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ABSTRACT 

 

Brown carbon (BrC) is a part of organic carbon (OC) which efficiently absorbs light at 

near UV and visible region, and it is characterized by an absorption spectrum that 

smoothly increases from the visible to UV wavelengths. BrC immersed in cloud 

droplets can absorb light and facilitate evaporation/dispersion of clouds. It contributes 

∼35% of the direct radiative forcing warming caused by carbonaceous aerosols. 

However, to better assess the effects of BrC on air quality and climate, a proper 

understanding of its sources and characteristics on temporal and spatial scales is very 

important. In this study, we have characterized atmospheric BrC using both offline and 

online techniques. With an aim to understand the characteristics of BrC over different 

regions dominated by different emission sources and/or meteorological conditions, 

many regions (Patiala, Delhi, Kanpur, Ahmedabad, Shillong, and Port Blair) and 

sampling periods were selected for particulate matter smaller than 2.5 µm aerodynamic 

diameter (PM2.5) sampling. Absorption coefficient at 365 nm is used as a general 

measure of water-soluble ((babs_365_Water) and methanol soluble (babs_365_Methanol) BrC. 

Further, BrC characteristics were investigated concerning its sources, chemical 

composition, optical properties, and atmospheric evolution. Results from this study 

suggest that primary emissions from biomass burning (BB) and fossil fuel burning 

(FFB) are the major sources of highly absorbing BrC, and BB emits significant fraction 

of water-insoluble BrC. Further, secondary BrC and aged/oxygenated OA are found to 

be relatively less absorbing. BrC absorption decreases as the day progresses achieving 

a minimum during afternoon hours, which is ascribed to photo-bleaching/volatilization 

of BrC. It is also shown that BrC composition is not uniform throughout the day. Our 

observations suggest that BrC chromophores are a variable mixture of at least HULIS 

and nitrogen-containing organic compounds over the study regions. Mass absorption 

efficiency (MAE) of water-soluble and methanol-soluble BrC is found to be significant 

compare to that of elemental carbon over most of the study sites. These results have 

important implications in estimating regional radiation budget.  

 



i | P a g e  
 

TABLE OF CONTENTS  

 P.NO 

CHAPTER 1 

Introduction 

1 

1.1 What are atmospheric aerosol? 3 

1.2 Aerosol size distribution 5 

1.3 Why do we study aerosol? 5 

1.3.1 Direct and indirect effects on climate 6 

1.3.2 Effects on air quality 6 

1.3.3 Effects on biogeochemistry of aquatic systems 7 

1.4. Carbonaceous aerosol 8 

1.5 Major objectives of the study 14 

1.6 Thesis Outline 15 

 

CHAPTER 2 

Instrumentation & Methodology 

16 

2.1 Sites for ambient aerosol sampling 18 

2.2 Site description 18 

2.2.1 Patiala 18 

2.2.2 Kanpur 19 



ii | P a g e  
 

2.2.3 Shillong 19 

2.2.4 Port Blair 20 

2.2.5 Delhi 20 

2.2.6 Ahmedabad 21 

2.3 Instrumentation & Methodology 24 

2.3.1. Particulate matter sampling 25 

2.3.1.1 Maintenance of HVS 25 

2.3.1.2 Assessment of PM Mass 25 

2.3.2 Analysis of OC and EC using a thermal-optical EC-OC analyzer 27 

2.3.3 Determination of Water-Soluble Inorganic Species (WSIS) 29 

2.3.4 Gas chromatography-mass spectrometry (GC-MS) 31 

2.3.5 Determination of total water-soluble organic carbon (WSOC) and 

total nitrogen (TN) 
33 

2.3.5.1 WSOC measurement can be performed in two ways 33 

2.3.6 NOx Measurement 35 

2.3.7 CO Measurement 37 

2.3.8 Black Carbon 38 

2.3.9 Hybrid single–particle lagrangian integrated trajectory (HYSPLIT) 39 

2.3.10 Measurement of BrC 40 

2.3.10.1 Online BrC measurements 41 



iii | P a g e  
 

2.3.10.2 Offline BrC analysis 43 

2.3.10.3 Mass absorption efficiency of WSOC and OC 45 

2.3.10.4 babs and MAE of EC 46 

2.3.10.5 Relative absorptions of BrC over EC 47 

 

CHAPTER 3 

Spatial and Temporal Characteristics of BrC Using Filter Based 

Techniques 

48 

3.1 Patiala, Punjab (a case study during BB period) 50 

3.1.1 Temporal variability of measured species 50 

3.1.2. Carbonaceous aerosols and BB tracers 53 

3.1.3 Optical properties of BrC and EC 55 

3.1.4 Proposed concept of using BrC spectra to assess their broad 

composition and characteristics 
61 

3.1.5 BrC composition and characteristics through babs spectra 62 

3.1.6 Relative contribution of the water-soluble and water-insoluble 

fraction of BrC to the total BrC 
65 

3.1.7 Temporal variability in BrC composition through absorption 

spectra 
67 

3.1.8 Air mass back trajectories 68 

3.2 Parallel measurements over Patiala and Kanpur during winter period 72 



iv | P a g e  
 

3.2.1 Chemical Composition of PM2.5 over Patiala and Kanpur 72 

3.2.2 BrC optical properties 74 

3.2.3 BrC spectral characteristics 81 

3.3 Temporal variability and characteristics of light-absorbing organic 

aerosol from NE-Himalaya: Shillong regio 
86 

3.3.1 Temporal variability of chemical species 86 

3.3.2 Absorption Ångstrom Exponent (AAE) 91 

3.4 Optical properties of light absorbing organic aerosol over an island 

station, Port Blair, in the Bay of Bengal 
95 

3.4.1 Temporal Variability of Chemical Species 95 

3.4.2 BrC Absorption coefficient 98 

3.4.3 Absorption Ångstrom exponent (AAE) and Mass Absorption 

Efficiency at 365 nm (MAE): 
103 

 

CHAPTER 4 

Spatial and Temporal Characteristics of BrC using Real-Time 

Measurements 

107 

4.1 Kanpur Region 109 

4.1.1 Temporal variability of WSOC and BrC 109 

4.1.2 Diurnal variability in BrC chromophores 115 

4.1.3 Effect of meteorological conditions on BrC 118 



v | P a g e  
 

4.1.4 Characteristics of BrC from different sources 120 

4.2 Measurements of atmospheric brown carbon over a big semi-arid 

urban city (Ahmedabad) of western India 
124 

4.2.1 Temporal variability of WSOC and BrC 124 

4.2.2 Diurnal variability of WSOC and BrC species 126 

4.3 Temporal variability of brown carbon spectral characteristics over 

Delhi 
130 

4.3.1 Temporal variability of BrC and WSOC 130 

4.3.2 Diurnal variability of WSOC and BrC 133 

4.3.3 Effect of meteorological conditions on BrC 136 

 

CHAPTER 5 

Summary and Future Scope Future Scope 

138 

5.1 Summary 140 

5.1.1 Patiala during Biomass Burning 140 

5.1.2 Parallel measurements over Patiala and Kanpur during winter 

period 
142 

5.1.2.1 Kanpur (Online BrC measurements) 143 

5.1.3 Delhi (Winter) 144 

5.1.4 NE-Himalayan region (Shillong) 146 

5.1.5 Port Blair region conclusion of the study 146 



vi | P a g e  
 

5.1.6 Ahmedabad (November 2015) 147 

5.2 Future Scope 148 

References  151 

List of Publications 169 

 



vii | P a g e  
 

LIST OF TABLES 

  P. NO 

Table 2.1: List of the sampling sites, sampled period, 

geographical location, measurement type.   

