Fig. 4.5.

Statistically significant (95% confidence level) positive correlation coefficients were found

among the BC, NO3
–, F–, Cl– with PM2.5, suggesting that all species, specifically NO3

–,

contribute significantly to PM2.5. BC was highly correlated (r = 0.88) with PM2.5, indicating

similarity in the emission sources or reaction pathways. The weak sulfate and BC correlation

(0.39) indicates a suburban environment. The highly significant positive correlation (r >

0.70) was observed between the groups Cl–-NO3
– and F–-Cu in PM2.5 at this region during

winter. While, Al-SO4
2–, Al-Cr, F–-Cr, BC-Mn, BC-Cr were negatively correlated. Similarly,

multilinear regression analysis between PM10, BC, ionic species, and metals was performed.

The Spearmans correlation coefficients are summarized in Fig. 4.6, in which the warm color

shows a negative correlation.

Table 4.3 Statistical description of the chemical constituents (µg m–3) in the ambient PM2.5

and PM10 collected during winter at BRV region.

Species
PM2.5 PM10

PM2.5/PM10
Mean ± SD Range Mean ± SD Range

PM mass 79.67 ± 28.25 37-153 118.99 ± 41.03 56.43-215.73 0.67

Nitrate (NO3
–) 5.91 ± 4.55 1.09-16.46 7.79 ± 5.57 1.93-21.49 0.75

Sulfate (SO4
2–) 0.57 ± 0.98 0.01-4.56 1.51 ± 0.77 0.73-3.42 0.37

Fluoride(F–) 0.16 ± 0.05 0.08-0.28 0.20 ± 0.08 0.09-0.38 0.80

Chloride (Cl–) 0.14 ± 0.07 0.04-0.31 0.19 ± 0.08 0.09-0.43 0.73

Iron (Fe) 2.30 ± 1.40 0.54-5.53 2.93 ± 2.05 0.34-6.50 0.78

Manganese (Mn) 1.36 ± 0.71 0.17-2.22 1.90 ± 0.58 0.43-2.63 0.77

Zinc (Zn) 1.97 ± 1.12 0.16-4.29 2.03 ± 1.14 0.05-4.00 0.97

Copper (Cu) 0.56 ± 0.38 0.05-1.68 0.96 ± 0.86 0.05-2.63 0.58

Chromium (Cr) 0.73 ± 0.30 0.07-1.18 0.87 ± 0.40 0.03-1.28 0.83

Lead (Pb) 0.95 ± 0.52 0.05-1.67 0.64 ± 0.49 0.10-1.86 1.48

Aluminium (Al) 0.78 ± 0.17 0.43-1.09 0.98 ± 0.59 0.10-2.26 0.79

PM2.5 : NO3
– > Fe > Zn > Mn > Pb > Al > Cr > SO4

2– > Cu > F– > Cl–

PM10 : NO3
– > Fe > Zn > Mn >SO4

2– > Cu >Al > Cr > Pb > F– > Cl–
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4.1.3 Black Carbon and meteorological parameters

Fig. 4.7 shows the hourly variation of BC concentrations and the meteorological

parameters during the winter. The low concentration hours were attributed with the high

wind speeds as well as an increase in atmospheric temperature. These conditions were

favorable for an increased mixing height and lateral dispersion. The decreasing and increasing

trends can be attributed to the temperature as well as wind speed. When the wind speed

and temperature starts to increase, BC concentration shows decreasing trend and vice versa.

The wind flow helps in the lateral dispersion of the pollutants from its origin. The wind rose

of each month were almost similar to their winter season wind roses (Fig. A.2). Here, it is

seen that the wind flow distribution pattern during winter season was completely under the

calm condition.

Fig. 4.8 shows the relationships between the BC concentration and meteorological

parameters. The BC concentration shows a good relationship with the meteorology. The

linear fit between two variables shows the nature of the relation. It shows that the BC is

inversely proportional to the temperature and directly proportional to relative humidity and

atmospheric pressure. However, in some cases, it is not the case. So further, Spearmans rank

correlation coefficient analysis was conducted for establishing the relationship of BC with

the meteorological parameters.

Fig. 4.9 shows the monotonic relationship between BC concentration, constituents,

and meteorological parameters. BC has a positive correlation with relative humidity, wind

direction, and atmospheric pressure, while it is negatively correlated with wind speed,

temperature, and solar radiation.
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Fig. 4.7 Hourly variation of Black Carbon concentration with the meteorological parameters during the winter period.
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Fig. 4.8 Relationships of hourly-average Black Carbon with the meteorological parameters during the winter period.
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Fig. 4.9 Spearmans rank correlation coefficient between different parameters.

Fig. 4.10a-b show the bivariate polar graphs and condition probability function (CPF)

polar plots as a function of BC’s wind speed and wind direction. The polar plot shows

the influence of the various sectors and the roles of local sources in the BC concentrations

(Fig. 4.10a). It was seen that the highest BC level was from the nearby sources. From

Fig. 4.10a, it was found that the concentration emitted was of the range of 8-9 µg m–3

from nearby sources for the winter season. There are no prominent nearby sources for BC

generated from fossil fuel other than the traffic. Fig. 4.10b shows the wind directions that

dominate a high concentration of BC, which is not evident from Fig. 4.10a. Fig. 4.10b clearly

shows the highest BC concentration over the study location primarily associated with weak

winds (< 2 m s–1) from the southeastern direction. This is helpful in the further analysis of

the dispersion modelling. It is observed that for the 90th percentile concentration of BC in

which, for most wind speed directions, the probability of BC concentrations being greater

than the 90th percentile is zero. The calculated percentile is shown at the bottom of the CPF

plot.
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(a)

(b)
CPF 

probability

Mean

CPF at the 90th percentile (=16)

BC

BC

Fig. 4.10 Bi-variate polar plot (a) and CPF plot (b) of Black Carbon concentration higher
than the 90th percentile as a function of wind speed and wind direction.
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4.2 Trans-boundary influence and fire counts

Apart from the dominance of local sources, the trans-boundary influence on the BC

was studied using back-trajectories HYSPLIT model with the help of Fig. 4.11. The back

trajectories analyzed by HYSPLIT modelling confirmed the origin of the air masses flowing

from northwestern Indo-Gangetic plains to northeastern directions, as shown in Fig. 4.11.

A relatively large intensity of fires was clearly apparent over mountainous regions

along the Meghalaya and Nagaland states during March and April 2020. Total fire activities

over this region sharply decreased in May probably due to the arrival of the Indian summer

monsoon (Fig. 4.12). The fire maps (at >90% confidence interval) for selected months

were downloaded from the Fire Information for Resource Management System (FIRMS:

https://firms.modaps.eosdis.nasa.gov/) and showed them in Fig. 4.12. This fire spot

data was a combined product from Terra and Aqua MCD 14 ML at 1 km resolution.
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Fig. 4.11 Five days air-mass back trajectories at 500 m above ground level over the monitoring station, indicated by a solid black star.
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Fig. 4.12 Monthly fire counts over northeastern region of India. The red star shows the location of Guwahati.
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4.3 Impacts of Black Carbon and PM2.5 on human health

In this study, we have estimated the health risks of atmospheric BC to the local

inhabitants of the study region in equivalent amounts of passive cigarettes. BC also contains

trace metals and PAHs (IARC, 2014; Lin et al., 2019). Health risks of BC pollution and

PSC are comparable (Van der Zee et al., 2016; Wu et al., 2018; Pani et al., 2020) because

(i) both risks have the same exposure route, i.e., inhalation (ii) both lead to similar health

effects, and (iii) exposure to both environmental tobacco smoke and BC pollution is mostly

instinctive (Van der Zee et al., 2016). The health risk estimation tool is proposed by Van

der Zee et al. (2016), which is used in this study to estimate the health risks of BC for the

four health outcomes, i.e., Low Birthweight of infants (LBWI), percentage lung function

decrement of school-aged children (PLFD), lung cancer (LC), and cardiovascular mortality

(CM). The tool is primarily based on relative risks. It estimates the risk from the meta-analysis

of the reported concentration-response function, which helps characterize the connection

between a defined change in BC concentration and health outcomes. We have used the RR as

proposed by Van der Zee et al. (2016), which were derived from rigorous systematic reviews.

Second, the primary source of uncertainty is the assumed number of daily cigarettes smoked

indoors.

We assumed that the daily exposure level of total BC for the people living in Guwahati

was equivalent to the daily mean EBC level, which refers to the surplus amount concerning

the background BC. The background BC level was for the whole dataset (Jan-March 2020)

as the 1.25th percentile of BC concentrations, i.e., ∼4 µg m–3 for Guwahati in this study.

Table 4.4 presents the summary of health risk estimates of BC expressed in an equivalent

number of PSC for each month and the entire study period. Overall, the health risk estimates

of BC in this study reached as high as 52.77, 139.98, 51.19, and 24.12 passively smoked

cigarette-equivalents to the risk of LBWI, PLFD, CM, and LC, respectively. Exposure of BC

pollution in Guwahati was found equivalent to a relatively high number of PCSs concerning

the risk of PLFD and a relatively lower number of PSC to the risk of LC. Pani et al. (2020)

estimated the health risks posed by BC, reaching maximum values of 6.8, 14.5, 43.5, and

15.3 number of PSC for LC, CM, PLFD, and LBWI, while another study conducted by Wu et al.
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(2018) estimated the same risk, reaching maximum values of 31.8, 67.4, 184.4, and 69.5

number of PSC for LC, CM, PLFD, and LBWI, respectively, over the Qinghai-Tibet Plateau.

