
 

ABSTRACT 

PILLAI, PRIYA RAMACHANDRAN. Nitrous Oxide Emissions from Biofuel Crops and 

Atmospheric Aerosols: Associations with Air Quality and Regional Climate (Under the 

direction of Dr. Viney P. Aneja and Dr. John T. Walker) 

 

 
Emissions of greenhouse gases (GHG) and primary release and secondary formation 

of aerosols alter the earth’s radiative balance and therefore have important climatic 

implications. Savings in carbon dioxide (CO2) emissions accomplished by replacing fossil 

fuels with biofuels may increase the nitrous oxide (N2O) emissions. Among various 

atmospheric trace gases, N2O, irrespective of its low atmospheric concentration, is the fourth 

most important gas in causing the global greenhouse effect. Major processes, those affect the 

concentration of atmospheric N2O, are soil microbial activities leading to nitrification and 

denitrification. Therefore, anthropogenic activities such as industrial emissions, and 

agricultural practices including application of nitrogenous fertilizers, land use changes, 

biomass combustion all contribute to the atmospheric N2O concentration. The emission rates 

of N2O related to biofuel production depend on the nitrogen (N) fertilizer uptake efficiency of 

biofuel crops. However, crops with less N demand, such as switchgrass may have more 

favorable climate impacts when compared to crops with high N demands, such as corn. 

Despite its wide environmental tolerance, the regional adaptability of the potential biofuel 

crop switch grass varies considerably. Therefore, it is important to regionally quantify the 

GHG emissions and crop yield in response to N-fertilization. A major objective of this study 

is to quantify soil emissions of N2O from switchgrass and corn fields as a function of N-

fertilization. The roles of soil moisture and soil temperature on N2O fluxes were analyzed. 

These N2O observations may be used to parameterize the biogeochemical models to better 

understand the impact of different N2O emission scenarios. This study allows for 



 

improvements in climate models that focus on understanding the environmental impacts of the 

climate change mitigation strategy of replacing fossil fuels with biofuels.  

 

As a second major objective, the top of the atmosphere (TOA) shortwave aerosol direct 

radiative forcing (SWARF) by regionally nucleated particles over a forest site in the 

Southeastern United States was estimated. Particle size distributions (aerodynamic diameter, 

Dp 10.2 nm to 250 nm), total number concentrations of nucleation mode (Dp < 25 nm) and 

fine mode (25 < Dp < 250 nm) particles, and growth rates were analyzed to identify regional 

nucleation events during November 2005 to September 2007. Shortwave flux from Clouds 

and Earth's Radiant Energy System (CERES) and aerosol optical depth at 550 nm (AOD, τ550) 

from Moderate Resolution Imaging Spectroradiometer (MODIS) instruments onboard the 

Earth Observing System (EOS) Terra satellite were used to estimate SWARF. AOD was 

highest (0.38 ± 0.20) in summer (period of highest particle growth rate) and lowest (0.06 ± 

0.05) in winter (period of lowest particle growth rate). The nucleation day SWARF forcing 

was -24 ± 11 Wm-2 in summer and -15 ± 19 Wm-2
 in spring. The radiative forcing efficiency 

was lower (-54 Wm-2, τ550
-1) in summer (period of highest τ550 and organic PM2.5 

concentrations) as compared to spring (-93 Wm-2, τ550
-1). The results show that, during spring 

and summer 2006 and 2007, the radiative forcing efficiency of regionally nucleated aerosols 

was -73 Wm-2, τ550
-1. Formations of particles during regional nucleation events introduced 

significant radiative forcing that need to examine for other regions of the globe where intense 

regional nucleation events occur frequently.  
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Chapter 1 
 

1. INTRODUCTION 

Greenhouse gases (GHGs) modify the earth’s climate directly through their interactions 

with outgoing terrestrial (longwave) radiation. GHGs have a positive feedback on the 

earth’s radiative balance. Radiative forcing is the quantification of the capacity of forcing 

agents such as GHGs, clouds, and aerosols in affecting the earth’s radiative balance 

(IPCC, 2007). Nitrous Oxide (N2O), irrespective of its low atmospheric concentration, is 

the third largest contributor to radiative forcing (0.17 ± 0.03 W m
-2

) by well mixed GHGs. 

It has an average life time of 121 years and accounts for ~ 6.25% of the global greenhouse 

effect (Forster et al., 2007). The 100 years averaged global warming potential of N2O is 

about 300 (Myhre et al., 2013). This means that the greenhouse effect or in other words, 

the radiative forcing produced by unit mass of N2O is ~300 times intense than that 

produced by the same mass of carbon dioxide (CO2). N2O plays another important role in 

the concentration of stratospheric Ozone (O3). N2O through its reaction with oxygen atom 

(O(
1
D)), produced primarily by the photo-dissociation of O3, acts as a stratospheric source 

of mono-nitrogen oxides (NOx) (Seinfeld and Pandis, 2006). With the declining levels of 

chlorofluorocarbons (Montzka et al., 2011), N2O therefore turns to be the leading cause of 

stratospheric ozone depletion (Ravishankara et al., 2009). 
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The present day global concentration of atmospheric N2O is about 327 parts per billion by 

volume (ppb) (IPCC, 2013). Based on National Oceanic and Atmospheric Administration 

(NOAA) flask program’s monthly mean global N2O data from 1995 to 2013 (Figure 1.1), 

the N2O concentration has increased by about 5% at approximately 0.86 ppb yr 
-1

.  