 23 

Table 3.1: Statistical description  of the concentrations of 

chemical constituents together with the absorption coefficient 

of light absorbing carbonaceous species and their Night/Day 

ratios in PM2.5 samples 

 58 

 

Table 3.2: The σabs_365_Water, σabs_365_Methanol, σ EC, AAEWater, and 

AAEMethanol during different periods 

 59 

Table 3.3: Chemical and optical parameters over Patiala, 

Kanpur, Shillong and Port Blair regions in this study 

 80 

 

 

 

 

 

 

 

 

 

 

 

 



ix | P a g e  
 

LIST OF FIGURES 

 P.NO 

Figure 1.1: Schematic multi-modal particle size distribution 

with typical transformation processes and example particle types 

within each mode 

4 

Figure 1.2: Types of carbonaceous aerosol and their absorption 

characteristics 

10 

Figure 2.1: A map showing all the sampling locations 22 

Figure 2.2: Schematic representation of an analytical approach 24 

Figure 2.3: Schematic representation of HVS and cleaning 

procedure 

26 

Figure 2.4: The schematic diagram of the thermos-optical EC-

OC analyzer 

29 

Figure 2.5: Schematic representation IC working principle 30 

Figure 2.6: GC-MS schematic view 31 

Figure 2.7: Organics speciated using GC-MS 32 

Figure 2.8: Working principle of TOC 34 

Figure 2.9: NOX analyzer flow chart and working principle 35 

Figure 2.10: NOx analyzer calibration setup 37 

Figure 2.11: CO analyzer cell working principle 38 

Figure 2.12: Flow diagram of Aethalometer operation 39 



x | P a g e  
 

Figure 2.13: Schematic diagram of an assembled PILS-LWCC-

TOC system used for online the measurements of BrC and 

WSOC 

42 

Figure 2.14: Typical reference spectrum of a) Water and b) 

Methanol for BrC measurements 

43 

Figure 2.15: Schematic view of offline absorption measurement 45 

Figure 3.1: Temporal variability of  (a) PM2.5, (b) WSOC, 

OC/EC and BC (370/880) ratios, and (c) babs_365_water, 

babs_365_methanol, and Levoglucosan 

51 

Figure 3.2: Chemical composition along with average PM2.5 

mass concentrations during days and nights each period. 

52 

Figure 3.3: Scatter plot between levoglucosan and K+ with the 

colored axis as PM2.5 

55 

Figure 3.4: Linear regression plots of (a) WSOC vs babs _365_Water, 

and (b) OC vs babs_365_Methanol 

57 

Figure 3.5: Fractional contribution of mass absorption 

efficiency of BrC (a) Water and (b) Methanol, relative to that of 

EC, in PM2.5 samples before, during and after paddy-residue 

burning emissions 

60 

Figure 3.6: The babs spectra during the day and night and their 

Night/Day ratio for water-soluble BrC during (a) pre-burning 

(T1), (b) during burning (T2), and (c) during post-burning (T3) 

periods, and for methanol-soluble BrC during (d) pre-burning 

(T1), (e) during burning (T2), and (f) during post-burning (T3) 

periods 

63 



xi | P a g e  
 

Figure 3.7: The babs (Water/Methanol) ratio vs. wavelength, and 

% of water-insoluble fraction vs. wavelength during a) T1 

period, b) T2 period, and c) T3 period respectively 

67 

Figure 3.8: Temporal variability in the babs_400, babs_405, babs_420, 

babs_450, babs_500, babs_550 normalized to babs_365 for both (a) water-

soluble and (b) methanol-soluble BrC 

69 

Figure 3.9: Air-mass back trajectories during October and 

November months 

70 

Figure 3.10: Temporal variability of (a) PM2.5, (b) Patiala: 

babs_365_water, babs_365_methanol, and K+, (c) Kanpur: babs_365_water, 

babs_365_methanol, and K+ 

73 

Figure 3.11:  PM2.5 Chemical compositions over Kanpur and 

Patiala 

74 

Figure 3.12: Linear regression plots of a) OC vs babs_365_Methanol, 

b) OC vs babs_405_Methanol, c) OC vs babs_510_Methanol, d) WSOC vs 

babs_365_Water, e) WSOC vs babs_405_Water, f) WSOC vs babs_510_Water 

over Patiala region 

76 

Figure 3.13: Linear regression plots of a) OC vs babs_365_Methanol, 

b) OC vs babs_405_Methanol, c) OC vs babs_510_Methanol, d) WSOC vs 

babs_365_Water, e) WSOC vs babs_405_Water, f) WSOC vs babs_510_Water 

over Kanpur region 

77 

Figure 3.14: Averaged absorption spectra of water and methanol 

extracted BrC from a) Patiala, b) Kanpur and 

c) babs_365_Water/babs_365_Methanol ratio (W/M ratio) over Patiala and 

Kanpur 

78 



xii | P a g e  
 

Figure 3.15: Fractional contribution of mass absorption 

efficiency of BrC (Water and Methanol), relative to that of EC at 

different wavelengths in PM2.5 samples collected from a) 

Patiala and b) Kanpur 

79 

Figure 3.16: Daily variations of AAE and MAE365 nm for water 

and methanol extracts over a) Patiala and b) Kanpur 

82 

Figure 3.17: Air-mass back trajectories during December, 

January and February over Patiala 

83 

Figure 3.18: Air-mass back trajectories during December, 

January and February over Kanpur 

84 

Figure 3.19: Temporal variability of different chemical species 

(a): PM2.5; (b): WSOC, K+ and babs_365_Water; and (c): OC, K+ /EC 

and babs_365_Methanol 

88 

Figure 3.20: Regression plots of a) WSOC vs. babs_365_Water and 

b) OC vs. babs_365_Methanol 

89 

Figure 3.21: Averaged babs_365_Water and babs_365_Methanol spectrum; 

and babs_365_Wate / babs_365_Methanol ratio (W/M ratio) 

90 

Figure 3.22: Fractional contribution of mass absorption 

efficiency of BrC (Water and Methanol), relative to that of EC, 

in PM2.5 samples from NE-Himalaya, Shillong 

91 

Figure 3.23: Temporal variability of (a) MAE365_Water, 

MAE365_Methanol, and (b) AAEWater, and AAEMethanol 

92 

Figure 3.24 Air-mass back trajectories during January, 

February, March, and April over Shillong region 

93 



xiii | P a g e  
 

Figure 3.25: Temporal variability of different chemical species 

including (a) PM2.5; (b) K+, babs_365_Water and babs_365_Methanol;  (c) 

K+/EC, WSOC/OC and OC/EC; and (d) BC_370 nm, BC_880 

nm mg m-3, BC (370/880) 

97 

Figure 3.26: Linear regression plots of a) WSOC vs babs_365_Water, 

b) OC vs babs_365_Methanol, c) WSOC vs babs_450_Water, d) OC vs 

babs_450_Methanol e) WSOC vs babs_510_Water and e) OC vs 

babs_510_Methanol   over Port Blair region 

100 

Figure 3.27: Averaged babs_365_Water and babs_365_Methanol spectrum 

and babs_365_Water / babs_365_Methanol ratio (W/M ratio) 

101 

Figure 3.28: Scatter plot of EC vs babs_365_Water and EC VS 

babs_365_Methanol 

101 

Figure 3.29: Fractional contribution of mass absorption 

efficiency of BrC ((a)Water and (b) Methanol) relative to that of 

EC in PM2.5 samples from Port Blair region. 

103 

Figure 3.30: Daily variations of (a) AAE and (b) MAE or 

σabs_365 for water and methanol extracts. 

105 

Figure 3.31: Air-mass back trajectories during February, March 

and April over Port Blair region 

106 

Figure 4.1: Temporal variability in WSOC concentration and 

BrC absorption coefficient (babs_365_Water) during the study period. 

111 

Figure 4.2: (a) Scatter plot between WSOC and babs_365_Water, (b) 

Diurnal trends of babs_365_Water and (c) Diurnal trends of WSOC 

113 

Figure 4.3: Scatter plot between the WSOC and babs_365_Water   at 

different periods of the day, where A: 18:00-06:00 hours 

114 



xiv | P a g e  
 

(Evening + Night), B: 06:00-11:00 hours (Morning), and C: 

11:00-18:00 hours (Middle of the day) respectively 

Figure 4.4: Scatter plot between the babs_365 _Water (Mm-1) and CO 

(ppm) during the study period 

115 

Figure 4.5: Box-whisker plots showing diurnal trends of (a) 

babs_420_Water/ babs_365_Water, (b) babs_405_Water/ babs_365_Water, and (c) 

CHO>1N 

116 

Figure 4.6: Box-whisker plot showing diurnal trends of (a) % 

Relative humidity (%RH,), (b) Temperature (T, oC) and (c) 

atmospheric boundary layer height (m). The boundary layer 

height (m) data 

119 

Figure 4.7: Combined HR-PMF factor profiles. (a) biomass 

burning OA (BBOA), (b) hydrocarbon-like OA (HOA), (c) semi 

volatile oxygenated OA biomass burning OA 1 (SVOOA BOOA 

1), (d) semi volatile oxygenated OA biomass burning OA 2 

(SVOOA BOOA 2), (e) low volatile oxidized OA 1c (LVOOA 

1c), (f) low volatile oxidized OA 2 (LVOOA 2), (g) low volatile 

oxidized OA 1a (LVOOA 1a), (h) low volatile oxidized OA 1b 

(LVOOA 1b) 