Van der Zee et al. (2016) reported the health risk exposure to 1 µg m–3 of BC being equivalent

to 4 PSC per day across for the same four health outcomes. The health risk estimates of

BC in Guwahati across all the four health outcomes were equal to 32, 27, and 14 PSC per

day for January, February, and March, respectively (Table 4.4). Although these equivalence

estimates offer indicative measures of health risks, they carry uncertainty that can only be

used to define a considerable health threat to local inhabitants. As Guwahati is typically

situated in hilly regions where weak wind speed and topography facilitate the trapping of

pollutants, BC can enhance the severity of air pollution by modifying the boundary layer

(Wang et al., 2019; Pani et al., 2020) during the winter season and results in more enormous

adverse health risks.

The health risk estimates of PM2.5 in the study region across all the four health

outcomes were equivalent to 39, 28, and 7 PSC per day for January, February, and March,

respectively (Table 4.5). The health risk estimates of BC and PM2.5 in the study region

across all the four health outcomes were equivalent to 37, 30, and 11 PSC per day for

January, February, and March, respectively (Table 4.6). These estimates are presented for

an increment of 10 µg m–3 in PM2.5 and 1 µg m–3 in BC concentration, which is commonly

used to express relative risks of these air pollutants (Van der Zee et al., 2016). Overall, the

combined (BC and PM2.5) health risks into equivalent passively smoked cigarettes were 26

(5) during winter 2020 in Guwahati (Table 4.6). These estimations reveal health risks but

with some uncertainty and only describe a significant health hazard to the residents of BRV.

These results are necessary to issue public health advisory during haze occasions to safeguard

the exposed individuals within the populations.
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Table 4.4 Summary of health risk estimates of Black Carbon expressed into equivalent numbers of passively smoked cigarettes per day.

Parameters
January February March Winter

Mean SE Mean SE Mean SE Mean SE

Low Birth Weight of Infants (LBWI) 25 21 21 18 11 9 19 16

Lung function decrement (FEV1) in children (%) (PLFD) 67 27 56 22 29 12 51 20

Cardiovascular mortality (CM) 24 9 21 8 11 4 19 7

Lung cancer (LC) 12 11 10 9 5 5 9 8

Overall estimate 32 17 27 14 14 8 25 13

Table 4.5 Summary of health risk estimates of PM2.5 expressed into equivalent numbers of passively smoked cigarettes per day.

Parameters
January February March Winter

Mean SE Mean SE Mean SE Mean SE

Low Birth Weight of Infants (LBWI) 27 16 20 12 5 3 17 10

Lung function decrement (FEV1) in children (%) (PLFD) 68 41 50 30 13 8 44 26

Cardiovascular mortality (CM) 38 11 28 8 7 2 24 7

Lung cancer (LC) 22 7 16 5 4 1 14 5

Overall estimate 39 12 28 8 7 2 25 7

Table 4.6 Summary of health risk estimates of Black Carbon and PM2.5 expressed into equivalent numbers of passively smoked cigarettes per day.

Parameters
January February March Winter

Mean SE Mean SE Mean SE Mean SE

Low Birth Weight of Infants (LBWI) 27 14 22 12 8 5 19 10

Lung function decrement (FEV1) in children (%) (PLFD) 70 26 57 20 21 7 50 18

Cardiovascular mortality (CM) 32 7 26 6 9 2 22 5

Lung cancer (LC) 17 7 9 6 4 3 12 5

Overall estimate 37 8 30 6 11 2 26 5
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4.4 Descriptive Statistics of various parameters

The statistical parameters of the observed data during winter at Kamakhya hill top and

during COVID-19 lockdown at IIT Guwahati was investigated for further inferences. Table 4.7

and Table 4.8 show the descriptive statistics. The mean value for the BC concentration during

winter (10.02 µg m–3) was found to be higher than that of COVID-19 lockdown (3.68 µg m–3)

period. A large difference in standard deviation and coefficient of variation of BC indicate

that the spread of the data was dissimilar during both study period. That means that BC

concentration increased and decreased depending upton the vraitions in spread of source i.e.

traffic flow and open biomass burning. Since, in both period the values are not same, we

can infer that restriction in anthropogenic activities during COVID-19 lockdown reduced the

traffic-derived BC emissions. The skewness and kurtosis of the BC data during both winter

and COVID-19 lockdown period was found to be positive/right skewed. That means the

data is non-normal and distribution has a heavier tail and sharper peak than the normal

distribution. Q1, Meadian and Q3 shows the concentration at 25th, 50th and 75th percentiles.

It can be inferred that none of the observed parameters follow normal distribution.
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Table 4.7 Descriptive statistics of various parameters during winter at Kamakhya hill top.

Parameter N Mean Std. Dev. Variance Skewness Kurtosis

Coefficient

of

Variation

Minimum

1st

Quartile

(Q1)

Median

3rd

Quartile

(Q3)

Maximum

Interquar-

tile range

(Q3-Q1)

BC 1201 10.02 4.72 22.32 1.19 2.06 0.47 2.1 6.7 9.17 12.48 30.48 5.78

PM2.5 51 79.66 28.25 798.11 0.35 -0.68 0.35 37 54.55 76 99.81 153.79 45.25

PM10 51 118.99 41.03 1683.32 0.65 -0.08 0.34 56.42 90.11 116.45 141.26 215.73 51.16

T 1201 20.59 4.51 20.37 0.21 -0.69 0.22 11.02 17.06 20.44 23.73 32.17 6.65

RH 1201 81.12 14.10 198.89 -0.92 0.21 0.17 30.75 72.25 85 92.75 99 20.05

WS 1201 1.75 1.27 1.63 1.69 3.35 0.73 0.4 0.83 1.32 2.27 7.98 1.45

P 1201 756.70 2.23 4.97 -0.22 -0.36 0.00 750.35 755.25 756.86 758.35 762.13 3.09

SR 1201 133.10 203.77 41526.13 1.49 1.18 1.53 0.00 0.00 0.33 219.67 855.41 219.67

Table 4.8 Descriptive statistics of various parameters during COVID-19 lockdown at IIT Guwahati.

Parameter N Mean Std. Dev. Variance Skewness Kurtosis

Coefficient

of

Variation

Minimum

1st

Quartile

(Q1)

Median

3rd

Quartile

(Q3)

Maximum

Interquar-

tile range

(Q3-Q1)

BC 576 3.68 2.01 4.05 1.30 1.86 0.54 0.79 2.18 3.05 4.76 12.35 2.58

T 576 23.23 3.54 12.56 0.26 -0.71 0.15 16.21 20.53 22.99 25.87 32.17 5.33

RH 576 80.43 14.45 208.92 -1.07 0.43 0.17 30.75 72.31 84.33 91.58 99 19.27

WS 576 2.05 1.89 3.60 0.93 -0.11 0.92 0 0.44 1.51 3.27 8.75 2.83

P 576 755.01 1.65 2.72 -0.11 -0.36 0.002 750.45 753.88 755.14 756.09 759.30 2.21

SR 576 156.88 232.68 54140.59 1.37 0.52 1.48 0.00 0.00 8.79 245.13 860.75 245.13

———–PPVUVOO———–
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Results and Discussion

This chapter presents the results of the research in line with the objectives outlined

and discusses the outcome by comparing with the state-of-art literature. The results of

analyzed data collected during winter 2020 at Kamakhya hill top are presented.

5.1 Optical properties of BC and contribution

5.1.1 Wavelength-dependent aerosol light absorption

The aerosol light absorption coefficient (babs) estimates specify a severe turbid

atmosphere in this region throughout the study period. Fig. 5.1 shows the hourly time series

of the screened babs at multiple wavelengths for the winter period. The average wavelength-

dependent light absorption coefficient for aerosols revealed a power-law fit (insert Fig. 5.1) in

the 370-880 nm band; this indicated the occurrence of the light absorbed by BrC (babs_BrC) at

shorter wavelengths. The babs values display significantly high values at shorter wavelengths

reaching above 500 Mm–1† on several days, while subsequently decreasing at the end of

February, which might be attributed to rainfall. Moreover, a remarkable decrease in babs can

be seen from cold to hot days, indicating a severe turbid atmosphere in this region. The

winter average babs (at 370 nm) value was 231 Mm–1. At 520 nm (central wavelength), it

was found to be 152.7 ± 27.9 Mm–1, while at 880 nm, it dropped to 77.9 ± 14.6 Mm–1,

implying that the light absorption was by BC alone.

†radiation in per million meter.
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Fig. 5.1 Screened hourly time series of aerosol light absorption at seven discrete wavelengths
throughout the study period.