 

 

Figure 1.1. Monthly averages of global mean N2O from January 1995 to July 2013 (Data 

Source: NOAA/ESRL halocarbons flask program). 

 

Soil N2O emissions will continue to rise in order to meet the growing demands for food 

and fuel as well as the rising dependence of agriculture on N-fertilizers (Schnepf and 

Yacobucci, 2010; U.S. EPA 2010; IPCC 2013). The U.S. Renewable Fuels Standards 

(U.S. RFS) has set a goal of the use of 36 billion gallons of renewable transportation fuels 

by 2022 in the United States (Schnepf and Yacobucci, 2010) and is expected to be 
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associated with economic and environmental benefits (U.S. EPA 2011). As a result of the 

growing biofuel demands, expansions in crop land, expansions in fertilized land use, and 

the accompanying intense agricultural activities including irrigation, tillage operations, 

and associated increase in soil microbial activities may lead to enhanced soil N2O 

emissions. About 78% of the global nitrous oxide emissions come from agriculture of 

which ~67% comes from agricultural soils mainly through microbial transformation of 

nitrogen (N) compounds in the soil (Mosier et al, 1998). Therefore, anthropogenic 

activities such as industrial emissions, agricultural practices including application of 

nitrogenous fertilizers, land use changes, and biomass combustion all contribute to the 

atmospheric N2O concentration (Hillel, 1998).  

The need for an alternate climate friendly fuel to mitigate fossil fuel driven climate change 

as well as the rising energy demands are the two major factors responsible for the rapid 

growth in biofuel production. Crutzen et al., (2008) concluded that soil N2O emissions 

from N-fertilizer application in biofuel production can be 3 to 5 times greater than current 

estimates and can partially offset the greenhouse gas mitigation expected to accomplish by 

replacing fossil fuels, the primary anthropogenic source of CO2, with biofuels. For these 

reasons, an efficient shift from fossil fuel to biofuel may only be associated with both 

economic and environmental benefits.  

To reach the 36 billion gallons biofuel production goal set by US RFS, 2010, the biofuel 

industry will need an increased supply of current feedstock such as corn and large scale 

production of promising crops such as switchgrass. This goal mandates the production of 

16 billion gallons of cellulosic and agricultural waste-based biofuel and to qualify in this 
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undertaking, the cellulosic biofuels must be efficient enough to decrease its lifecycle GHG 

emissions by no less than 60% (Schnepf and Yacobucci, 2010). Therefore, it is of extreme 

interest to the researches around the world to identify alternate energy crops, to quantify 

their contribution to N2O emissions in relation to reduction in CO2 emissions achieved by 

replacing fossil fuels with biofuel, and further to quantify their role in the GHG 

mitigation. Switchgrass is a tall-grass prairie native to North America and can grow in a 

wide spectrum of ecotypes in various geographic locations (Palmer et al, 2014; Parrish et 

al, 2003; Parish et al, 2016). Initial considerations on switchgrass focused primarily on its 

potential as a crop on marginal land. A study by Robertson et al in 2008 demonstrated the 

environmental benefits of lignocellulosic feedstock. Over the years, switchgrass has 

grown from a common tall-grass prairie to one of the widely mentioned potential energy 

crop (Hamilton et al, 2015; Wolf and Fiske, 2009). It was proposed as a model crop for 

energy feedstock by the US Department of Energy (U.S. DoE) due to multiple factors 

including relatively higher biomass yield over wide range of geographical and climatic 

conditions, lower fertilization and water demands than corn. Additional benefits of these 

warm season grasses are their relatively lower requirement for routine management 

practices (as a perennial crop), role as a wildlife habitat because of the complex fibrous 

root system, and its positive contribution in the soil carbon credits. Switchgrass has the 

potential to reduce soil-N losses through nitrate (NO3
-
) leaching and N2O emissions 

(Smith et al, 2013). Additional benefits of switchgrass as a biofuel crop include the 

reduction in wind flow at the soil surface and evaporation and enhancement in infiltration 

(Dale et al, 2011). Moreover, these crops can be grown on marginal lands or can be 
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rotated with other crops. The deep fibrous rooting system of switchgrass can serve as an 

invertebrate habitat in addition of being an excellent carbon sink. The soil organic carbon 

sequestration by switchgrass is two to four times greater than was parameterized in crop 

models (Follet et al, 2012). Increase in soil organic carbon further improves soil structure 

(Lal, 2009).  

Emission rates of N2O depend on the N- fertilizer uptake efficiency of crops. Therefore, 

crops with less N demand and high N-uptake efficiency, such as switchgrass, may have 

more favorable climate impacts as compared to crops with high N demands and relatively 

low N-uptake efficiency, such as corn. Like corn, in order to realize optimal crop yields, 

nitrogen fertilizer must be applied, resulting in N2O emissions.  