122 

Figure 4.8: Linear regressions analysis of babs_365_Water with PMF 

derived factors like (a) organic aerosol (OA), (b) hydrocarbon-

like OA (HOA), (c) low volatile oxygenated OA (LVOOA1), (d) 

biomass burning OA (BBOA), (e) semi volatile oxygenated OA 

biomass burning oxygenated OA 1 (SVOOA BBOA 1) and 

semi-volatile oxygenated OA biomass burning oxygenated OA 

(SVOOA BBOA 2) 

123 



xv | P a g e  
 

Figure 4.9: Temporal variability of (a) babs_365nm_Water and 

WSOC; (b) CO and NOX; and (c) % RH and T 

125 

Figure 4.10: Scatter plot between WSOC and babs_365_Water and 

hours of the day plotted as the colored axis 

126 

Figure: 4.11: Diurnal trends of a) babs_365_Water, b) WSOC and c) 

MAE365nm_Water 

127 

Figure 4.12:  Diurnal variability of WSOC/CO over Ahmedabad 128 

Figure 4.13: (a): babs_365nm_Water and WSOC; b): MAE and 

WSOC/CO; c) CO and NOX; d): % RH and T 

129 

Figure 4.14: Temporal variability of different chemical species 

and monthly averaged values are also listed (a): babs_365nm_Water 

and WSOC; (b): BC_370, BC_880; (c): CO and NOX 

132 

Figure 4.15: Scatter plot between WSOC (µg m-3) and 

babs_365_Water (Mm-1) and hours of the day plotted as the colored 

axis 

133 

Figure 4.16: Diurnal trends of a) babs_365_Water, b) WSOC and c) 

MAE 

135 

Figure 4.17: Diurnal trends of babs_365_Water/CO and WSOC/CO 136 

Figure 4.18:  BrC absorption spectra at different periods of the 

day 

137 

 

 

 

 



xvii | P a g e  
 

LIST OF ABBREVATIONS 

AAE  Absorption Ångström Exponent 

AOD  Aerosol Optical Depth 

BB  Biomass Burning  

BBOA  Biomass Burning Organic Aerosol 

BC  Black Carbon 

BrC  Brown Carbon 

CCN  Cloud Condensation Nuclei 

CO  Carbon Monoxide 

EC  Elemental Carbon 

FFB  Fossil Fuel Burning 

FID  Flame Ionization Detector 

HOA  Hydrocarbon like Organic Aerosol 

HYSPLIT  Hybrid Single Particle Langrangian Integrated 

Trajectory 

IGP  Indo-Gangetic Plain  

IPCC  Intergovernmental Panel on Climate Change  

KHP  Potassium Hydrogen Phthalate  

MAE  Mass Absorption Efficiency 

MODIS  Moderate Resolution Imaging Spectroradiometer 



xviii | P a g e  
 

NDIR  Non Dispersive Infrared Detector 

NIOSH  National Institute of Occupational Safety and Health 

NOAA  National Oceanic and Atmospheric Administration 

NO  Nitrogen Oxide 

NO2  Nitrogen Dioxide 

OA  Organic Aerosol 

OC  Organic Carbon 

OM  Organic Matter 

OPAC  Optical Properties of Aerosol and Clouds 

PC  Pyrolyzed Carbon 

PM  Particulate Matter 

RH  Relative Humidity 

SOA  Secondary Organic Aerosol 

SVOOA  Semivolatile Oxygenated Organic Aerosol 

TC  Total Carbon 

TOC  Total Organic Carbon 

TSP  Total Suspended Particulates 

VOC  Volatile Organic Carbon 

WSIS  Water Soluble Ionic Species 

WSOC  Water Soluble Organic Carbon 



REFERENCES 

149 | P a g e  

 

References  

Abbatt, J.P.D., Thomas, J.L., Abrahamsson, K., Boxe, C., Granfors, A., 

Jones, A.E., King, M.D., Saiz-Lopez, A., Shepson, P.B., Sodeau, J., 

Toohey, D.W., Toubin, C., Glasow, R. Von, Wren, S.N., Yang, X., 2012. 

Halogen activation via interactions with environmental ice and snow in 

the polar lower troposphere and other regions. Atmospheric Chemistry 

and Physics 12, 6237–6271. doi:10.5194/acp-12-6237-2012 

Ackerman, T., Toon, O., 1981. Absorption of visible radiation in atmosphere 

containing mixtures of absorbing and nonabsorbing particles. Applied 

Optics 20, 3661–3668. doi:10.1364/AO.20.003661 

Andreae, M.O., Gelencsér, a., 2006. Black carbon or brown carbon? The 

nature of light-absorbing carbonaceous aerosols. Atmospheric 

Chemistry and Physics Discussions 6, 3419–3463. doi:10.5194/acpd-6-

3419-2006 

Birch, M.E., Cary, R.A., 1996. Elemental Carbon-Based Method for 

Monitoring Occupational Exposures to Particulate Diesel Exhaust. 

Aerosol Science and Technology 25, 221–241. 

doi:10.1080/02786829608965393 

Bond, T. C., 2001. Spectral dependence of visible light absorption by 

carbonaceous particles emitted from coal combustion. Geophysical 

Research Letters 28(21), 4075-4078 

Bond, T.C., Habib, G., Bergstrom, R.W., 2006. Limitations in the 

enhancement of visible light absorption due to mixing state. Journal of 

Geophysical Research Atmospheres 111, 1–13. 

doi:10.1029/2006JD007315 

Bond, T.C., Doherty, S.J., Fahey, D.W., Forster, P.M., Berntsen, T., 

Deangelo, B.J., Flanner, M.G., Ghan, S., Kärcher, B., Koch, D., Kinne, 

S., Kondo, Y., Quinn, P.K., Sarofim, M.C., Schultz, M.G., Schulz, M., 



REFERENCES 

150 | P a g e  

 

Venkataraman, C., Zhang, H., Zhang, S., Bellouin, N., Guttikunda, S.K., 

Hopke, P.K., Jacobson, M.Z., Kaiser, J.W., Klimont, Z., Lohmann, U., 

Schwarz, J.P., Shindell, D., Storelvmo, T., Warren, S.G., Zender, C.S., 

2013. Bounding the role of black carbon in the climate system: A 

scientific assessment. Journal of Geophysical Research Atmospheres 

118, 5380–5552. doi:10.1002/jgrd.50171 

Bosch, C., A. Andersson, E. N. Kirillova, K. Budhavant, S. Tiwari, P. S. 

Praveen, L. M. Russell, N. D. Beres, V. Ramanathan, and Ö. 

Gustafsson., 2014. Sourcediagnostic dual-isotope composition and 

optical properties of water-soluble organic carbon and elemental carbon 

in the South Asian outflow intercepted over the Indian Ocean. Journal 

of Geophysical Research: Atmospheres 119, 11,743–11,759. 

doi:10.1002/ 2014JD022127. 

Budisulistiorini, S.H., Riva, M., Williams, M., Chen, J., Itoh, M., Surratt, 

J.D., Kuwata, M., 2017. Light-Absorbing Brown Carbon Aerosol 

Constituents from Combustion of Indonesian Peat and Biomass. 

Environmental Science and Technology 51, 4415−4423. 

https://doi.org/10.1021/acs.est.7b00397 

Carbon, S., 1983. Soot Carbon and Excess Fine Potassium: Long-Range 

Transport of Combustion-Derived Aerosols Abstract. Science 220, 10–

13. 