The wavelength dependence of babs is expressed via the AAE values, which indicate

different aerosol types. In this study, most of the AAE370-880 values were in the range of

1.0-1.7 (median of 1.23), signifying the dominance of FF combustion and implying the event

of both primary and secondary babs_BrC. The lower AAE values ranging from 1.18-1.20 in the

morning period (09:00-11:00 LST) for both bands (370-880 nm and 470-950 nm) showed

the increased influence of FF emissions released from heavy-duty vehicles in the previous

night (Fig. 5.2). The peak AAE370-880 of about 1.31 was found at 19:00 LST, aligning with

the increased demand for residential cooking and heating. Dumka et al. (2018) used AAEFF

as1.0 and AAEBB as 1.8 for the approximation of the BCFF and BCBB in Delhi, India, likewise

Pani et al. (2020) in Chiang Mai, Thailand and Vaishya et al. (2017) in Gorakhpur (IGPs),

India. The AAEBB and AAEFF value in the range of 1.68-2.2 and 0.9-1.1, respectively, are

used in source apportionment studies (Dumka et al., 2018; Barman and Gokhale, 2019; Pani

et al., 2020; Stockwell et al., 2016; Zotter et al., 2017). The AAEBB strongly depends on

biomass and its combustion type and can vary up to 3.5 (Dumka et al., 2018).
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Time (LST) 

(a)

Time (LST) 

(b)

Fig. 5.2 Mean diurnal pattern of (a) AAE370-880 and (b) AAE470-950.

However, the fraction (for 370-880 nm) AAE370-880>1.5 was found to be much higher

(6%) than the fraction (for 470-950 nm) AAE470-950> 1.5 (1.3%), indicating lesser impacts

of BB as the wavelength increased. Hence, the pair of 370-880 nm and AAEFF as 1.0 and

AAEBB as 1.7 was selected. This combination was used to assess the role of FF and BB in the

whole BC mass. The AAE370-880 average value was 1.25 ± 0.04. It was observed to be the

highest during winter nighttime (1.28 ± 0.02).

| Environmental Engineering Page | 89
TH-2979_166104024



Chapter | 5 Results and Discussion

5.1.2 Primary and secondary Brown Carbon

Fig. 5.3 shows the winter-average diurnal variation in BrC and BrCsec absorption at

370 nm. Fig. 5.3a showed that the light absorption by BrC (babs_BrC) at 370 nm decreased

after 23:00 LST, reached a low value of 38.0 Mm–1 around 06:00 LST, then rapidly increased

at a rate of 8.96 Mm–1 per hour to a daily maximum of 64.9 Mm–1 around 09:00 LST. From

then, it decreased sharply at a rate of 5.45 Mm–1 per hour and reached a daily minimum

(26.7 Mm–1) around 16:00 LST in the afternoon. Finally, it showed a peak of 64.4 Mm–1

around 20:00 LST in the evening and later decreased once more.
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Fig. 5.3 Mean diurnal pattern of (a) BrC and (b) BrCsec absorption to the total babs.
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Similarly, Fig. 5.3b showed that the light absorption by secondary BrC (babs_BrCsec
) at

370 nm increased after midnight and reached a maximum of 28.8 Mm–1 around 03:00 LST.

From then, it decreased sharply (in between a few zigzag patterns) and reached a daily

minimum of 11.21 Mm–1 around 15:00 LST at a rate of 1.4 Mm–1 per hour. Finally, it showed

a small peak of 21.4 Mm–1 and later decreased once more.

5.2 Contribution of primary and secondary Brown Carbon

Fig. 5.4 shows the average babs_BrC and babs_BrCsec
contribution (%) to total babs at a

shorter wavelength (370 to 660 nm) during winter, winter daytime, and winter nighttime.

The babs_BrC involvement varied typically depending on meteorological conditions and

wavelength (from UV to IR). It was found in the range of 0-45% at 370 nm, while at

660 nm, it was 0-13% (Fig. A.3). The total average contribution of babs_BrC and babs_BrCsec
to

babs was 14.2% and 5.0%, respectively, indicating significant BrC and BrCsec contributions to

light absorption during winter nighttime, and were reduced during winter daytime (13.2%

and 4.5%).

The babs_BrC absorption shows a heteroscedastic arrangement as a result of growing BC

mass throughout the winter season, subsequently contained by greater concentration ranges,

babs_BrC may differ up to ∼150 Mm–1. This huge inconsistency could be due to the effect of

different BC emission sources, altered mixing conditions, the physicochemical composition

of the BrC types, variations in solar radiation, and local meteorology (Liakakou et al., 2020;

Shamjad et al., 2016). Calculations based on the field measurements showed that the average

contribution of BrC to the total babs ranged from 6.6% to 18.0%, suggesting a significant BrC

contribution to aerosol light absorption. Our evaluations revealed the BrC contribution of

18.0% and 17.4% in winter at 370 nm and 470 nm, respectively. The BrC contribution at

different wavelengths shows a falling variation, with the highest in January corresponding

to the impact of residential BB. Li et al. (2018) conveyed 10-16% contribution (at 405 nm)

in pre-monsoon and 19-15% in winter at rural and urban sites in Guangzhou, China, while

increasing in rural areas. Using a similar approach, Qin et al. (2018) reported a babs_BrC_370

value of 13.67 Mm–1 along with contribution of ∼24% at suburban Guangzhou, and China

and Liakakou et al. (2020) also stated a similar BrC contribution of 21.65% at the urban
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background of Athens, in winter. In winter, another study conducted by Yuan et al. (2016)

presented a ∼6% babs_BrC_405 contribution at an urban and ∼12% at a rural location in the

Pearl River delta, China. Overall, a summary of the literature review shows generally more

outstanding contributions in rural regions due to the more significant influence of BB from

domestic fuels. The significant babs_BrC contributions projected in suburban Guwahati reveal

enormously absorbing BrC aerosols during the winter (especially on winter nights until the

early morning) produced by BB for heating purposes.

A huge secondary organic carbon fraction of organic particles is contributed from

remote and sparsely populated areas (Zheng et al., 2017), whereas the fastest growing city

of Northeast, India, found the contribution of babs_BrCsec
during winter nighttime of 9.8%

than daytime (7.3%). The average babs_BrCsec
contributed about 48% of the total babs_BrC

at 370 nm, 33% at 470 nm, 26% at 520 nm, 21% at 590 nm, and 19% at 660 nm with

higher contributions for nighttime (21-49%) compared with the daytime (17-46%). These

results show a significant contribution from secondary sources to BrC absorption in the lower

Brahmaputra river basin of Northeast India, especially during the nighttime.
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Fig. 5.4 Contribution of the Black Carbon, Brown Carbon, and secondary Brown Carbon absorption to the total aerosol light absorption at different
wavelengths.
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5.3 Contribution of fossil fuel and biomass burning to Black Carbon

concentration

The daily averaged BC880 mass concentrations ranged from 3.8 to 20.6 µg m–3 (mean

± standard deviation of 10.0 ± 3.2 µg m–3) (Fig. 5.5a). The last few days of the study period

(in March 2020) pertaining to the COVID-19 pandemic showed the lowest BC concentrations,

which reduced to 2.10 µg m–3. It shows the direct effect of no vehicular activities. The

daily averaged BCFF concentrations at 880 nm ranged from 3.0 to 16.3 µg m–3, while the

corresponding range for the BCBB was from 0.7 to 6.5 µg m–3 (Fig. 5.5b-c). Such a high BC

level may have negative impacts on human health and the eco-sensitive areas of this region.
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Daily contribution of BCFF to the total BC at 880 nm varied significantly in the range

of 35.2% to 89.32%, and the daily BCBB/BC fraction ranged from 10.7% to 64.8%. The

winter average contribution of BCBB to BC at 880 nm was 30%, much smaller than that of

BCFF (70%) (Fig. 5.6). The contribution of FF dominates the BC with 70% due to many

vehicular activities, while it was estimated to be 82% using the default technique of the

AE-33 model (Fig. 5.7).
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Fig. 5.6 Daily contribution of FF and BB to the total Black Carbon in winter 2020.

The BCFF and BCBB mass concentrations were estimated using the MAC values of the

AE-33 model so that a direct comaprision can be made with the literature BC levels over BRV.

In Guwahati, the highest BC concentration (by AE-33) near urban rodways is about 23 µg

m–3 within the lowest layer of about 12 m from the ground (Barman and Gokhale, 2019).

Another study in December 2011 is 9-41 µg m–3 measured using a micro Aethalometer

(AE-51) (Chakrabarty et al., 2012). Table 5.1 summarizes the BCBB vs BCFF contributions

from earlier studies in India and overseas, along with the present results. However, the

present BCBB values were near to those found in Delhi (Dumka et al., 2018) and Gorakhpur in

winter (Vaishya et al., 2017), a current study in Guwahati (Barman and Gokhale, 2019) show

only 14% involvement for the BCBB (??). The dissimilarity may be justified by the difference

in the techniques used. The BCBB contribution increased in urban areas, which might be

due to the emissions transported from forest fires and agricultural burning (Pani et al.,

2020). The BCFF constituent is entirely attributed to automobile emissions in metropolises

worldwide (Dumka et al., 2018; Mousavi et al., 2018; Vaishya et al., 2017; Zotter et al.,

2017). In March, the comparatively lower BC in the last few days could be attributed to

the intermittent pre-monsoon showers and the nationwide lockdown imposed due to the

| Environmental Engineering Page | 95
TH-2979_166104024



Chapter | 5 Results and Discussion

COVID-19 pandemic, which stopped the traffic activities.

5.4 Sensitivity analysis of the Aethalometer (AE-33) model

The sensitivity of the Aethalometer model was investigated by using different AAEFF

and AAEBB combinations (Fig. 5.7). This analysis was conducted by changing the AAEFF

and AAEBB values from 0.9 to 1.1 and 1.6 to 2.2, respectively. The BCFF/BC ratio increased

with an increase in AAEFF value, and there was even a more rapid increase in that fraction

when AAEBB increased. While the BCBB/BC fraction decreased with the increasing AAEFF

and AAEBB values. In this test, the BCFF contributions were in the range from 57% (AAEFF =

0.9, AAEBB = 1.6) to 91% (AAEFF = 1.1, AAEBB = 2.2). This analysis also indicates that the

apportionment results are more sensitive to the changing AAEBB values than to AAEFF values.