In North Carolina, switchgrass has the potential to become a favorable (smaller N to dry 

matter ratio) lignocellulosic bio-energy feedstock (Palmer et al, 2014). For the 

aforementioned reasons (Dale et al, 2011; Follet et al, 2012; Hamilton et al, 2015; Palmer 

et al, 2014; Smith et al, 2013; Wolf et al., 2008), switchgrass based cellulosic biofuels 

may be a promising greener alternative to food-crop or fossil fuel based liquid 

transportation fuels. However, a recent study (Ruan et al, 2016) pointed out the 

importance of minimizing the use of N-fertilizers, in order to achieve climate benefits, in 

the second generation biofuel crops such as switchgrass. Their study showed a reduction 

by about 2.74 Mg CO2e ha
-1

 yr
-1

 in the GHG mitigation capacity in bio-ethanol production 

from switchgrass fertilized at 196 kg N ha
-1

 compared to that fertilized at 56 kg N ha
-1

. 

Moreover, the energy replacement ratio (energy delivered per unit of fossil energy 

consumption as part of energy production) between cellulosic ethanol and fossil fuel is 
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~10 and that between corn ethanol and fossil fuel is ~1.4 (U.S. DoE, 2006). At present, 

there is only limited knowledge on the N2O emissions from switchgrass fields, which 

precludes comparison to other crops and development of a full life-cycle analysis of the 

cost of switchgrass production. Moreover, the complex influences of N-fertilizer on the 

N2O emission rates during switchgrass cultivation are not yet fully characterized. In this 

study, the N2O fluxes from switchgrass and corn are examined and compared. 

The objectives of this study are to (i) quantify the soil N2O emissions, as a function of 

three different N-fertilizer application rates, from a potential biofuel crop of high N-

uptake capacity, switchgrass; (ii) at the same N-fertilizer application rates, compare with 

N2O emission from the current major biofuel crop, corn; and (iii) analyze the complex 

interactive influences of nitrogen fertilization, soil moisture, and soil temperature on soil 

N2O fluxes. The current study therefore attempts to establish an improved understanding 

on the adaptation of switchgrass as a potential biofuel crop in the southeastern US. 

We further examined the associations of newly formed particles with the air quality and 

the regional climate of the southeast U.S. Atmospheric aerosols contribute to acid rain, 

and impair visibility. Aerosols, similar to GHGs, also alter the earth’s radiation budget. 

Depending on the type of aerosols or their chemical compositions, these radiative 

interactions can either be direct by scattering incoming solar radiation and absorbing 

outgoing long wave radiation or be indirect by acting as cloud condensation nuclei to 

modify cloud micro-physical properties (Ramanathan et al., 2007). However, large 

uncertainties in the understanding aerosols and their formation mechanisms and the 

estimation of their effects on regional or global climate persist (IPCC, 2007; IPCC 2013). 
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Aerosols can either be directly emitted (primary) from natural and anthropogenic sources, 

or formed from gas phase precursors (secondary). Aerosol production mechanisms, 

number concentrations, and chemical composition are highly dependent on geographical 

location, air mass origin, source type, meteorology, and atmospheric chemistry. As a 

second major objective, the top of the atmosphere (TOA) shortwave aerosol direct 

radiative forcing (SWARF) by regionally nucleated aerosols over the  suburban Duke 

forest site in the Southeastern United States were estimated. Particle size distributions 

(aerodynamic diameter, Dp 10.2 nm to 250 nm), total number concentrations of nucleation 

mode (Dp < 25 nm) and fine mode (25 < Dp < 250 nm) particles, and growth rates were 

analyzed to identify regional nucleation events during November 2005 to September 

2007. Shortwave flux from Clouds and Earth's Radiant Energy System (CERES) and 

aerosol optical depth at 550 nm (AOD, τ550) from Moderate Resolution Imaging 

Spectroradiometer (MODIS) instruments onboard the Earth Observing System (EOS) 

Terra satellite were used to estimate SWARF.  

These two major objectives or studies are presented as two separate sections in this thesis. 

Each of these sections includes scientific background, experimental, results, discussions, 

and conclusions. These sections are followed by a chapter detailing the overall 

conclusions and the future directions.  

  



8 

 

 

REFERENCES 
 

Crutzen, P.J., Mosier, A.R., Smith, K.A. and Winiwarter, W., 2008. N2O release from 

agro-biofuel production negates global warming reduction by replacing fossil fuels. 

Atmospheric chemistry and physics, 8(2), pp.389-395. 

 

Dale, V.H., Kline, K.L., Wright, L.L., Perlack, R.D., Downing, M. and Graham, R.L., 

2011. Interactions among bioenergy feedstock choices, landscape dynamics, and land 

use. Ecological Applications, 21(4), pp.1039-1054. 

 

Follett, R.F., Vogel, K.P., Varvel, G.E., Mitchell, R.B. and Kimble, J., 2012. Soil carbon 

sequestration by switchgrass and no-till maize grown for bioenergy. BioEnergy 

Research, 5(4), pp.866-875.  

 

Forster, A., Schouten, S., Baas, M. and Damsté, J.S.S., 2007. Mid-Cretaceous (Albian–

Santonian) sea surface temperature record of the tropical Atlantic Ocean. Geology, 35(10), 

pp.919-922. 