Caseiro, A., Bauer, H., Schmidl, C., Pio, C.A., Puxbaum, H., 2009. Wood 

burning impact on PM10in three Austrian regions. Atmospheric 

Environment 43, 2186–2195. 

https://doi.org/10.1016/j.atmosenv.2009.01.012 

 

 



REFERENCES 

151 | P a g e  

 

Chakraborty, A., Bhattu, D., Gupta, T., Tripathi, S.N., Canagaratna, M.R., 

2015. Real-time measurements of ambient aerosols in a polluted Indian 

city: Sources, characteristics, and processing of organic aerosols during 

foggy and nonfoggy periods. Journal of Geophysical Research 120, 

9006–9019. https://doi.org/10.1002/2015JD023419 

Chanpimol, S., Seamon, B., Hernandez, H., Harris-love, M., Blackman, M.R., 

2017. HHS Public Access 527. doi: 10.1186/s40945-017-0033-9.Using 

Chen, Y., Bond, T.C., 2009. Light absorption by organic carbon from wood 

combustion. Atmospheric Chemistry Physics Discussions. 9, 20471–

20513. https://doi.org/10.5194/acpd-9-20471-2009 

Cheng, Y., Engling, G., He, K.B., Duan, F.K., Ma, Y.L., Du, Z.Y., Liu, J.M., 

Zheng, M., Weber, R.J., 2013. Biomass burning contribution to Beijing 

aerosol. Atmospheric Chemistry Physics 13, 7765–7781. 

https://doi.org/10.5194/acp-13-7765-2013 

Cheng, Y., He, K. bin, Du, Z. yu, Engling, G., Liu, J. meng, Ma, Y. liang, 

Zheng, M., Weber, R.J., 2016. The characteristics of brown carbon 

aerosol during winter in Beijing. Atmospheric Environment 127, 355–

364. https://doi.org/10.1016/j.atmosenv.2015.12.035 

Chowdhury, S., Dey, S., Tripathi, S.N., Beig, G., Mishra, A.K., Sharma, S., 

2017. “Traffic intervention” policy fails to mitigate air pollution in 

megacity Delhi. Environmental Science and Policy 74, 8–13. doi: 

10.1016/j.envsci.2017.04.018 

Desyaterik, Y., Sun, Y., Shen, X., Lee, T., Wang, X., Wang, T., Collett, J.L., 

2013. Speciation of “brown” carbon in cloud water impacted by 

agricultural biomass burning in eastern China. Journal of Geophysical 

Research: Atmospheres 118, 7389–7399. 

https://doi.org/10.1002/jgrd.50561 



REFERENCES 

152 | P a g e  

 

Doney, S. C., Mahowald, N., Lima, I., Feely, R. A., Mackenzie, F. T., 

Lamarque, J. F., & Rasch, P. J., 2007. Impact of anthropogenic 

atmospheric nitrogen and sulfur deposition on ocean acidification and 

the inorganic carbon system. Proceedings of the National Academy of 

Sciences, 104 (37), 14580-14585 

Di Lorenzo, R.A., Washenfelder, R.A., Attwood, A.R., Guo, H., Xu, L., Ng, 

N.L., Weber, R.J., Baumann, K., Edgerton, E., Young, C.J., 2017. 

Molecular-Size-Separated Brown Carbon Absorption for Biomass-

Burning Aerosol at Multiple Field Sites. Environmental Science and 

Technology 51, 3128−3137. https://doi.org/10.1021/acs.est.6b06160 

Drewnick, F., Hings, S.S., Curtius, J., Eerdekens, G., Williams, J., 2006. 

Measurement of fine particulate and gas-phase species during the New 

Year’s fireworks 2005 in Mainz, Germany. Atmospheric Environment 

40, 4316–4327. https://doi.org/10.1016/j.atmosenv.2006.03.040 

Drozd, G.T., McNeill, V.F., 2014. Organic matrix effects on the formation of 

light-absorbing compounds from α-dicarbonyls in aqueous salt solution. 

Environmental Sciences: Processes and Impacts 16, 741–747. 

doi:10.1039/c3em00579h 

Dusek, U., Andreae, M.O., Curtius, J., Schneider, J., Frank, G.P., 

Hildebrandt, L., Walter, S., Chand, D., Drewnick, F., Hings, S., Jung, 

D., Borrmann, S., 2006. Size Matters More Than Chemistry for Cloud-

Nucleating Ability of Aerosol Particles. Science 312, 1375–1378. 

doi:10.1126/science.1125261 

Ervens, B., Carlton, A.G., Turpin, B.J., Altieri, K.E., Kreidenweis, S.M., 

Feingold, G., 2008. Secondary organic aerosol yields from cloud-

processing of isoprene oxidation products. Geophysical Research 

Letters 35, 4–8. doi:10.1029/2007GL031828 

 



REFERENCES 

153 | P a g e  

 

Ervens, B., Turpin, B.J., Weber, R.J., 2011. Secondary organic aerosol 

formation in cloud droplets and aqueous particles (aqSOA): A review of 

laboratory, field and model studies. Atmospheric Chemistry and Physics 

11, 11069–11102. doi:10.5194/acp-11-11069-2011 

Feng, J.L., Guo, Z.G., Zhang, T.R., Yao, X.H., Chan, C.K., Fang, M., 2012. 

Source and formation of secondary particulate matter in PM 2.5 in Asian 

continental outflow. Journal of Geophysical Research Atmospheres 117, 

1–11. https://doi.org/10.1029/2011JD016400 

Feng, Y., Ramanathan, V., Kotamarthi, V.R., 2013. Brown carbon: A 

significant atmospheric absorber of solar radiation. Atmospheric 

Chemistry and Physics 13, 8607–8621. doi:10.5194/acp-13-8607-2013 

Forrister, H., Liu, J., Scheuer, E., Dibb, J., Ziemba, L., Thornhill, K.L., 

Anderson, B., Diskin, G., Perring, A.E., Schwarz, J.P., Campuzano-Jost, 

P., Day, D.A., Palm, B.B., Jimenez, J.L., Nenes, A., Weber, R.J., 2015. 

Evolution of brown carbon in wildfire plumes. Geophysical Research 

Letters 42, 4623–4630. doi:10.1002/2015GL063897 

Froyd, K.D., Murphy, D.M., Lawson, P., Baumgardner, D., Herman, R.L., 

2010. Aerosols that form subvisible cirrus at the tropical tropopause. 

Atmospheric Chemistry and Physics 10, 209–218. doi:10.5194/acp-10-

209-2010 

Graber, E.R., Rudich, Y., 2006. Atmospheric HULIS: How humic-like are 

they? A comprehensive and critical review. Atmospheric Chemistry 

Physics 6, 729–753. https://doi.org/10.5194/acp-6-729-2006 

Gustafsson, Ö., Kruså, M., Zencak, Z., Sheesley, R.J., Granat, L., 2009. 

Brown Clouds over South Asia: Biomass or Brown Clouds over South 

Asia: Science 84. doi:10.1126/science.1164857 

Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simpson, D., 

Claeys, M., Dommen, J., Donahue, N. M., George, C., Goldstein, A. H., 



REFERENCES 

154 | P a g e  

 

Hamilton, J. F., Herrmann, H., Hoffmann, T., Iinuma, Y., Jang, M., 

Jenkin, M. E., Jimenez, J. L., Kiendler-Scharr, A., Maenhaut, W., 

McFiggans, G., Mentel, Th. F., Monod, A., Prévôt, A. S. H., Seinfeld, J. 

H., Surratt, J. D., Szmigielski, R., and Wildt, J., 2009. The formation, 

properties and impact of secondary organic aerosol: current and 

emerging issues. Atmospheric Chemistry Physics 9, 5155-5236, 

https://doi.org/10.5194/acp-9-5155-2009 

Hamilton, J.F., Baeza-Romero, M.T., Finessi, E., Rickard, A.R., Healy, R.M., 

Peppe, S., Adams, T.J., Daniels, M.J.S., Ball, S.M., Goodall, I.C.A., 

Monks, P.S., Borrás, E., Muñoz, A., 2013. Online and offline mass 

spectrometric study of the impact of oxidation and ageing on glyoxal 

chemistry and uptake onto ammonium sulfate aerosols. Faraday 

Discussions 165, 447–472. doi:10.1039/c3fd00051f 

Hansen, J., Sato, M., Ruedy, R., 1997. Radiative forcing and climate 

response. Journal of Geophysical Research: Atmospheres 102, 6831–

6864. doi:10.1029/96JD03436 

Hecobian, A., Zhang, X., Zheng, M., Frank, N., Edgerton, E.S., Weber, R.J., 

2010. Water-soluble organic aerosol material and the light-absorption 

characteristics of aqueous extracts measured over the Southeastern 

United States. Atmospheric Chemistry Physics 10, 5965–5977. 

https://doi.org/10.5194/acp-10-5965-2010 

Hems, R.F., Abbatt, J.P.D., 2018. Aqueous Phase Photo-oxidation of Brown 

Carbon Nitrophenols: Reaction Kinetics, Mechanism, and Evolution of 

Light Absorption. ACS Earth and Space Chemistry 2, 225–234. 

https://doi.org/10.1021/acsearthspacechem.7b00123 

Herich, H., Hueglin, C., Buchmann, B., 2011. A 2.5 year’s source 

apportionment study of black carbon from wood burning and fossil fuel 

combustion at urban and rural sites in Switzerland. Atmospheric 



REFERENCES 

155 | P a g e  

 