For example, keeping the AAEFF value at 1.0, the BCFF/BC increased from 64% to 87% for

the AAEBB value from 1.6 to 2.2. However, a slower increase in BCFF/BC fraction, 83% to

91%, was found when AAEFF value changes from 0.9 to 1.1 by fixing the AAEBB value at 2.2.

It is different from previous studies over Delhi in India (Dumka et al., 2018) and Granada in

Spain (Titos et al., 2017). Both found the Aethalometer model was more sensitive to AAEBB

than to AAEFF.

Fig. 5.7 Variations in the (a) BCFF/BC and (b) BCBB/BC fractions at 880 nm with AAEFF and
AAEBB.
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Table 5.1 Contribution of the BCFF and BCBB in the total BC at different sites worldwide.

Measurement site Site type Period BCFF(%) BCBB(%) References

Guwahati, India Suburban-hilly Jan to Mar 2020 70% 30% This study

Guwahati, India Rural Dec 2016 to Feb 2017 86% 14% Barman and Gokhale (2019)

Guwahati, India Urban Dec 2016 to Feb 2017 85% 15% Barman and Gokhale (2019)

Delhi, India Urban Dec 2015 to Feb 2016 72% 28% Dumka et al. (2018)

Delhi, India Urban Dec 2011 to Mar 2012 94% 6% Tiwari et al. (2015)

Gorakhpur, India Urban Aug 2013 to Jul 2015 (winter) 74% 26% Vaishya et al. (2017)

Ahmedabad, India Urban Dec 2016 to Feb 2017 77% 23%
Rajesh and Ramachandran
(2018)

Agartala, India Rural Jan 2011 56% 44% Kaur et al. (2020)

Vijaywada, India Suburban Jan to Dec 2016 (winter) 79% 21% Prasad et al. (2018)

Dehradun, India Urban Dec 2019 to Feb 2020 83% 17% Prabhu et al. (2020)

Beijing, China Urban Dec 2015 to Feb 2016 50% 60-83% Liu et al. (2018)

Zurich, Swiss Urban Jan 2006 81% 19% Zotter et al. (2017)

Athens, Greece Suburban Mar 2013 to Feb 2014 (cold period) 79% 21% Diapouli et al. (2017)

Granada, Spain Urban Nov 2014 to Feb 2015 70% 30% Titos et al. (2017)

Chiang Mai, Thailand Urban Mar to May 2016 35% 65% Pani et al. (2020)

Ontario, Canada Urban Jun 2015 to May 2016 (Winter) 65% 35% Healy et al. (2017)

Los Angeles, USA Rural/agricultural 2016 to 2017 (Winter) 91% 9% Mousavi et al. (2018)

Helsinki, Finland Suburban Jan to May 2017 54% 46% Helin et al. (2018)
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5.4.1 Diurnal patterns of fossil fuel and biomass burning associated Black Carbon

The winter averaged diurnal patterns of BCFF and BCBB at 880 nm are shown in

Fig. 5.8. The BCFF concentrations were usually high during morning hours (08:00 to 10:00

LST) due to emissions from buses and cars, as many devotees usually visit the Ma Kamakhya

temple during these hours. The daily maximum (10.7 µg m–3) of BCFF was observed around

10:00 LST and then decreased at a rate of 0.89 µg m–3 per hour to a daily minimum (5.4 µg

m–3) around 04:00 LST. After that, it started increasing from evening to early morning hours

(03:00 LST). The BCFF concentration was high during the night and early morning (6:00 to

11:00 LST), which might be due to the emissions from trucks and city buses (Fig. 5.8). A

noticeable variation in BCFF was observed during morning rush hours (∼08:30 to ∼10:30

LST), while it was consistent throughout the day. High (>25 µg m–3) BCFF concentration was

observed on some days. BC concentration peaks were detected in the morning rush hours on

most days. This may be caused by increased vehicular activity during these hours, changes

in mixing layer height, and fog occurrence in the valley. The BCBB concentrations exhibit

significant diurnal variations with sudden high values from evening to nighttime (∼17:00

to ∼23:00 LST) due to increased BB for cooking and heating (Fig. 5.8b). On some days,

elevated BCBB concentrations continue till morning hours. BCBB showed a daily maximum

around 09:00 LST (4.19 µg m–3) and then decreased to a daily minimum of 1.72 µg m–3

around 15:00 LST. From then, it started increasing till residential cooing hours (20:00 LST)

and then started dropping till early morning hours (06:00 LST).

The main findings are: (i) the highest (0.78) BCFF/BC ratios in the late morning to

early afternoon hours (∼11:00 to 13:00 LST), (ii) the progressive increase of BCBB/BC from

afternoon to evening reaching at 0.38 in 19:00 to 20:00 LST and, (iii) the more significant

daily variation of the ratio values at morning and mid-night hours.
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Fig. 5.8 Mean diurnal pattern of (a) BCFF concentration, (b) BCBB concentration.
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5.5 Source apportionment and Brown Carbon spectral absorption

The babs_BrC absorption shows a heteroscedastic arrangement due to growing BC mass

throughout the winter season, subsequently contained by greater concentration ranges,

babs_BrC may differ up to ∼150 Mm–1. This huge inconsistency can be due to the effect of

unlike BC emission sources, altered mixing conditions, the physicochemical composition of

the BrC types, variations in solar radiation, and local meteorology such as photo-bleaching

(Liakakou et al., 2020; Shamjad et al., 2016). A weak dependency (R2 = 0.4) amongst babs_BrC

and BC mass concentration in winter suggests the various emission sources concerning the

two constituents (Fig. 5.9).

−1

μ −3
Fig. 5.9 Correlation between babs_BrC_370 with Black Carbon mass concentration at 880 nm.
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Likewise, we studied the ratios of babs_BrC at multiple wavelengths relating to that at

370 nm to study the temporal variations in absorbing constituents and the probable presence

of distinct forms of chromophores accountable for variations in the babs_BrC absorption. The

additional investigation exposed a sharp rise in babs_BrC/BC ratio during the residential cooking

hours in the evening (Fig. 5.10a) during winter. The daily patterns were more flexible

throughout the study period at a shorter wavelength (370 nm and 470 nm), revealing

a higher babs_BrC/BC ratio at similar wavelengths. For example, Humic-Like Substances

(HULIS) initiating from BB absorb intensely at short wavelength (370 nm), whereas nitro-

aromatic compounds engage more at wavelengths greater than ∼400 nm (Graber and

Rudich, 2006; Satish et al., 2017). During winter nights with enhanced wood burning for

heating purposes, the ratio of babs_470/babs_370 reduced, proposing a higher growth rate in

babs at 370 nm (Fig. 5.10b). It indicates the presence of HULIS in BrCpri emission (Liakakou

et al., 2020; Satish et al., 2017). The photobleaching result was not subsequently evident

as seen in highly contaminated sites in India (Satish and Rastogi, 2019) and other parts

of the world (Liakakou et al., 2020) even though the slight reduction of ratios during the

early afternoon (∼08:30-11:30 LST). The HULIS absorption efficiency declines at longer

wavelengths, predominantly when they originate from BB, so the ratio babs_590/babs_370 and

babs_660/babs_370 exhibit insignificant diurnal patterns (Fig. 5.10b). Instead, growth in the

absorption ratios, particularly those of babs_470/babs_370, in the morning to late afternoon hour

might be credited to the occurrence of nitro-phenolic and nitro-aromatics BrC composites

from the on-road stream of traffic associated volatile organic compounds (Liakakou et al.,

2020; Lin et al., 2014; Satish et al., 2017).

| Environmental Engineering Page | 101
TH-2979_166104024



Chapter | 5 Results and Discussion

0

1

2

3

4

5

6

7

8

0 2 4 6 8 10 12 14 16 18 20 22

A
b
s B

rC
/B

C
 (

m
2

g
−
1
)

Hour (LST)

370 nm
470 nm
520 nm
590 nm
660 nm

(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14 16 18 20 22

R
at

io
 o

f 
B

rC
ab

so
rp

ti
o

n

Hour (LST)

Abs 470/370 nm

Abs 520/370 nm

Abs 590/370 nm

Abs 660/370 nm

= 0.91 0.49 

= 0.58 0.32

= 0.41 0.25

= 0.21 0.14

(b)
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Another significant point on the distinction between babs_BrC and babs_BC absorption

constituents is the dust involvement on total babs at a shorter wavelength, which can cause

overestimation of BB% on dusty days (Liakakou et al., 2020). Zhao et al. (2019) utilized iron

(Fe) content and MAC values as well for dust samples to evaluate its influence on entire babs

at a remote place in the Tibetan plateau, resulting in a yearly input of ∼4% and ∼9% at 808

nm and 405 nm, separately. Another study conducted in Athens revealed an insignificant

influence of dust on spectral absorption and scattering properties (Katsanos et al., 2019).

Similarly, by considering 166 days with dust events for four years data in Athens, Liakakou

et al. (2020) found that the dust events disturb the estimations of BrC absorption by ∼4%,

which are inside the uncertainties of the approximation method (Qin et al., 2018). In this

study, dust contribution is assumed to be negligible because Guwahati is situated in the rocky

foundation, and the site experiences no dust events in the entire sampling campaign.