 

Hamilton S.K., Hussain M.Z., Bhardwaj A.K., Basso B. and Robertson G.P., 2015. 

Comparative water use by maize, perennial crops, restored prairie, and poplar trees in the 

US Midwest. Environmental Research Letters, 10(6), p.064015. 

 



9 

 

Hillel, D., 1998. Environmental soil physics: Fundamentals, applications, and 

environmental considerations. Academic press. 

 

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working 

Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate 

Change. Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, 

M. and Miller, H.L.  (Eds.). Cambridge University Press, Cambridge, United Kingdom 

and New York, NY, USA, 996 pp. 

 

IPCC, 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change. Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K., Boschung, J., 

Nauels, A., Xia, Y., Bex, V. and Midgley, P.M. (eds.). Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA, 1535 pp. 

 

Lal, R., 2009. Challenges and opportunities in soil organic matter research.European 

Journal of Soil Science, 60(2), pp.158-169. 

 

Montzka, S.A., Dlugokencky, E.J. and Butler, J.H., 2011. Non-CO2 greenhouse gases and 

climate change. Nature, 476(7358), pp.43-50. 

 



10 

 

Mosier, A., Kroeze, C., Nevison, C., Oenema, O., Seitzinger, S. and Van Cleemput, O., 

1998. Closing the global N2O budget: nitrous oxide emissions through the agricultural 

nitrogen cycle. Nutrient cycling in Agroecosystems, 52(2-3), pp.225-248. 

 

Myhre, G., Shindell, D., Bréon, F.M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., 

Lamarque, J.F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., 

Takemura, T. and Zhang, H., 2013. Climate Change 2013: The Physical Science Basis. 

Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change. Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K., 

Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P.M. (eds.), Cambridge University 

Press Cambridge, United Kingdom and New York, NY, USA. 

 

Palmer, I.E., Gehl, R.J., Ranney, T.G., Touchell, D. and George, N., 2014. Biomass yield, 

nitrogen response, and nutrient uptake of perennial bioenergy grasses in North Carolina. 

Biomass and Bioenergy, 63, pp.218-228. 

 

Parish, E.S., Dale, V.H., English, B.C., Jackson, S.W. and Tyler, D.D., 2016. Assessing 

multimetric aspects of sustainability: Application to a bioenergy crop production system 

in East Tennessee. Ecosphere, 7(2).  

 



11 

 

Parrish, D.J., Wolf, D.D., Fike, J.H. and Daniels, W.L., 2003. Switchgrass as a Biofuels 

Crop for the Upper Southeast: Variety Trials and Cultural Improvements–Final Report for 

1997 to 2001. ORNL/SUB-03-19XSY163/01. 

 

Ramanathan, V., Ramana, M.V., Roberts, G., Kim, D., Corrigan, C., Chung, C. and 

Winker, D., 2007. Warming trends in Asia amplified by brown cloud solar absorption. 

Nature, 448(7153), pp.575-578. 

 

Ravishankara, A.R., Daniel, J.S. and Portmann, R.W., 2009. Nitrous oxide (N2O): The 

dominant ozone-depleting substance emitted in the 21st century. Science, 326(5949), 

pp.123-125. 

 

Robertson, G.P., Dale, V.H., Doerig, O.C., Hamburg, S.P., Melillo, J.M., Wander, M.M., 

Parton, W.J., Adler, P.R., Barney, J.N. and Cruse, R.M., 2008. Sustainable Biofuels 

Redux. Science. 322, pp.49-50. 

 

Ruan, L., Bhardwaj, A.K., Hamilton, S.K. and Robertson, G.P., 2016. Nitrogen 

fertilization challenges the climate benefit of cellulosic biofuels. Environmental Research 

Letters, 11(6), p.064007. 

 

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

Pollution to Climate Change, John Wiley & Sons Inc., Hoboken, New Jersey. 



12 

 

 

Smith, C.M., David, M.B., Mitchell, C.A., Masters, M.D., Anderson-Teixeira, K.J., 

Bernacchi, C.J. and DeLucia, E.H., 2013. Reduced nitrogen losses after conversion of row 

crop agriculture to perennial biofuel crops. Journal of environmental quality, 42(1), 

pp.219-228. 

 

Schnepf, R., and Yacobucci, B.D., July, 2010. Renewable fuel standard (RFS): overview 

and issues. In CRS Report for Congress (No. R40155). 

 

U.S. DoE, 2006. Breaking the biological barriers to cellulosic ethanol: A joint research 

agenda. U.S. Department of Energy, Washington. 

 

U.S. EPA, 2010. Regulation of fuels and fuel additives: changes to renewable fuel 

standard program; final rule, Federal register, vol. 75, No. 58, March 26, 40 CFR Part 80 

 

U.S. EPA, 2011. Biofuels and the environment: first triennial report to congress. 

EPA/600/R-10/183F. National Center for Environmental Assessment, Office of Research 

and Development, U.S. Environmental Protection Agency, Washington DC 

 

Wolf, D. and Fiske, D., 2009. Planting and Managing Switchgrass for Forage, Wildlife, 

and Conservation. Virginia Cooperative Extension. Publication 418-013. 