Measurement Techniques 4, 1409–1420. https://doi.org/10.5194/amt-4-

1409-2011 

Hoffer, A., Gelencsér, A., Guyon, P., Kiss, G., Schmid, O., Frank, G.P., 

Artaxo, P., Andreae, M.O., 2006. Optical properties of humic-like 

substances (HULIS) in biomass-burning aerosols. Atmospheric 

Chemistry Physics 6, 3563–3570. https://doi.org/10.5194/acp-6-3563-

2006 

Hoyle, C.R., Boy, M., Donahue, N.M., Fry, J.L., Glasius, M., Guenther, A., 

Hallar, A.G., Huff Hartz, K., Petters, M.D., Petäjä, T., Rosenoern, T., 

Sullivan, A.P., 2011. A review of the anthropogenic influence on 

biogenic secondary organic aerosol. Atmospheric Chemistry and 

Physics 11, 321–343. doi:10.5194/acp-11-321-2011 

Hu, Q.H., Xie, Z.Q., Wang, X.M., Kang, H., Zhang, P., 2013. Levoglucosan 

indicates high levels of biomass burning aerosols over oceans from the 

Arctic to Antarctic. Scientific Reports 3, 1–7. 

https://doi.org/10.1038/srep03119 

Jacobson, M.C., Hansson, H.-C.C., Noone, K.J., Charlson, R.J., 2000. 

Organic Atmospheric Aerosols: Review and State of the Science. 

Reviews of Geophysics, 267–294. doi:10.1029/1998RG000045 

Jacobson, M.Z., 2014. Effects of biomass burning on climate, accounting for 

heat and moisture fluxes, black and brown carbon, and cloud absorption 

effects. Journal of Geophysical Research: Atmospheres 1–23. doi: 

10.1002/2014JD021861.Received 

Jiang, X.Q., Mei, X.D., Feng, D., 2016. Air pollution and chronic airway 

diseases: What should people know and do? Journal of Thoracic Disease 

8, E31–E40. doi: 10.3978/j.issn.2072-1439.2015.11.50 

Jimenez, J.L., Canagaratna, M.R., Donahue, N.M., Prevot, a. S.H., Zhang, Q., 

Kroll, J.H., DeCarlo, P.F., Allan, J.D., Coe, H., Ng, N.L., Aiken, a. C., 



REFERENCES 

156 | P a g e  

 

Docherty, K.S., Ulbrich, I.M., Grieshop, A.P., Robinson, a. L., Duplissy, 

J., Smith, J.D., Wilson, K.R., Lanz, V. a., Hueglin, C., Sun, Y.L., Tian, 

J., Laaksonen, A., Raatikainen, T., Rautiainen, J., Vaattovaara, P., Ehn, 

M., Kulmala, M., Tomlinson, J.M., Collins, D.R., Cubison, M.J., 

Dunlea, J., Huffman, J.A., Onasch, T.B., Alfarra, M.R., Williams, P.I., 

Bower, K., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S., 

Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., Griffin, R., Takami, 

a., Miyoshi, T., Hatakeyama, S., Shimono, A., Sun, J.Y., Zhang, Y.M., 

Dzepina, K., Kimmel, J.R., Sueper, D., Jayne, J.T., Herndon, S.C., 

Trimborn, a. M., Williams, L.R., Wood, E.C., Middlebrook, A.M., Kolb, 

C.E., Baltensperger, U., Worsnop, D.R., Dunlea, E.J., Huffman, J.A., 

Onasch, T.B., Alfarra, M.R., Williams, P.I., Bower, K., Kondo, Y., 

Schneider, J., Drewnick, F., Borrmann, S., Weimer, S., Demerjian, K., 

Salcedo, D., Cottrell, L., Griffin, R., Takami, a., Miyoshi, T., 

Hatakeyama, S., Shimono, A., Sun, J.Y., Zhang, Y.M., Dzepina, K., 

Kimmel, J.R., Sueper, D., Jayne, J.T., Herndon, S.C., Trimborn, a. M., 

Williams, L.R., Wood, E.C., Middlebrook, A.M., Kolb, C.E., 

Baltensperger, U., Worsnop, D.R., Dunlea, J., Huffman, J.A., Onasch, 

T.B., Alfarra, M.R., Williams, P.I., Bower, K., Kondo, Y., Schneider, J., 

Drewnick, F., Borrmann, S., Weimer, S., Demerjian, K., Salcedo, D., 

Cottrell, L., Griffin, R., Takami, a., Miyoshi, T., Hatakeyama, S., 

Shimono, A., Sun, J.Y., Zhang, Y.M., Dzepina, K., Kimmel, J.R., 

Sueper, D., Jayne, J.T., Herndon, S.C., Trimborn, a. M., Williams, L.R., 

Wood, E.C., Middlebrook, A.M., Kolb, C.E., Baltensperger, U., 

Worsnop, D.R., Dunlea, E.J., Huffman, J.A., Onasch, T.B., Alfarra, 

M.R., Williams, P.I., Bower, K., Kondo, Y., Schneider, J., Drewnick, F., 

Borrmann, S., Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., 

Griffin, R., Takami, a., Miyoshi, T., Hatakeyama, S., Shimono, A., Sun, 

J.Y., Zhang, Y.M., Dzepina, K., Kimmel, J.R., Sueper, D., Jayne, J.T., 

Herndon, S.C., Trimborn, a. M., Williams, L.R., Wood, E.C., 

Middlebrook, A.M., Kolb, C.E., Baltensperger, U., Worsnop, D.R., 



REFERENCES 

157 | P a g e  

 

2009. Evolution of Organic Aerosols in the Atmosphere. Science 326, 

1525–1529. doi:10.1126/science.1180353 

Kanakidou, M., 2005. Organic aerosol and global climate modelling: A 

review, Atmospheric Chemistry Physics 5, 1053–1123. 

Karl, M., Tsigaridis, K., Vignati, E., Dentener, F., 2009. Formation of 

secondary organic aerosol from isoprene oxidation over Europe. 

Atmospheric Chemistry and Physics 9, 7003–7030. doi:10.5194/acp-9-

7003-2009 

Kaul, D.S., Gupta, T., Tripathi, S.N., Tare, V., Collett, J.L., 2011. Secondary 

organic aerosol: A comparison between foggy and nonfoggy days. 

Environmental Science and Technology 45, 7307–7313. 

doi:10.1021/es201081d 

Kirchstetter, T.W., Novakov, T., Hobbs, P. V., 2004. Evidence that the 

spectral dependence of light absorption by aerosols is affected by 

organic carbon. Journal of Geophysical Research D: Atmospheres 109, 

1–12. doi:10.1029/2004JD004999 

Kirillova, E.N., Andersson, A., Han, J., Lee, M., Gustafsson, Ö, 2014a. 

Sources and light absorption of water-soluble organic carbon aerosols in 

the outflow from northern China. Atmospheric Chemistry Physics 14, 

1413–1422. https://doi.org/10.5194/acp-14-1413-2014 

Kirillova, E.N., Andersson, A., Tiwari, S., Srivastava, A.K., Bisht, D.S., 

Gustafsson, Ö., 2014. Water-soluble organic carbon aerosols during a 

full New Delhi winter: Isotope-based source apportionment and optical 

properties. Journal of Geophysical Research: Atmospheres 19, 3476-

3485. https://doi.org/10.1002/2013JD020041.Received 

Krishnamurthy, A., Moore, J.K., Mahowald, N., Luo, C., Zender, C.S., 2010. 

Impacts of atmospheric nutrient inputs on marine biogeochemistry. 