Strong negative and statistically significant correlations (R2 = 0.80) are found

between the computed AAE370-880 values and the estimated BCFF/BCBB ratio at 880 nm

(Fig. 5.11). This proves the satisfactory performance of the Aethalometer model and the

accurate assumption of the AAEFF and AAEBB values for quantifying the BCFF and BCBB

components. The more significant slope (–16.3) indicates more sensitivity of the BCFF/BCBB

ratio to longer wavelengths (880 and 970 nm) than shorter wavelengths (370 to 660 nm),

which seems to be more appropriate for detecting the changes in BCFF/BCBB ratios and for

BC source apportionment studies.It is noteworthy that for AAE370-880 >1.5, the BCFF/BCBB

ratio tends to zero (Fig. 5.12), implying that the AAEBB as 1.7 used in this study corresponds

to nearly pure contribution from open burning of biomass in this BRV region. Similarly, for

AAE370-880 <1.1, the BCFF/BCBB ratio becomes above 7.0, suggesting a clear dominance of

fossil fuel combustion. Hence, the AAEFF as 1.0 is considered suitable for quantifying BCFF

components.
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5.6 Air quality modelling of traffic-derived Black Carbon

5.6.1 General

The AERMOD model is utilized to combine the BC emissions originated from

moving traffic as line source and parking lot as area source over the complex terrain using

observational (at two locations) and WRF-processed meteorology for the winter period.

The AERMOD model is also evaluated against the observational BC concentrations in two

topographical areas during winter and applied to study the reduction in BC concentrations

due to implementation of emission norms BS-IV (equivalent to Euro 4) and BS-VI (equivalent

to Euro 6). Field validation was also performed between the modelled data from AERMOD

and observed data from AE-33 using statistical parameters.

5.6.2 Data preparation for modelling

5.6.2.1 Traffic characteristics

Variation in the daily vehicular count was observed at two geographical locations (L1

and L2), suggesting that varying emission rates should be used instead of static values. The

average class-wise traffic contribution at L1 and L2 locations is shown in Fig. 5.13a-b. The

L2 location had the highest daily-average traffic volume, much higher than L1 (Fig. 5.14a-b).

However, during weekend days at the L1, more traffic was seen.
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Fig. 5.13 Class-wise proportion of on-road vehicles at L1 (a) and L2 (b) locations.
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Fig. 5.14 Hourly traffic volume at (a) L1 and (b) L2 for the winter season.
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5.6.2.2 Traffic derived Black Carbon vs. ambient PM2.5

Fig. 5.15a presents the diurnal variation of the observed BCFF concentration estimated

by the Aethalometer model using an improved method. The daily mean observed BCFF

mass concentration ranged from 3.11 to 16.29 µg m–3 (mean: 7.09 ± 2.62 µg m–3). BCFF

concentration was peaked during morning rush hour (09:00 LST), and the lowest was

observed in the late afternoon (15:00 LST). It might be attributed to the local emissions and

hilly topography. Fig. 5.15b displays the daily diurnal variation of PM2.5 and the fraction of

fossil fuel associated BC in PM2.5 during the study period. The weighted fraction of BCFF in

PM2.5 varied from 0.06 to 0.20 (maxima). It should be noted that the daily (24 hr) mean

BCFF and PM2.5 mass concentrations were used to estimate the fraction of BCFF in PM2.5.
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Fig. 5.15 Diurnal variation of the (a) BCFF mass concentration and the fraction of biomass
burning in total Black Carbon, and (b) PM2.5 concentrations and the fraction of
fossil fuel associated Black Carbon in PM2.5 for the winter season.
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5.6.2.3 Wind flow pattern

Fig. 5.16 shows the wind rose plots for the monitored days. The weather stations

denoted as WS1 and WS2 were located within 2 km and 7 km. As observed, the prevailing

wind at WS1 and WS2 was from the southeast and east direction, respectively. However, the

WRF modelled wind rose diagram shows the south and east direction. A calm condition is

the state of meteorology when wind speed is below a threshold limit of 0.5 m s–1 (Jeong

et al., 2013). The calm conditions were observed as about 80%, 18%, and 7% at WS1, WS2,

and for WRF modelled data, respectively, during the winter season. The wind flow pattern

helps in the lateral dispersion of pollutants. At WS1, it is mostly under calm conditions. It is

expected that the distribution of pollutants will be lower. Fig. 5.17 shows the variation in

temperature recorded near the study location (WS1) and processed by the WRF model.
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WRF-modelled wind field for the winter period.
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Fig. 5.17 Variation in temperature recorded near monitoring location and WRF processed records.
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Fig. 5.18 The comparison of day to day observed BCFF concentrations by Aethalometer and modelled by AERMOD at location L1.
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5.6.3 Comparison of modelled and observed traffic-derived Black Carbon concentra-

tions

Fig. 5.18 compares the observed and the modelled concentrations at the L1 location

during the study period. It can be observed that the modelled BCFF concentrations by

AERMOD are less than the observed ambient BCFF concentrations obtained from the

Aethalometer model. The AERMOD model underestimated the BCFF concentrations by

∼12% and better simulated the higher values. For modelling purposes, the vehicular activity

in the proximity is only considered. However, other combustion sources might influence the

observations at the monitoring station. The modelled average BCFF concentration in winter

was 6.27 ± 2.61 µg m–3, and the average observed BCFF concentration was 7.09 ± 2.62 µg

m–3. The R2 value was 0.70 (Fig. 5.19).
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Fig. 5.19 Correlation between AERMOD modelled and Aethalometer observed BCFF

concentrations.
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5.6.4 Performance evaluation of model

The performance of the AERMOD model was quantitatively validated by comparing

it with the daily observed BCFF concentrations using statistical parameters (Table 3.4). We

observed good overall agreement between the different methods. It can be observed that

the model satisfies the statistical requirements (FB = 0.1227, NMSE = 0.0642, and GMB =

1.1584, GV=1.0937, R = 0.828, FAC2 = 1.5022). The winter model (targeted only winter

season) produced significant prediction accuracy R2
CV = 0.6119. Michanowicz et al. (2016)

found the higher AERMOD model prediction accuracies by using cross-validated in summer

(0.65) in comparison to winter (0.52) for PM2.5 concentrations. The index of agreement

value was 0.8873, which is within the range of recommended parameter value.

———–PPVUVOO———–
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Incidentally due to the COVID-19 lockdown imposed from 24th March, the

measurements at Kamakhya hills were discontinued and continued at IIT Guwahati till

May 2020. The BC concentration data have been analyzed separately for this period and

all those necessary optical properties have also been studied. The lockdown period has

given the opportunity to compare the BC levels before and during the lockdown in absence

of anthropogenic activities in particular vehicular emissions. This analysis is valuable and

would serve as base-study in the region on the source apportionment and optical properties.

Given the significant biomass burning in particular in the winter season, the results have

been analyzed to see how total or partial reduction of fossil fuel consumption has influenced

the trend of BC at 880 nm.

6.1 Impacts of COVID-19 lockdown on Black Carbon

The time-based and daily variations in the BC880 mass concentrations are presented

in Fig. 6.1 (a) and Fig. 6.1 (b-c), respectively. The BC880 concentration ranged from 1.57 to

15.60 µg m–3, with a mean concentration of 5.75± 4.24 µg m–3. The maximum concentration

was in the Pre-LD and the minimum in LD4. The average BC880 concentrations during Pre-

LD, LD1, LD2, LD3, LD4, and Post-LD were 9.29, 4.70, 3.41, 3.69, 2.94, and 6.56 µg m–3,

individually. The BC880 concentration during the Pre-LD period was comparable to the values

reported at Delhi (Goel et al., 2021). However, during LD1, LD2, LD3, LD4, and Post-LD, the

BC880 concentration reduced by ∼49%, ∼63%, ∼60%, ∼68%, and ∼29%, respectively. The

anthropogenic activities such as public transportation and essential industries were relaxed

in succeeding lockdowns (stage-wise). The stage-wise easing implemented in different

lockdowns dominated the BC880 concentration from fossil fuel-associated emissions. Though,
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after LD3, the BC880 concentrations declined due to rain events and the abundant WS

(Fig. A.4). The rainy and windy May and June decreased the BC880 and PM concentrations.

BC880 concentrations evening and morning peaks also significantly dropped (62% and 75%)

to low (nearly 2 µg m–3) during the LD period. After LD4, the evening and morning peaks

again started recurring due to relaxation given in anthropogenic activities. However, in the

Pre-LD and Post-LD periods, the strength of both evening and morning peaks was high up to

∼14 µg m–3 because of heavy vehicular activities and emissions.
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Fig. 6.1 Daily-averaged hourly BC880 mass concentration - each color represents different
phases of lockdown (a) and Box plot of the diurnal variation of BC880 mass
concentration (b) during the study period.
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AAE370-880 values were 1.01-1.66 (mean: 1.25 ± 0.08) (Fig. 6.2a), which is lesser

than the AAE over Delhi during lockdown (1.32 ± 0.16) (Goel et al., 2021). The average

AAE370-880 during Pre-LD, LD1, LD2, LD3, LD4, and Post-LD were 1.19, 1.38, 1.33, 1.26,

1.21, and 1.20, respectively. The higher AAE370-880 throughout LD1, LD2, and LD3 show the

notable contributions from domestic cooking and fire events, and small AAE370-880 during

Pre-LD, LD4, and Post-LD indicate the most contribution from fossil fuel burning causes. The

AAE470-950 ranged from 1.05 to 1.59 (mean: 1.28 ± 0.06) (Fig. 6.2b). The average AAE470-950

values during Pre-LD, LD1, LD2, LD3, LD4, and Post-LD were 1.23, 1.38, 1.33, 1.28, 1.26,

and 1.23.