  



13 

 

 

 

 

 

 

 

 

 
 

 

 

Nitrous Oxide Emissions from Biofuel Crops: 

Associations with Air Quality and Regional 

Climate 
 

 

 

 

 

 

  



14 

 

 

Chapter 2 
 

 
2.  SCIENTIFIC BACKGROUND ON N2O EMISSIONS  
 

Most of the nitrogen present in the ecosystem is in the rocks in the lithosphere followed 

by the atmosphere where nitrogen is present as molecular nitrogen (N2). N2 cannot be 

directly broken apart and taken up by plants or microorganisms.  

  

 

2.1. The Biological Nitrogen Cycle in the Soil 

 

 

Figure 2.1. The biological nitrogen cycle in the soil atmosphere interface (Source: 

Chemistry of the Natural Atmosphere by Peter Warneck, 2000) 
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2.1.1. Nitrogen Fixation and Mineralization 

N2 enters the soil through nitrogen fixation, where the fixed N can be taken up by plants 

and microorganisms to be incorporated in their living cells. During bacterial nitrogen 

fixation, N2 is reduced by heterotrophic bacteria such as azotobactor and clostridia or by 

Rhizobia living in the root nodules of leguminous plants. Once these nitrogen 

incorporated plants or microorganisms decay, the organic matter is decomposed and 

undergoes mineralization to ammonium (NH4
+
) and ammonia (NH3) (Rosswall, 1981).  

 

2.1.2. Nitrification 

In well aerated soils, nitrification (oxidation of NH4
+
 via the intermediate hydroxylamine, 

NH2OH) takes place through microbial activity. Nitrosomonas bacteria oxidize NH4
+
 to 

nitrite (NO2
-
) and Nitrobactor bacteria further oxidize NO2

-
 to NO3

-
.  

 

NH4
+
 → NH2OH → NO2

-
 → NO3

-
       (2.1) 

 

 

Under oxygen limiting conditions, the NO2
-
 can serve as an electron acceptor for the NH4

+
 

oxidizers and N2O can be released. The end product of nitrification is NO3
-
, which can be 

taken up by plants and microorganisms. Once these plants/organisms die, the fixed 

nitrogen again enters back in the soil through bacterial degradation (Warneck, 2000).  
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2.1.3. Denitrification 

A portion of this fixed N undergoes denitrification which closes the N-cycle. Under 

anaerobic conditions, denitrifying bacteria utilize oxides of nitrogen as a source of oxygen 

and therefore reduce NO3
-
 to N2 in which case NO2

-
, NO, and N2O are the intermediate 

products. Figure 2.1 shows the biological nitrogen cycle in soils and its connection with 

the atmosphere (Warneck, 2000). 

 

   NO3
-
 → NO2

-
 → NO → N2O → N2       (2.2) 

 

In oxygen deficient (high soil water content) conditions denitrification of NO3
-
 is the 

primary N2O production pathway.  

 

2.2. Factors Affecting Soil N-Cycle 

Major contributors of atmospheric N2O are soils and these emissions are governed by soil 

microbial processes and the amount of suitable mineral nitrogen substrates such as NH4
+
 

or NO3
-
. In soils, N2O is produced at the intermediate stage during both nitrification 

(oxidation of NH4
+
 to NO3

-
) and denitrification (reduction of NO3

-
to NH4

+
) (Hillel, 1998). 

Soil microbial processes are influenced by temperature and precipitation. Therefore, the 

N2O emissions from soil show strong diurnal and seasonal variations. Depending on the 

soil aeration conditions, N2O or nitric oxide (NO) can be the dominant end product during 

denitrification. Under anaerobic soil conditions, denitrifying bacteria make use of the 
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oxygen in nitrogen compounds and therefore NO is further reduced before escaping the 

soil, and the more reduced oxide, N2O will be the end product. Soil microbial activity 

depends on both soil temperature and soil volumetric water content. In oxygen deficient 

(high soil water content) conditions, denitrification (Russow et al., 2000) of NO3
-
 to N2 

and N2O is regarded as the primary N2O production pathway. Denitrification happens 

primarily in wet soils where denitrifying bacteria reduce NO3
-
 to N2 and N2O to gain 

oxygen. Anaerobic soil conditions with wet soils having Water-Filled Pore Space (WFPS) 

> 50% primarily cause denitrification driven N2O emissions (Ussiri and Lal, 2013). 

However under oxygen rich conditions, nitrification of NH4
+
 to NO3

-
 may produce N2O 

(Firestone and Davidson, 1989; Ussiri and Lal, 2013). In dry and well-aerated soil, the 

oxidative process of nitrification dominates and the more oxidized gas, NO, is the most 

common nitrogen oxide emitted from the soil. Because the diffusivity of gases is high in 

dry soils, much of the NO can diffuse out of the soil before it is consumed. The water 

filled pore space (%WFPS) is therefore important as it impacts the soil diffusivity. Soil 

type is another important factor. In wet soils, where gas diffusivity is lower and aeration is 

poorer, much of the NO is reduced before escaping the soil, and the more reduced oxide, 

N2O (Figure 2.1), is therefore the dominant end product. When the soil is even more 

water-saturated and mostly anaerobic, N2O can be reduced to N2 by denitrifiers before it 

escapes the soil. 