REFERENCES 

158 | P a g e  

 

Journal of Geophysical Research 115, G01006. 

doi:10.1029/2009JG001115 

Lack, D.A., Cappa, C.D., 2010. Impact of brown and clear carbon on light 

absorption enhancement, single scatter albedo and absorption 

wavelength dependence of black carbon. Atmospheric Chemistry and 

Physics 10, 4207–4220. doi:10.5194/acp-10-4207-2010 

Lack, D. A., Langridge, J.M., Bahreini, R., Cappa, C.D., Middlebrook, a. M., 

Schwarz, J.P., 2012. Brown carbon and internal mixing in biomass 

burning particles. Proceedings of the National Academy of Sciences 

109, 14802–14807. https://doi.org/10.1073/pnas.1206575109 

Lack, D.A., Bahreini, R., Langridge, J.M., Gilman, J.B., Middlebrook, A.M., 

2013. Brown carbon absorption linked to organic mass tracers in 

biomass burning particles. Atmospheric Chemistry and Physics 13, 

2415–2422. doi:10.5194/acp-13-2415-2013 

Lambe, A.T., Cappa, C.D., Massoli, P., Onasch, T.B., Forestieri, S.D., 

Martin, A.T., Cummings, M.J., Croasdale, D.R., Brune, W.H., Worsnop, 

D.R., Davidovits, P., 2013. Relationship between oxidation level and 

optical properties of secondary organic aerosol. Environmental Science 

and Technology 47, 6349–6357. doi:10.1021/es401043j 

Laskin, A., Laskin, J., Nizkorodov, S.A., 2015. Chemistry of Atmospheric 

Brown Carbon. Chemical Reviews 115, 4335–4382. 

https://doi.org/10.1021/cr5006167 

Lee, H.J., Aiona, P.K., Laskin, A., Laskin, J., Nizkorodov, S.A., 2014. Effect 

of solar radiation on the optical properties and molecular composition of 

laboratory proxies of atmospheric brown carbon. Environmental Science 

and Technology. 48, 10217–10226. https://doi.org/10.1021/es502515r 

 



REFERENCES 

159 | P a g e  

 

Leeuw, G. De, Cohen, L., Frohn, L.M., Geernaert, G., Hertel, O., Jensen, B., 

Jickells, T., Klein, L., Kunz, G.J., Lund, S., Moerman, M., Müller, F., 

Pedersen, B., Salzen, K. Von, Heinke Schlünzen, K., Schulz, M., Skjøth, 

C.A., Sorensen, L.L., Spokes, L., Tamm, S., Vignati, E., 2001. 

Atmospheric input of nitrogen into the North Sea: Anice project 

overview. Continental Shelf Research 21, 2073–2094. 

doi:10.1016/S0278-4343(01)00043-7 

Lin, G., Penner, J.E., Flanner, M.G., Sillman, S., Xu, L., Zhou, C., 2014. 

Radiative forcing of organic aerosol in the atmosphere and on snow: 

Effects of SOA and brown carbon. Journal of Geophysical Research: 

Atmospheres 119, 7453–7476. doi:10.1002/2013JD021186 

Lin, P., Aiona, P.K., Li, Y., Shiraiwa, M., Laskin, J., Nizkorodov, S.A., 

Laskin, A., 2016. Molecular Characterization of Brown Carbon in 

Biomass Burning Aerosol Particles. Environmental Science and 

Technology 50, 11815–11824. https://doi.org/10.1021/acs.est.6b03024 

Lin, P., Bluvshtein, N., Rudich, Y., Nizkorodov, S.A., Laskin, J., Laskin, A., 

2017. Molecular Chemistry of Atmospheric Brown Carbon Inferred 

from a Nationwide Biomass Burning Event. Environmental Science and 

Technology 51, 11561−11570. https://doi.org/10.1021/acs.est.7b02276 

Lin, P., Laskin, J., Nizkorodov, S.A., Laskin, A., 2015a. Revealing Brown 

Carbon Chromophores Produced in Reactions of Methylglyoxal with 

Ammonium Sulfate. Environmental Science and Technology 49, 

14257–14266. https://doi.org/10.1021/acs.est.5b03608 

Lin, P., Liu, J., Shilling, J.E., Kathmann, S.M., Laskin, J., Laskin, A., 2015b. 

Molecular characterization of brown carbon (BrC) chromophores in 

secondary organic aerosol generated from photo-oxidation of toluene. 

Physical Chemistry Chemical Physics 17, 23312–23325. 

https://doi.org/10.1039/C5CP02563J 



REFERENCES 

160 | P a g e  

 

Liu, J., Bergin, M., Guo, H., King, L., Kotra, N., Edgerton, E., Weber, R.J., 

2013. Size-resolved measurements of brown carbon in water and 

methanol extracts and estimates of their contribution to ambient fine-

particle light absorption. Atmospheric Chemistry Physics 13, 12389–

12404. https://doi.org/10.5194/acp-13-12389-2013 

Liu, J., Lin, P., Laskin, A., Laskin, J., Kathmann, S.M., Wise, M., Caylor, R., 

Imholt, F., Selimovic, V., Shilling, J.E., 2016. Optical properties and 

aging of light-absorbing secondary organic aerosol. Atmospheric 

Chemistry Physics 16, 12815–12827. https://doi.org/10.5194/acp-16-

12815-2016 

Liu, J., Scheuer, E., Dibb, J., Diskin, G.S., Ziemba, L.D., Thornhill, K.L., 

Anderson, B.E., Wisthaler, A., Mikoviny, T., Devi, J.J., Bergin, M., 

Perring, A.E., Markovic, M.Z., Schwarz, J.P., Campuzano-Jost, P., Day, 

D.A., Jimenez, J.L., Weber, R.J., 2015. Brown carbon aerosol in the 

North American continental troposphere: Sources, abundance, and 

radiative forcing. Atmospheric Chemistry Physics 15, 7841–7858. 

https://doi.org/10.5194/acp-15-7841-2015 

Lu, J.W., Flores, J.M., Lavi, A., Abo-Riziq, A., Rudich, Y., 2011. Changes 

in the optical properties of benzo[a]pyrene-coated aerosols upon 

heterogeneous reactions with NO2 and NO3. Physical Chemistry 

Chemical Physics 13, 6484–6492. doi:10.1039/c0cp02114h 

Lukács, H., Gelencsér, A., Hammer, S., Puxbaum, H., Pio, C.A., Legrand, 

M., Kasper-Giebl, A., Handler, M., Limbeck, A., Simpson, D., 

Preunkert, S., 2007. Seasonal trends and possible sources of brown 

carbon based on 2-year aerosol measurements at six sites in Europe. 

Journal of Geophysical Research: Atmospheres 112, 1–9. 

https://doi.org/10.1029/2006JD008151 

 



REFERENCES 

161 | P a g e  

 

Luo, C., Zender, C.S., Bian, H., Metzger, S., 2007. Role of ammonia 

chemistry and coarse mode aerosols in global climatological inorganic 

aerosol distributions. Atmospheric Environment 41, 2510–2533. doi: 

10.1016/j.atmosenv.2006.11.030 

Mahanta, R., Sarma, D., Choudhury, A., 2013. Heavy rainfall occurrences in 

northeast India. International Journal of Climatology 33, 1456–1469. 

https://doi.org/10.1002/joc.3526 

Mauderly, J.L., Chow, J.C., 2008. Health effects of organic aerosols, 

Inhalation Toxicology. doi:10.1080/08958370701866008 

Nikulin, A.Y., Davis, J.R., 1998. Refraction phenomena in X-ray scattering 

experiments performed with a narrow collimator aperture. Optics 

Communications 155, 231–235. doi:10.1016/S0030-4018(98)00375-7 

Ng, N.L., Kwan, A.J., Surratt, J.D., Chan, A.W.H., Chhabra, P.S., 

Sorooshian, A., Pye, H.O.T., Crounse, J.D., Wennberg, P.O., Flagan, 

R.C., Seinfeld, J.H., 2008. Secondary organic aerosol (SOA) formation 

from reaction of isoprene with nitrate radicals (NO3). Atmospheric 

Chemistry and Physics 8, 4117–4140. doi:10.5194/acp-8-4117-2008 

Ofner, J., Kr̈uger, H.U., Grothe, H., Schmitt-Kopplin, P., Whitmore, K., 

Zetzsch, C., 2011. Physico-chemical characterization of SOA derived 

from catechol and guaiacol - A model substance for the aromatic fraction 

of atmospheric HULIS. Atmospheric Chemistry and Physics 11, 1–15. 

doi:10.5194/acp-11-1-2011 

Pope, C.A., Ezzati, M., Dockery, D.W., 2009. Fine-Particulate Air Pollution 

and Life Expectancy in the United States. New England Journal of 

Medicine 360, 376–386. doi:10.1056/NEJMsa0805646 

Rajput, P., Sarin, M., Kundu, S.S., 2013. Atmospheric particulate matter 

(PM2.5), EC, OC, WSOC and PAHs from NE–Himalaya: abundances 



REFERENCES 

162 | P a g e  

 

and chemical characteristics. Atmospheric Pollution Research 4, 214–

221. https://doi.org/10.5094/APR.2013.022 

Rajput, P., Sarin, M.M., 2014. Polar and non-polar organic aerosols from 

large-scale agricultural-waste burning emissions in Northern India: 