The segregation of two sources was done via 370-880 nm pair and estimated AAEFF

and AAEBB of 1 and 1.7, respectively. Fig. 6.3a and Fig. 6.3b show the results. If AAEFF as

1.0 and AAEBB as 2.0 were applied, then fossil fuel and biomass burning fraction in BC880

in the six distinct phases of lockdowns are showed in Fig. A.5. The daily mean BCFF_880

concentration was wide-ranging from 1.21 to 11.30 µg m–3, with a mean concentration of

4.13 ± 2.65 µg m–3. The average BCFF_880 mass concentrations throughout Pre-LD, LD1, LD2,

LD3, LD4, Post-LD were 7.28, 2.39, 1.94, 2.37, 2.14, 5.03 µg m–3, respectively. The BCFF_880

mass concentration was maximum during Pre-LD and Post-LD. There were no constraints

on industrial, vehicular, or additional anthropogenic activities. The BCFF_880 was reduced

to 67% in LD1 and 74% in LD2. During the lockdowns, the movement of pooled vehicles

was restricted except those for essential services such as doctors, police, and other essential

commodities. The daily averaged BCBB_880 concentration wide-ranging from 0.37 to 4.30 µg

m–3, with a mean concentration of 1.63 ± 0.82 µg m–3. The average BCBB_880 concentrations

during Pre-LD, LD1, LD2, LD3, LD4, Post-LD were 2.00, 2.32, 1.47, 1.33, 0.80, and 1.53,

respectively. The BCBB_880 concentration was great during LD1 and LD2 due to the forest fire

events in the neighboring region. During LD4, a sudden decrease in BCBB_880 concentrations

could be attributed to rain events and an increased proportion of vehicular emission, change

in WD, and high wind speed. The influence of biomass and fossil fuel burning on the overall

BC880 during Pre-LD, LD1, LD2, LD3, LD4, and post-LD are shown in Fig. 6.3b. The fraction

of FF was high during Pre-LD, LD4, and Post-LD, i.e., 78%, 74%, and 76%, respectively.
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Fig. 6.2 Diurnal variation of AAE470-950 (left), and AAE370-880 (right).
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Fig. 6.3 (a) Concentration of BC880, BCFF_880, and BCBB_880, and (b) contribution of the two
sources to the total BC880 throughout lockdowns.

The large fraction of FF during Pre-LD is due to no limitation on anthropogenic

activities such as industrial, vehicular, railway, etc. In Post-LD, the fraction of FF was similar

to Pre-LD due to the easing given during this period. Diurnal variation in BCFF_880 and BCBB_880

concentrations are shown in Fig. 6.4a and Fig. 6.4b. High BCFF_880 mass concentration (12-18

µg m–3) was detected during the morning rush hour (9:00-10:00 LST) during the Pre-LD

period. In LD1 to LD4, morning and evening peaks (3-6 µg m–3) were also witnessed, which

could be due to the hospitals, Narayana Super Specialty and GNRC, located within a 1 km

radius.
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Fig. 6.4 Diurnal variation of BCBB_880 (left), and BCFF_880 (right).
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In Post-LD, the Indian railway was not functioning, which subsequently directed to

the growth of unattended vehicles. Moreover, Being the gateway to Northeast India, every

vehicle passes through Guwahati city to other regions. From LD1 to Post-LD, an increasing

FF fraction was observed due to easing in consecutive lockdown and unlock. The fire events

might influence BB fraction, which was confirmed by the MODIS satellite retrieved fire data.

In Northeast India, forest fires are significant biomass burning sources, as revealed in Fig. A.6.

Though, a distinct drift was observed in the fraction of BB, which was highest during LD1

and lowest in Post-LD. The fraction of BB was large during LD1 and LD2 due to decreased

vehicular emission in LD1 and increased fire events during LD2.

Variation in radiation effect during lockdowns is shown in Fig. 6.5. The average babs

(370 nm) was 210.28 ± 88.25 Mm–1, with 122.63 ± 28.39 Mm–1, 85.60 ± 17.12 Mm–1,

88.72 ± 39.23 Mm–1, 66.57 ± 23.78 Mm–1, 184.88 ± 111.73 Mm–1 Pre-LD, at LD1, at LD2, at

LD3, at LD4, and Post-LD, separately (Table 6.1). The babs_370 was higher than in Chongqing,

China (113 ± 31.4 Mm–1) during the COVID-19 epidemic (Chen et al., 2020). The average

babs (at 880 nm) was 75.40 ± 31.98 Mm–1, 36.54 ± 7.41 Mm–1, 26.46 ± 4.34 Mm–1, 28.70

± 11.65 Mm–1, 22.81 ± 7.26 Mm–1, and 65.64 ± 41.60 Mm–1 during Pre-LD, at LD1, at LD2,

at LD3, at LD4 and at Post-LD, respectively (Table 6.1). Also, lockdown actions reduced

babs_880 and babs_370 considerably to 72% and 69%, respectively, till LD4. Equally, BC and BrC

were the effective sunlight absorber at several wavelengths, while BC was dominant from

370 to 880 nm. The average babs_BrC (370 nm) was 30.94 ± 15.05 Mm–1, 35.72 ± 12.06

Mm–1, 22.67 ± 7.09 Mm–1, 20.45 ± 11.90 Mm–1, 12.30 ± 6.80 Mm–1, 28.76 ± 15.67 Mm–1,

26.15 ± 14.04 Mm–1, respectively during different phases (Table 6.1). The attribution to BrC

and BC at various wavelengths amongst 370 nm and 880 nm is observed in figure 10. BrC

accounted for ∼15% of the overall babs at short wavelength (370 nm) earlier LD1, increased

up to ∼30% during consecutive lockdowns, and then decreased to 16% during Post-LD. The

portion of babs_BrC_370 was considerably lower than in Chongqing (during lockdown) and

Guangzhou (in winter) in China (Qin et al., 2018; Chen et al., 2020).
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The effect of the lockdowns and their related levels of BC has been assessed to

conclude the link between the concentration of BC and emission sources. Therefore, various

phases of lockdowns have been selected purposively. This analysis revealed a substantial

reduction in BCBB_880, BCFF_880, total BC880 over BRV, and significant changes in aerosol

absorption coefficients due to the proportion of Black and Brown Carbons. And therefore, the

imposing lockdown helped lessen coronavirus spread and improved the region’s air quality

significantly. The results may be helpful as baseline data to study the impacts of sources on

the contribution to atmospheric BC and mitigations strategies.
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Fig. 6.5 Radiation effect of Black Carbon and Brown Carbon for the 370-950 nm in the different lockdowns.
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Table 6.1 Summary of the parameters during COVID-19 lockdown. The values indicate the daily-averaged mean value ± standard deviation.

Parameters Pre-LD LD1 LD2 LD3 LD4 Post-LD Overall

BC880 (µg m–3) 9.29 ± 4.11 4.70 ± 0.95 3.41 ± 0.56 3.69 ± 1.50 2.94 ± 0.93 6.56 ± 5.35 5.75 ± 4.24

BCFF_880 (µg m–3) 7.28 ± 3.41 2.39 ± 0.54 1.94 ± 0.21 2.37 ± 0.79 2.14 ± 0.54 5.03 ± 4.59 4.13 ± 2.65

BCBB_880 (µg m–3) 2.00 ± 0.97 2.32 ± 0.78 1.47 ± 0.46 1.33 ± 0.77 0.80 ± 0.44 1.53 ± 1.01 1.63 ± 0.82

Fraction of FF (%) 78 ± 10 51 ± 18 58 ± 15 66 ± 18 74 ± 11 76 ± 15 70 ± 12

Fraction of BB (%) 22 ± 6 49 ± 11 42 ± 9 34 ± 11 26 ± 7 24 ± 9 30 ± 12

babs_370 (Mm–1) 210.28 ± 88.25 122.63 ± 28.39 85.60 ± 17.12 88.72 ± 39.23 66.56 ± 23.78 184.88 ± 111.73 141.52 ± 88.74

babs_880 (Mm–1) 75.40 ± 31.98 36.54 ± 7.41 26.46 ± 4.34 28.70 ± 11.65 22.81 ± 7.26 65.64 ± 41.60 48.51 ± 32.96

babs_370_BC (Mm–1) 179.33 ± 76.07 86.92 ± 17.64 62.94 ± 10.32 68.28 ± 27.71 54.27 ± 17.27 156.13 ± 98.94 115.37 ± 78.41

babs_370_BrC (Mm–1) 30.94 ± 15.05 35.72 ± 12.06 22.67 ± 7.09 20.45 ± 11.90 12.30 ± 6.80 28.76 ± 15.67 26.15 ± 14.04