  



18 

 

2.3. Agricultural N2O Emission 

In the U. S., the crop lands constitute only 49% of agricultural land; however, these 

contribute to about 69% of direct N2O emissions (University of Missouri, 2010). Whereas, 

grass lands constitute about 51% of agricultural land area and only contribute ~29% of 

direct N2O emissions (University of Missouri, 2010). Figure 2.2 shows Agricultural N2O 

Emissions.  

 

Agriculture related anthropogenic activities such as deforestation, land use change, raising 

animals, application of nitrogenous fertilizers, and burning of biomass are all responsible 

for the increasing concentration of atmospheric N2O (Hillel, 1998). 

 

Among major crop lands, corn and soybean crops account for the highest N2O emissions 

in the U.S. (Del Grosso et al., 2005). The adaptation of efficient agricultural practices can 

increase carbon sequestration (McLaughlin and Kszos 2005; Schlesinger 1999; Smith et 

al, 2008), reduce GHG emissions (Lal 2004a; Lal 2004b), and improve air and water 

quality (Schahczenski and Hill 2009). Owing to spatial and temporal variability associated 

with contributing factors, soil emissions of N2O exhibit significant spatial (Folorunso and 

Rolston 1984; Mathieu et al, 2006) and temporal variability (Smith et al, 2010; Schelde et 

al, 2012) even on field scales. Moreover, soil microbial communities vary greatly in space 

(Saetre and Bååth, 2000) and time (Lauber, 2013) within and across the ecosystems. 

These variations pose major challenges in the quantification of soil emissions of N2O. 
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Figure 2.2. Important pathways associated with agricultural N2O Emissions 
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In the United States, the agriculture sector accounts for the largest source of N2O 

emissions (263.7 MMT CO2 Eq. in 2013) of which agricultural soil management activities 

(e.g. fertilizer application, organic amendments, crop residues) make the highest 

contributions (US EPA, 2015). In the United States, for both direct and indirect emissions, 

crop lands account for the most N2O emissions (~85% of the 263 MMT CO2 Eq. in 2013) 

followed by grazing land (US EPA, 2015).  

  

On a global scale, the majority of N2O emissions come from agricultural soils (Del Grasso 

et al., 2005) and best management practices must be developed and implemented to 

minimize the environmental effects of biofuel production. In the U.S., agricultural soil 

management accounted for ~74% of total N2O emissions in 2013 (U.S. EPA, 2015). Corn, 

a major food crop, is the current major crop for biofuel production. In the U.S., 

approximately 40% of the total annual corn production is being converted to bio-ethanol 

(Song et al, 2015). Growing energy demands in combination with its role as a widely used 

food and fuel crop enhance the competition between food and fuel from corn. A study by 

Foley et al (2005) on different land use regimes illustrated that intensively managed 

croplands were able to produce food in abundance but at the cost of several beneficial 

ecosystem services, including carbon sequestration, regional climate and air quality 

regulation, preserving habitats and biodiversity, water quality regulation etc.  

 



21 

 

As previously mentioned, the soil microbial communities in combination with other soil 

physical and chemical characteristics are responsible for N2O emissions. The 

contributions of N2O emissions from these factors have reasonably been addressed 

(Berthrong et al, 2014; Matson et al, 2002; Ramirez et al, 2010). Response to amount of N 

input is different across ecosystems. N-fertilizer as a substrate for soil microbial activities 

either through nitrification or denitrification contribute significantly to the soil N2O 

(Smith et al., 2003).  In N-limited temperate soils, addition of N enhances plant growth, at 

least initially; however, long term fertilization practices revealed enhanced emissions of 

N2O (Ramirez et al, 2010) in the eastern United States. A study by Sehy et al in 2003 in a 

corn field showed that pulsed emissions of N2O were observed following fertilization, 

rainfall, harvest, and tillage practices. Davidson in 1992 reported that N2O emissions 

began within minutes in response to wetting of relatively dry soil. The cumulative flux of 

N2O was about two times greater (8.7 kg N2O-N ha
-1

) in the high yield region (where 

relative abundance of water and nutrient supply was higher) compared to the low yield 

region (3.9 kg N2O-N ha
-1

) of the experimental site. The same study also demonstrated 

that, for low yield areas, lowering the fertilization rate from 150 to 120 kg N fertilizer ha
-1 

resulted in a 34% reduction of the quantity of N2O released into the atmosphere. Zhou et 

al (2013) reported that N2O fluxes for different fertilization rates (0 N, 150 kg N ha
−1

, and 

250 kg N ha
−1

) applied to a wheat-corn rotation in the Sichuan basin in China resulted in 

the emission of 1.9 to 6.7 kg N ha
−1

 yr
−1

. Mosier et al in 1991 showed that direct N input 

to the soil (through agricultural management practice) resulted in the net production of 

N2O. A study by Sänger et al, 2011 revealed that irrespective of the differences in the rate 
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of fertilizer application, a 10 
0
C increase in soil temperature resulted in a slightly less than 

four-fold increase in the N2O emission. The N-fertilization rates for switchgrass 

recommended by previous studies exhibit significant variability.  