Implications to organic mass-to-organic carbon ratio. Chemosphere 103, 

74–79. https://doi.org/10.1016/j.chemosphere.2013.11.028 

Rajput, P., Gupta, T., Kumar, A., 2016. The diurnal variability of sulfate and 

nitrate aerosols during wintertime in the Indo-Gangetic Plain: 

Implications for heterogeneous phase chemistry. RSC Advances 6. 

https://doi.org/10.1039/c6ra19595d 

Ram, K., Sarin, M.M., 2009. Absorption coefficient and site-specific mass 

absorption efficiency of elemental carbon in aerosols over urban, rural, 

and high-altitude sites in India. Environmental Science and Technology 

43, 8233–8239. doi:10.1021/es9011542 

Ram, K., Sarin, M.M., 2011. Day-night variability of EC, OC, WSOC and 

inorganic ions in urban environment of Indo-Gangetic Plain: 

Implications to secondary aerosol formation. Atmospheric Environment 

45, 460–468. https://doi.org/10.1016/j.atmosenv.2010.09.055 

Rastogi, N., Sarin, M.M., 2009. Quantitative chemical composition and 

characteristics of aerosols over western India: One-year record of 

temporal variability. Atmospheric Environment 43, 3481–3488. doi: 

10.1016/j.atmosenv.2009.04.030 

Rastogi, N., Singh, A., Singh, D., Sarin, M.M., 2014. Chemical 

characteristics of PM2.5 at a source region of biomass burning 

emissions: Evidence for secondary aerosol formation. Environmental 

Pollution 184, 563–569. https://doi.org/10.1016/j.envpol.2013.09.037 

 



REFERENCES 

163 | P a g e  

 

Rastogi, N., Patel, A., Singh, A., Singh, D., 2015. Diurnal variability in 

secondary organic aerosol formation over the Indo-Gangetic Plain 

during winter using online measurement of water-soluble organic 

carbon. Aerosol Air Quality Research 15, 2225–2231. 

https://doi.org/10.4209/aaqr.2015.02.0097 

Rastogi, N., Singh, A., Satish, R., 2018. Characteristics of submicron 

particles coming from a big firecrackers burning event: Implications to 

atmospheric pollution. Atmospheric Pollution Research (inpress). doi: 

10.1016/j.apr.2018.11.002 

Rengarajan, R., Sarin, M.M., Sudheer, A.K., 2007. Carbonaceous and 

inorganic species in atmospheric aerosols during wintertime over urban 

and high-altitude sites in North India. Journal of Geophysical Research: 

Atmospheres 112, 1–16. doi:10.1029/2006JD008150 

Riipinen, I., Pierce, J.R., Yli-Juuti, T., Nieminen, T., Häkkinen, S., Ehn, M., 

Junninen, H., Lehtipalo, K., Petäjä, T., Slowik, J., Chang, R., Shantz, 

N.C., Abbatt, J., Leaitch, W.R., Kerminen, V.M., Worsnop, D.R., 

Pandis, S.N., Donahue, N.M., Kulmala, M., 2011. Organic 

condensation: A vital link connecting aerosol formation to cloud 

condensation nuclei (CCN) concentrations. Atmospheric Chemistry and 

Physics 11, 3865–3878. doi:10.5194/acp-11-3865-2011 

Robinson, N.H., Hamilton, J.F., Allan, J.D., Langford, B., Oram, D.E., Chen, 

Q., Docherty, K., Farmer, D.K., Jimenez, J.L., Ward, M.W., Hewitt, 

C.N., Barley, M.H., Jenkin, M.E., Rickard, A.R., Martin, S.T., 

McFiggans, G., Coe, H., 2011. Evidence for a significant proportion of 

secondary organic aerosol from isoprene above a maritime tropical 

forest. Atmospheric Chemistry and Physics 11, 1039–1050. 

doi:10.5194/acp-11-1039-2011 

Sahai, S., Sharma, C., Singh, D.P., Dixit, C.K., Singh, N., Sharma, P., Singh, 

K., Bhatt, S., Ghude, S., Gupta, V., Gupta, R.K., Tiwari, M.K., Garg, 

S.C., Mitra, A.P., Gupta, P.K., 2007. A study for development of 



REFERENCES 

164 | P a g e  

 

emission factors for trace gases and carbonaceous particulate species 

from in situ burning of wheat straw in agricultural fields in india. 

Atmospheric Environment 41, 9173–9186. doi: 

10.1016/j.atmosenv.2007.07.054 

Sareen, N., Moussa, S.G., McNeill, V.F., 2013. Photochemical aging of light-

absorbing secondary organic aerosol material. Journal of Physical 

Chemistry A 117, 2987–2996. https://doi.org/10.1021/jp309413j 

Satish, R., Shamjad, P., Thamban, N., Tripathi, S., Rastogi, N., 2017. 

Temporal Characteristics of Brown Carbon over the Central Indo-

Gangetic Plain. Environmental Science and Technology 51, 6765–6772. 

https://doi.org/10.1021/acs.est.7b00734 

Schkolnik, G., Falkovich, A.H., Rudich, Y., Maenhaut, W., Artaxo, P., 2005. 

New analytical method for the determination of levoglucosan, 

polyhydroxy compounds, and 2-methylerythritol and its application to 

smoke and rainwater samples. Environmental Science and Technology 

39, 2744–2752. https://doi.org/10.1021/es048363c 

Seinfeld, J. H. and Pandis, S. N., 2006. Atmospheric Chemistry and Physics: 

From Air Pollution to Climate Change, John Wiley & Sons, New York, 

2nd edition, 1232 pp., ISBN-13: 978-0-471- 72018-8. 

Seinfeld, J.H., Pankow, J.F., 2003.Organic Atmospheric Particulate matter. 

Annual Review of Physical Chemistry 54, 121–140. doi: 

10.1146/annurev.physchem.54.011002.103756 

Shamjad, P.M., Tripathi, S.N., Pathak, R., Hallquist, M., Arola, A., Bergin, 

M.H., 2015. Contribution of Brown Carbon to Direct Radiative Forcing 

over the Indo-Gangetic Plain. Environmental Science and Technology 

49, 10474–10481. doi: 10.1021/acs.est.5b03368 

 



REFERENCES 

165 | P a g e  

 

Simoneit, B.R.T., Schauer, J.J., Nolte, C.G., Oros, D.R., Elias, V.O., Fraser, 

M.P., Rogge, W.F., Cass, G.R., 1999. Levoglucosan, a tracer for 

cellulose in biomass burning and atmospheric particles. Atmospheric 

Environment 33, 173–182. https://doi.org/10.1016/S1352-

2310(98)00145-9 

Singh, A., Rajput, P., Sharma, D., Sarin, M.M., Singh, D., 2014. Black carbon 

and elemental carbon from postharvest agricultural-waste burning 

emissions in the Indo-Gangetic plain. Advance Meteorology 2014. 

https://doi.org/10.1155/2014/179301 

Singh, A., Rastogi, N., Patel, A., Satish, R.V., Singh, D., 2016. Size-

Segregated Characteristics of Carbonaceous Aerosols over the 

Northwestern Indo-Gangetic Plain: Year Round Temporal Behavior. 

Aerosol Air Quality Research 16, 1615–1624. 

https://doi.org/10.4209/aaqr.2016.01.0023 

Spracklen, D. V., Jimenez, J.L., Carslaw, K.S., Worsnop, D.R., Evans, M.J., 

Mann, G.W., Zhang, Q., Canagaratna, M.R., Allan, J., Coe, H., 

McFiggans, G., Rap, A., Forster, P., 2011. Aerosol mass spectrometer 

constraint on the global secondary organic aerosol budget. Atmospheric 

Chemistry and Physics 11, 12109–12136. doi:10.5194/acp-11-12109-

2011 

Srinivas, B., Sarin, M.M., 2013. Light absorbing organic aerosols (brown 

carbon) over the tropical Indian Ocean: Impact of biomass burning 

emissions. Environmental Research Letters 8. 

https://doi.org/10.1088/1748-9326/8/4/044042 

Srinivas, B., Sarin, M.M., 2014. Brown carbon in atmospheric outflow from 

the Indo-Gangetic Plain: Mass absorption efficiency and temporal 

variability. Atmospheric Environment 89, 835–843. 

https://doi.org/10.1016/j.atmosenv.2014.03.030 



REFERENCES 

166 | P a g e  

 

Srinivas, B., Rastogi, N., Sarin, M.M., Singh, A., Singh, D., 2016. Mass 

absorption efficiency of light absorbing organic aerosols from source 

region of paddy-residue burning emissions in the Indo-Gangetic Plain. 