AAE370-880 1.19 ± 0.05 1.38 ± 0.06 1.33 ± 0.05 1.26 ± 0.07 1.21 ± 0.03 1.20 ± 0.05 1.25 ± 0.08

AAE470-950 1.23 ± 0.03 1.38 ± 0.04 1.33 ± 0.03 1.28 ± 0.04 1.26 ± 0.02 1.23 ± 0.02 1.28 ± 0.06

T (°C) 20.57 ± 1.03 21.86 ± 1.64 23.59 ± 0.88 22.80 ± 1.94 25.02 ± 1.17 26.94 ± 1.44 23.31 ± 2.66

RH (%) 81.35 ± 6.17 77.87 ± 7.03 75.84 ± 4.00 82.19 ± 16.20 85.83 ± 2.28 80.34 ± 6.20 80.66 ± 7.92

WS (m/s) 0.99 ± 0.36 1.91 ± 1.21 2.38 ± 0.61 2.11 ± 0.63 1.79 ± 0.25 1.62 ± 0.31 1.69 ± 0.77

WD (0-360°) 190.60 ± 58.58 141.41 ± 17.34 134.32 ± 27.41 139.65 ± 45.07 108.92 ± 54.85 65.76 ± 10.01 142.37 ± 57.07

P (mbar) 757.73 ± 1.21 755.11 ± 0.59 755.88 ± 1.06 754.53 ± 1.20 754.51 ± 1.33 752.18 ± 0.58 755.17 ± 2.18

SR (W m–2)∗ 120.45 ± 34.99 160.00 ± 14.74 149.21 ± 28.83 144.54 ± 44.68 173.78 ± 36.82 176.52 ± 52.56 151.09 ± 42.24
∗seven sunshine hours averaged value.
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6.2 Impact of hilly terrain

The winter averaged BCFF contour is displayed in Fig. 6.6. The maximum BCFF

concentration for the winter period and the ninth hour was 18.5 µg m–3 and 30.8 µg

m–3. Each contour comprises all receptors under the similar BCFF. Consequently, from the

contours different BCFF dispersion distances can be determined in different directions. For

BCFF contours, very low BCFF concentration limits (as small as 0.2 µg m–3) were selected to

plot BCFF dispersion. Because average winter BCFF above 0.9 µg m–3 presented very short

dispersion distances (<100 m) and even BCFF of 0.2 µg m–3 had an extreme spread of ∼300

m. The farthest BCFF dispersion occurred in the north, while it was the shortest in the east.

This may be due to wind mostly blowing from the southwest, and the terrain in the west

hinders the dispersion of BCFF. The winter wind rose demonstrates that the main winds in

the BRV region are from SE, and the wind speed is typically less than 1.5 m s–1. Hence, BCFF

is getting accumulated in this region. While comparing the two traffic monitoring locations,

the impact areas are evidently unlike, with the highest spreading influence area anticipated

for the L2 location tailed by the L1 location primarily due to the difference in emission rates.

Considering BCFF of 0.2 µg m–3, the maximum dispersal is up to 120 m for L1 and 50 m for

L2 locations. As numerous factors affect BCFF dispersal in the ambient environment, terrain

coupled with meteorology produced reliable outcomes. The significantly higher emission

rate and geographical region for the L2 site may be the primary purpose of clarifying its

considerably greater impact region. The purpose of including two distinct geographical

locations was to integrate considerable variability in aerosol BC sources that add to individual

exposure in the BRV region.

The dispersion modelling using a Gaussian model, AERMOD revealed that the terrain

facilitates the trapping of ambient BC concentrations, and their effects are limited to very

few meters as per terrain elevations. Hilly terrain obstructs the winds and creates a vacuum

on the other side of the hills, promoting BC accumulation causing high BCFF concentrations.

This accumulation of pollutants may increase personal exposure for those living in the BRV

region. The variation in the spatial distribution was less on foggy days. The evaluation of

AERMOD with the observed data demonstrated its predictive ability over complex terrain.
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Above all, the WRF modelled-wind field delivered poorer quality dispersal approximations

than using atmospheric observations from the locations positioned at 2 km ahead of the

emission sources.

6.3 Emission reduction due to Bharat Stage norms: BS-IV and BS-VI

Two hypothetical scenarios were tested following BS-IV and BS-VI emission standards

with all vehicles. Fig. 6.7a displays the application of the AERMOD model for the evaluation

of BS-IV and BS-VI implementation. The results showed apparent reductions in BCFF

concentrations due to improved emission factors. It also shows the variation in emission rates

according to the traffic volume and vehicle category at two locations, L1 and L2 (Fig. 6.7b-c).

The decrease in the BCFF concentrations for BS-IV and BS-VI were 35% and 75%, respectively.

Further, the vehicle-category-wise contributions to the BCFF concentrations were

estimated. It was found that 4W and 2W gasoline vehicles were the top contributors to the

ambient BCFF concentration despite significantly lower emission factors than diesel vehicles.

The collective effect of large 2W and 4W vehicles was the significant share in ambient BCFF

concentration. The higher emission rates for HDDV vehicles account for their almost equal

share compared to LDDV and 3W categories. The diesel-driven vehicles (3W, LDDV, and

HDDV), with less traffic volume (than gasoline vehicles) and high emission factors, impacted

BCFF air quality. Therefore, the adoption of the emission norms by diesel vehicles may fetch

immediate environmental benefits. Implementing the recommended BS-VI emission criteria

will fundamentally bring Indian motor automobile guidelines into an alliance with European

Union (EU) regulations for LDDV, 2W, and commercial vehicles, for example, buses and

heavy-duty trucks. Four and two-wheelers had a high impact due to the high share in the

traffic fleet, while 3W, LDDV, and HDDV had a high impact due to higher emissions rates.

The various scenarios recreated using AERMOD model will help to make innovative and

strategic mitigation policies for increasing traffic emissions and thereby helping to curb the

BC emission eventually.
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Fig. 6.6 Contour plots of Black Carbon mass concentration using AERMOD model (left) for the whole period and (right) for the 9th highest hour.
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6.4 Mitigation measures

Reducing emissions from the transportation sector is a challenge as most sources

are privately owned and not currently subject to any particular emission legislation. The

Indian government has proposed the new emission norms in 2020. However, the vehicles

plying on the roads of Guwahati are from various emission standards like BS-II, BS-III, and

BS-IV in mixed proportion. Reducing emissions will be a relatively long-term process. It

should involve changes in the performance and efficiency of future vehicles. The removal

or up-gradation of older vehicles might help improve the situation. It can also be solved by

installing the particle filters at the tailpipe of the heavy-duty diesel vehicles of older vehicles.

Moreover, two-wheelers emit less pollution, but these are present in large numbers. It should

not be ignored.

Thoroughly implementing the BS-VI standard can drastically reduce BC emissions

from vehicular emissions. Promoting public transport that runs on electricity can decrease

private vehciles (LMV) and two-wheelers. Moreover, promoting bicycles for short-distance

commuting can be helpful. Implementing this will increase the cost of making pedestrian and

bicycle lanes, but compared to positive outcomes, it is good. Another significant contributor

to BC emissions is the open burning of biomass. The uncontrolled open burning of softwood,

hardwood, papers, agricultural waste, etc., for cooking and heating purposes, especially in

winter, is common in rural and suburban areas. Moreover, municipal solid waste containing

a variety of rubbish (for e.g., plastic, water bottles, papers, and clothes) are burned by locals,

which may lead to the increase in BC concentrations as a fugitive source. It can be reduced

by public awareness and implementing alternatives.
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6.5 Summary

In this study, the dispersion of traffic-derived BC emissions has been estimated

using the AERMOD model and validated with the apportioned BCFF concentrations by

the Aethalometer model. On-site meteorological data produce more reliable dispersion

calculations than WRF modelled data. Low wind with hill fog facilitated the rise of Black

Carbon concentration in the hilly terrain. This study assumes that the differences between

projected concentrations using AERMOD and experimental concentrations of BC are primarily

due to undefined BC emissions. The technique presented can be used to evaluate the emission

inventory containing both local and regional inventory. Modelled BC concentrations agreed

with those estimated by the two-component mixing model. It indicates the modelled BC

concentrations were reliable to evaluate the effect of the new emission standard proposed by

the Indian government. The class-specific modelling revealed that the 4W and 2W categories

were significant contributors due to their large proportion. The other HDDV, 3W, and LDDV

vehicles also contributed to the BC concentrations due to their high emission rates. Therefore,

it can be inferred that all the vehicular category significantly impacts BC in this region.

Further, the model was applied to investigate the reduction in BC concentrations

for BS-IV and BS-VI emission standards over the adopted scenario. Results showed that

implementing BS-VI would result in a much more drastic decrease in BC concentrations. It

showed the need for the implementation of such stringent emission norms. Lastly, mitigation

measures are suggested according to the results of this study and the current standards

regulated by the Indian government.

In the present study, the AERMOD model was utilized for inverse modelling to

conclude the BCFF radiation strength and the effect of complex terrain on its dispersion for a

region of Guwahati, India. The aim was to study source-meteorology-terrain interactions

and their combined effects on BC dispersion using the AERMOD model. The impact of traffic

on air quality was studied. This study was directed to validate if their concentrations at

setback distances determined from the AERMOD model are impacting human health during

long-term and short-term exposure. It is noteworthy that there are no regulations or rules on

ambient air quality to control the BC concentration. WHO recommended BC concentration
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limits of 20 µg m–3 for annual BC. In the following discussion, all possible directions were

considered. The aim was to quantify the winter influence and relate winter average BCFF

contours with dispersion happening frequency contours.

———–PPVUVOO———–
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7
Findings and Conclusions

7.1 General summary

This study focused on the site-specific spectral properties obtained from the direct

measurements of Black Carbon concentrations during winter in Guwahati to estimate primary

and secondary components of Brown Carbons, light absorption, and source contributions.