 

Soil N2O emissions are therefore expected to vary as a function of the amount of N-

fertilizer applied, time since fertilization, soil temperature, and soil volumetric water. For 

example, when fertilizer was placed closer to the plant roots at the early stages of plants, 

N2O emission was low compared to different treatment methods applied. However, in this 

case the plant growth was not as enhanced as compared to the treatment in which fertilizer 

was premixed with the soil before planting (Council for Agricultural Science and 

Technology (CAST), 2004). The adoption of an optimized fertilization practice could 

potentially lead to a reduction in N2O emission (Mosier and Kroeze, 2000) by 30-40% 

(CAST, 2004).  
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Chapter 3 
 
3.  N2O EMISSIONS FROM BIOFUEL CROPS 
 

In North Carolina, switchgrass has the potential to become a favorable (smaller N to dry 

matter ratio) lignocellulosic bio-energy feedstock (Palmer et al, 2014a; McLaughlin and 

Kszos, 2005). Switchgrass seeds can germinate in a fairly wide range of soil acidity in 

warm soils. The pH range of 5 to 8 and soil temperature range of 25 – 35
0
C were observed 

to be the optimum for germination (Hanson and Johnson, 2005). A study in the northern 

Great Plains showed a three-fold increase, from control (0 N ha
-1

 yr
-1

 ) to 60 kg N ha
-1

 yr
-1

 

treatment, in the N2O emissions from switchgrass (Schmer et. al., 2012). Another study 

conducted in eastern Nebraska (Follet et. al., 2012) pointed out that there were significant 

improvements in the soil C credits associated with 60 kg N ha
-1

 yr
-1

 treatment compared to 

the control treatment (0 kg N ha
-1

 yr
-1

). These improvements were observed in the 0-150 

cm soil layer where > 50% C-sequestration occurred in layers deeper than 30 cm. In their 

study (Follet et. al., 2012), found that the greatest total biomass yield (11.4 Mg ha
-1

 yr
-1

) 

for switchgrass was associated with 120 kg N ha
-1

 yr
-1

. In our study we attempted to 

quantify the N2O emissions, from corn and switchgrass, as a function of management 

practices and environmental variables. The inference drawn from our study warrants the 

urgent need for additional region specific studies to fill the large information gaps in the 

GHG emissions and biomass production from biofuel crops. Moreover, the huge spatial 
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and temporal variations in the GHG emissions associated with biofuel production 

additionally demands a well updated emission inventory and accurate life cycle 

assessment (LCA) of crops relevant to bio-energy production. The preparation of a 

regionally specific, accurate emission inventory therefore is crucial in the LCA studies 

attempting to fill the information gaps regarding the environmental impacts of crops 

(including but not limited to crop variety, regional adaptability, land use change, response 

to N-fertilization rate and other management practices) associated with biofuel production   

 

There have been relatively few studies conducted in the southeastern United States to 

quantify the regional adaptability and the crop yield from switchgrass. McLaughlin and 

Kszos (2005) estimated a 25% reduction in the production cost of switchgrass through a 

50% increase in the crop yield. This increase in switchgrass productivity in conventional 

agroecosystems was achieved through the selection of the best regionally adapted crop 

variety and through the adaptation of optimum management practices. Palmer et al, 

(2014b) studied the crop yield for two ecotypes (mountainous and coastal low land) for 

different N-fertilizer application rates and their study revealed no considerable variation in 

the biomass production. A study by Wullschleger et al, (2010) showed a biomass yield of 

12.9 ± 5.9 Mg ha
-1

 for low lands. Modeling study by Ogle et al, (2008) suggested that 

about 2 – 2.5% of N-fertilizer added to the cropland may emit as N2O. The IPCC 2006 

(De Klein et al., 2006) guidelines suggest an emission factor of 1.0% for synthetic 

fertilizer application. Following this, Syakila and Kroeze, (2011) created a new emission 

inventory for global N2O emissions by adding two new terms, a new ocean source term 
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and an uptake of N2O at the earth’s surface term, to the IPCC 2006 guidelines. This new 

inventory reported an emission factor of 0.9% for direct N2O emissions associated with 

synthetic fertilizer application. Studies by Follet et al, (2012) and Hartman et al, (2011) 

suggested improved soil quality associated with switchgrass soils. A study conducted in 

Edinburgh, Scotland by Jones et al, 2011 found that the cumulative flux emitted from 

grasslands ranged between 0.03 to 2.89 kg N ha
-1

. Studies by Monti et al, (2011) and Wile 

et al, (2014), found switchgrass was a modest crop in the context of biofuel production 

with relatively low GHG emissions. In a study by Wile et al, (2014) conducted in Nova 

Scotia, Canada, the cumulative N2O flux remained significantly lower than the current 

direct emission factor of 1%. In a field scale study conducted in south-central Wisconsin, 

the N2O emissions from switchgrass corresponding to an ammonium nitrate, (NH4)NO3 

fertilizer applied plot (56 kg N ha
-1

) were 3 times greater when compared to unfertilized 

plots (Duran et al, 2016). The same study also showed the N2O emission factor for 

switchgrass as 2.4% in 2011 and 1.5% in 2012.  
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Table 3.1. Previous switchgrass studies addressing nitrogen fertilizer application for 

different regions of the US listed by state, the major parameters evaluated, and references 

for each study. 