Atmospheric Environment 125, 360–370. 

https://doi.org/10.1016/j.atmosenv.2015.07.017 

Sudheer, A.K., Rengarajan, R., 2015. Time-resolved inorganic chemical 

composition of fine aerosol and associated precursor gases over an urban 

environment in western India: Gas-aerosol equilibrium characteristics. 

Atmospheric Environment 109, 217–227. 

https://doi.org/10.1016/j.atmosenv.2015.03.028 

Sun, H., Biedermann, L., Bond, T.C., 2007. Color of brown carbon: A model 

for ultraviolet and visible light absorption by organic carbon aerosol. 

Geophysical Research Letters 34, 1–5. 

https://doi.org/10.1029/2007GL029797 

Sun, J., Zhi, G., Hitzenberger, R., Chen, Y., Tian, C., Zhang, Y., Feng, Y., 

Cheng, M., Zhang, Y., Cai, J., Chen, F., Qiu, Y., Jiang, Z., Li, J., Zhang, 

G., Mo, Y., 2017. Emission factors and light absorption properties of 

brown carbon from household coal combustion in China. Atmospheric 

Chemistry and Physics 17, 4769–4780. doi:10.5194/acp-17-4769-2017 

Tripathi, S.N., Tare, V., Chinnam, N., Srivastava, A.K., Dey, S., Agarwal, A., 

Kishore, S., Lal, R.B., Manar, M., Kanawade, V.P., Chauhan, S.S.S., 

Sharma, M., Reddy, R.R., Gopal, K.R., Narasimhulu, K., Reddy, L.S.S., 

Gupta, S., Lal, S., 2006. Measurements of atmospheric parameters 

during Indian Space Research Organization Geosphere Biosphere 

Program Land Campaign II at a typical location in the Ganga Basin: 2. 

Chemical properties. Journal of Geophysical Research 111. 

doi:10.1029/2006JD007278 

 

 



REFERENCES 

167 | P a g e  

 

Updyke, K.M., Nguyen, T.B., Nizkorodov, S.A., 2012. Formation of brown 

carbon via reactions of ammonia with secondary organic aerosols from 

biogenic and anthropogenic precursors. Atmospheric Environment 63, 

22–31. https://doi.org/10.1016/j.atmosenv.2012.09.012 

Verma, S., Payra, S., Gautam, R., Prakash, D., Soni, M., Holben, B., Bell, S., 

2013. Dust events and their influence on aerosol optical properties over 

Jaipur in Northwestern India. Environmental Monitoring and 

Assessment 185, 7327–7342. doi:10.1007/s10661-013-3103-9 

Wang, G., Kawamura, K., Xie, M., Hu, S., Gao, S., Cao, J., An, Z., Wang, Z., 

2009. Size-distributions of n-alkanes, PAHs and hopanes and their 

sources in the urban, mountain and marine atmospheres over East Asia. 

Atmospheric Chemistry Physics 9, 8869–8882. 

https://doi.org/10.5194/acp-9-8869-2009 

Wang, H., Kawamura, K., Shooter, D., 2005. Carbonaceous and ionic 

components in wintertime atmospheric aerosols from two New Zealand 

cities: Implications for solid fuel combustion. Atmospheric Environment 

39, 5865–5875. https://doi.org/10.1016/j.atmosenv.2005.06.031 

Wang, Y., Hu, M., Lin, P., Guo, Q., Wu, Z., Li, M., Zeng, L., Song, Y., Zeng, 

L., Wu, Y., Guo, S., Huang, X., He, L., 2017. Molecular 

Characterization of Nitrogen-Containing Organic Compounds in 

Humic-like Substances Emitted from Straw Residue Burning, 

Environmental Science and Technology 51, 5951−5961. doi: 

10.1021/acs.est.7b00248 

Wang, Y., Zhuang, G., Xu, C., An, Z., 2007. The air pollution caused by the 

burning of fireworks during the lantern festival in Beijing. Atmospheric 

Environment 41, 417–431. 

https://doi.org/10.1016/j.atmosenv.2006.07.043 

Williams, J., Reus, M. De, Krejci, R., Fischer, H., Ström, J., 2002. 

Application of the variability-size relationship to atmospheric aerosol 



REFERENCES 

168 | P a g e  

 

studies: Estimating aerosol lifetimes and ages. Atmospheric Chemistry 

and Physics 2, 133–145. doi:10.5194/acp-2-133-2002 

Xie, M., Chen, X., Hays, M.D., Lewandowski, M., Offenberg, J., Kleindienst, 

T.E., Holder, A.L., 2017. Light Absorption of Secondary Organic 

Aerosol: Composition and Contribution of Nitroaromatic Compounds. 

Environmental Science and Technology 51, 11607–11616. 

https://doi.org/10.1021/acs.est.7b03263 

Yan, J., Wang, X., Gong, P., Wang, C., Cong, Z., 2018. Science of the Total 

Environment Review of brown carbon aerosols: Recent progress and 

perspectives. Science of Total Environment 634, 1475–1485. 

https://doi.org/10.1016/j.scitotenv.2018.04.083 

Zhang, X., Lin, Y.H., Surratt, J.D., Weber, R.J., 2013. Sources, composition 

and absorption angstrom exponent of light-absorbing organic 

components in aerosol extracts from the Los Angeles basin. 

Environmental Science and Technology 47, 3685–3693. 

https://doi.org/10.1021/es305047b 

Zhang, X., Lin, Y.H., Surratt, J.D., Zotter, P., Prevot, A.S.H., Weber, R.J., 

2011. Light-absorbing soluble organic aerosol in Los Angeles and 

Atlanta: A contrast in secondary organic aerosol. Geophysical Research 

Letters 38, 49385. https://doi.org/10.1029/2011GL049385 

Zhao, R., Lee, A.K.Y., Huang, L., Li, X., Yang, F., Abbatt, J.P.D., 2015. 

Photochemical processing of aqueous atmospheric brown carbon. 

Atmospheric Chemistry Physics 15, 6087–6100. 

https://doi.org/10.5194/acp-15-6087-2015 

Zhong, M., Jang, M., 2014. Dynamic light absorption of biomass-burning 

organic carbon photochemically aged under natural sunlight. 

Atmospheric Chemistry Physics 14, 1517–1525. 

https://doi.org/10.5194/acp-14-1517-2014 



LIST OF PUBLICATIONS 

169 | P a g e  
 

List of Publications: 
 

1. A. Singh, N. Rastogi, A. Patel, R. V. Satish, D. Singh, Size-Segregated 

Characteristics of Carbonaceous Aerosols over the Northwestern Indo-Gangetic 

Plain: Year Round Temporal Behaviour. Aerosol Air Qual. Res. 2016, 16 (7), 

1615–1624 DOI: 10.4209/aaqr.2016.01.0023. 

2. R.V. Satish, P.M. Shamjad, N.M. Thamban, S. N. Tripathi and N. Rastogi, 

Temporal Characteristics of Brown Carbon over the Central Indo-Gangetic Plain. 

Environ. Sci. Technol. 2017, acs.est.7b00734 DOI: 10.1021/acs.est.7b00734.  

3. P. M Shamjad, R. V. Satish, N. M Thamban, N. Rastogi, Tripathi, S. N. Absorbing 

Refractive Index and Direct Radiative Forcing of Atmospheric Brown Carbon over 

Gangetic Plain. ACS Earth Sp. Chem. 2018, 2 (1), 31–37 DOI: 

10.1021/acsearthspacechem.7b00074. 

4. N. Rastogi, A. Singh, R. V. Satish, Characteristics of sub-micron particles coming 

from a big firecrackers burning event: Implications to atmospheric pollution. 

Atmos. Pollut. Res., 2018 (accepted, in press). 

5. R. V. Satish and N. Rastogi, On the Use of Brown Carbon Spectra as a Tool to 

Understand Their Broader Composition and Characteristics: A Case Study from 

Crop-residue Burning Samples, 2018 (Under review) 

 


	01_Title.pdf
	02_Declaration.pdf
	03_Certificate.pdf
	04_Dedication.pdf
	05_Acknowledgement.pdf
	06_Abstract.pdf
	07_Table of Contents.pdf
	08_Tables and Figures.pdf
	09_List of Abbrevations.pdf
	15_References.pdf
	16_List of Publications.pdf