Source contributions of BC improved with site-specific Angstrom Absorption Exponent. BC

concentrations were high during nighttime than daytime, with more influence (70%) from

FF (diesel driven buses) in the morning hours and 30% contribution from BB in the evening

and morning hours associated with the domestic biofuel for heating and cooking and open

burning. Healy et al. (2017) reported the uncertainty in estimating BC and its fraction up

to 30-35% by AE-33 Aethalometer. However, it would be much less in the present work

due to site-specific properties. In addition, it was evident from the results that besides

vehicular emissions, rampant burning of biomass (waste material and dry leaves and wood)

for heating and cooking purposes contribute to Black and Brown Carbons significantly. The

time-based characteristics of BrC absorption were estimated using the field measurements

and the BrCsec contribution to the total absorption using the empirical model. BrC is the

significant constituent of carbonaceous aerosols with significant radiation effects. For the

first time, the AERMOD model was employed to study the dispersion of fossil-fuel-originated

Black Carbon over hilly terrain. The novelty of this study is the development of the complete

profile of light-absorbing carbonaceous aerosols, improved source apportionment using

site-specific spectral properties, and the FF and BB contributions to BC, which are essential

to developing appropriate policies for BC reduction.
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The BC mass concentration at Guwahati from Jan-March 2020 has been investigated

using an Aethalometer (AE-33) at the background site with the highest terrain suburban

regions. The results revealed that controlled combustion of fossil fuel has higher annual

contributions (ranging from 47-81%) than open burning of biomass (ranging from 19-53%)

to the total mass concentration of BC at all sites. In comparison, the highest seasonal biomass

contribution (30%) was observed in the winter at a background site surrounded by hills

and valleys. The relative contribution of fossil fuel-associated BC (BCFF) to the total BC

was higher in the pre-monsoon. In contrast, biomass originated BC (BCBB) was found to

be contributing more in the winter season. The diurnal variation of BCFF was observed

to be cooperatively higher at the street canyon site during traffic rush hours, while BCBB

showed the highest contribution during late night and gradually decreased overnight and

throughout the day. The sampling sites with more significant vehicular activities showed a

strong seasonal dependence with BC concentrations due to the vicinity’s fuel composition and

combustion processes. The significant decrease in the values recorded during the COVID-19

lockdown period has been the result of no anthropogenic activities and not the effect of

seasonal transformation. And therefore, the imposing lockdown helped lessen coronavirus

spread and improved the region’s air quality significantly.

The humid and calm windy meteorological conditions during January resulted in

the highest PM2.5/PM10 indicating the decreased emissions of coarse particles from the

Brahmaputra river valley (BRV), while the lowest PM2.5/PM10 (in March) showing the

increased emissions of coarse particles from the arid BRV and long-range transport dust

from north-western India. In contrast, the low BC/PM2.5 in high pollution days indicates

the dominance of biomass burring, while high BC/PM2.5 in low pollution days suggests the

dominance of vehicular emissions in BRV region, which are in agreement with the BC sources

identified by the two component mixing model (AE33). The modelling results revealed

that implementing the new emission norms (BS-VI) can drastically reduce this region’s BC

emissions from older vehicles. The findings of this study have implications in future policy

making and implementation of strict regulations aiming to improve deteriorating air quality

in the hilly regions of Guwahati.
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7.2 General conclusions

1. The reapportionment of Black carbon from two sources were improved using site-

specific spectral properties.

2. The results of this study can be generalized in the region of northeast India or a similar

environment.

3. Hilly terrain facilitates the trapping of aerosols at lower altitudes and blocks the lateral

diversion of the low-level wind flow.

7.3 Key findings

1. Fossil-fuel combustion contributed up to 90% to total Black Carbon, while biomass

contributed up to 50% during COVID-19 lockdown.

2. The absorption of BrCsec at 370 nm was about 41-50% of the total BrC absorption

during winter, indicating the dominant role of secondary sources.

3. Black Carbon concentration decreased up to 68% during the different phases of

lockdown. BC associated with fossil fuel was 51-78%, and biomass burning was

22-49%. The fraction of fossil fuel and biomass burning in the whole of BC fell to 0.73

and 0.65 during the lockdowns. Air quality improved by about 47-58% on the 4th and

7th day of lockdown.

4. The aerosol absorption coefficient declined by 69%, and AAE was reduced by 64%

during lockdowns.

5. Source apportionment based on the site-specific properties (AAE) improved the

contribution of two different sources (FF-70% and BB-30%) than the default

Aethalometer model constants.

6. The COVID-19 lockdown reduced the Black Carbon concentrations to a significant

level ( up to 1.57 µg m–3).

7. Primary and secondary Brown Carbon plays a significant role at shorter wavelengths

(370-660 nm) and contributes to total aerosol light absorption.

8. Traffic volume study shows the vehicular category (HDDV and 4W) plays a vital role
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in Black Carbon emissions.

9. Traffic-derived Black Carbon was found to be accumulated (7 µg m–3) at some locations

(150 m) due to the region’s small and steep-sloped hilly topography.

10. Black Carbon concentrations were reduced (75%) by implementing the Bharat Stage

(specially BS-VI) emission norms.

11. The health risk approximation of Black Carbon is projected to be about 25 passively

smoked cigarette per day in winter.

7.4 Specific conclusion

1. Biomass emission produces secondary BrC, and secondary sources contribute to the

babs_BrC during winter nighttime.

2. Black Carbon absorption coefficient was related to residential biomass-burning during

winter nighttime.

3. Traffic is a dominant source of Black Carbon emissions than biomass burning in the

study region.

4. Low wind with hill fog facilitated the rise of Black Carbon concentration in the complex

terrain.

5. Modelled Black Carbon concentrations agreed with those estimated by the two-

component mixing model.

6. On-site meteorological data produce more reliable dispersion calculations than WRF

modelled data.

7. The Black Carbon from fossil fuel combustion for BS-IV decreased by 35% and 75%

for BS-VI emission norms.

8. Major anions (e.g., NO3
– and SO4

2–) maximizes during the initial days of winter due

to fossil fuel combustion and biomass burning.

9. The daily mean PM2.5 and PM10 concentration levels during winter were more than

twice as high as those recommended by WHO.
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7.5 Limitations

1. This study was mainly focused on the winter and pre-monsoon season when air quality

is expected to be highly poor. The optical properties also may vary in different seasons.

2. The measurement locations were limited to two.

3. Other components of carbonaceous aerosols were not investigated due to lack of the

instruments.

7.6 Future scope

1. The used techniques may be applied to apportion the Black Carbon sources in different

seasons and optical properties of different seasons could be inter-compared.

2. Emission inventory may be developed to incorporate the biomass burning emissions in

dispersion modelling.

3. The modelling exercise may be performed by including the night-time datasets.

4. The domain of the modelling may be increased to analyze and verify the dispersion of

air pollutants.

———–PPVUVOO———–
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Appendix

For about 6% of the cases, AAE370-880 was more than 1.5, marking a significant

contribution from biomass or biofuel burning (Reddy and Venkataraman, 2002). However,

the fraction (for 470-950 nm) AAE470-950> 1.5 was found to be much lower (1.3%), indicating

lesser impacts of BB as the wavelength increased. Hence, the pair of 370-880 nm band was

selected to evaluate the influence of FF and BB on the whole BC. The best AAE values were

chosen for FF and BB emissions by studying a frequency distribution graph fitted with a

standard curve of hourly-average AAE370-880 values observed at the site, as shown in Fig. A.1a.
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Fig. A.1 Selection of the best (a) AAE370-880 values for FF and BB contribution to total BC and
(b) primary emission ratio for light absorption at 370 nm and BC (babs_370/BC)pri

during winter.
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Fig. A.2 shows the wind rose diagram for each monitored months during winter

season. As observed, the prevailing wind was from the East-South-East direction during

entire winter period.
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Fig. A.2 Wind rose plots for each month of winter.

A calm condition is regarded as the state of meteorology when wind speed is below a

threshold limit which is generally taken as 0.5 m s–1 (Jeong et al., 2013). During the winter

season, the conditions was calm. The calm conditions was observed for about 74 to 86%.

Most of the wind speed was below 0.5 m s–1.

138
TH-2979_166104024



0

20

40

1
/1

0

1
/1

1

1
/1

3

1
/1

6

1
/1

7

1
/2

1

1
/2

2

1
/2

3

1
/2

5

1
/2

6

1
/2

7

1
/2

9

1
/3

0

1
/3

1

2
/4

2
/5

2
/6

2
/1

0

2
/1

1

2
/1

2

2
/1

5

2
/1

6

2
/1

8

2
/2

0

2
/2

5

2
/2

6

3
/2

3
/3

3
/4

3
/8

3
/9

3
/1

0

3
/1

6

3
/1

7

3
/1

8

3
/2

0

3
/2

1

3
/2

2

370 nm

0

20

40 470 nm 

0

10

20

30 520 nm

0

5

10

15

20

660 nm

18.9 7.9%

18.5 4.5%

13.8 3.6%

6.8 2.1%

B
rC

 c
o
n
tr

ib
u

ti
o
n
  

(%
)

MM/DD

Fig. A.3 Hourly time series of the Brown Carbon contribution to aerosol light absorption at
different wavelengths during winter.
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Fig. A.6 Fire maps during various phases of COVID-19 lockdown.
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