Study Objectives Area Reference 

The roles of harvest periods and N- fertilization rates 

(0, 60, 120, 180, 240, and 300 kg N ha
−1

) were 

investigated on the upland variety switchgrass. Biomass 

yields with 120 kg N ha
−1

 were identified as optimum 

(10.5 - 11.2 Mg ha
−1

 at NE; 11.6 - 12.6 Mg ha
−1

 at IA). 

Higher fertilization than this rate was associated with 

elevated inorganic N in the soil. 

Iowa and 

Nebraska, 

U.S. 

Vogel et al., 

2002 

Examined the production potential of upland (Cave-in-

Rock and Shelter) and lowland (Alamo and Kanlow) 

varieties of switchgrass to identify the optimum variety 

for higher biomass production. 

North Carolina, 

Tennessee, 

Virginia, West 

Virginia, and 

Kentucky 

U.S. 

Fike et al., 

2006 

Crop yield and C-sequestration in corn and switchgrass 

as a function of N-fertilization and management 

practices 

Nebraska,  

U.S. 

Follet et al, 

2012 

Crop yield, methane and N2O emissions from 

switchgrass and Reed Canarygrass as a function of N-

fertilization (0, 40, and 120 kg N ha
-1

 yr
-1

) 

Nova Scotia, 

Canada 

Wile et al, 

2014 

The regional adaptability of switchgrass in North 

Carolina was examined among other perennial bio-

energy grasses. Due to low nutrient removal and high 

crop yield, switchgrass was suggested as one of the more 

productive bio-energy crops suitable for North Carolina 

North Carolina 

U.S. 

Palmer et al, 

2014a 

N2O emissions from switchgrass were examined as a 

function of fertilization (0 and 56 kg N ha
-1

 yr
-1

 ) 

Wisconsin, 

U.S. 

Duran et al, 

2016 

Crop yield, N2O emissions were examined as a function 

of fertilization rates (0, 28, 56, 84, 112, 140, 168, and 

196 kg N ha
-1

 yr
-1

) 

Southwest 

Michigan 

Ruan et al, 

2016 

N2O emissions as a function of fertilization (0, 60, 120, 

and 180 kg N ha
-1

 yr
-1

) rate, soil volumetric water, and 

soil temperature were examined for switchgrass and 

corn. The role of N-fertilization on soil inorganic N 

(NO3
-
 and NH4

+
) was also investigated in both the crops 

for the 0 – 30 cm soil depth. 

North 

Carolina, U.S. 

Present 

study 
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These aforementioned studies emphasize the importance of variables such as the type of 

fertilizer, fertilizer application rate, timing of fertilization, irrigation amount and timing, 

crop type, and soil characteristics with respect to soil emissions of GHGs. Moreover, these 

studies reinstate the importance of the adoption of sustainable, but at the same time 

efficient and productive, agricultural practices specific to the region and the crop. A study 

by Edwards (2007) concluded that, despite its ability to grow in soils containing minimal 

nutrients, switchgrass showed increases in the variability among soil micro-organisms and 

subsequent microbial activity over time. Moreover, the deep fibrous root systems in 

switchgrass make it able to withstand soil conditions that are unfavorable for row crops. A 

recent 2-year field scale study (Duran et al, 2016) conducted in south-central Wisconsin 

showed switchgrass was associated with greater losses of N while having no productivity 

gain in response to fertilization. Model simulations by Ogle et al, 2008 showed the 

southeastern states in the US are associated with lowest soil N2O emissions in connection 

with crop production. The same study also pointed out the need for additional studies to 

evaluate scenarios of lowest N2O emissions in the context of GHG mitigation associated 

with biofuel production in the southeastern U.S. Ruan et al in 2016 emphasized that 

application of N-fertilizer at a rate greater than that needed by the crop may not bring the 

expected outcome of the usage of cellulosic biofuels as a greener alternative to fossil fuels 

or grain-based biofuels. Therefore, quantifying the optimal fertilizer application rate 

relevant to the crop and the region is of primary importance in achieving both economic 

and environmental benefits associated with the production of cellulosic biofuel. 
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The objectives of this study are to (i) quantify the soil N2O emissions, as a function of 

three different N-fertilizer application rates, from a potential biofuel crop of high N-

uptake capacity, switchgrass; (ii) at the same N-fertilizer application rates, compare with 

N2O emission from the current major biofuel crop, corn; and (iii) analyze the complex 

interactive influences of nitrogen fertilization, soil moisture, and soil temperature on soil 

N2O fluxes. The current study therefore attempts to establish an improved understanding 

on the adaptation of switchgrass as a potential biofuel crop in the southeastern US. 

 

 

3.1.  Methods and Materials 

 

3.1.1. Study Site 

This study was conducted at the BASF research farm in Holly Springs (35°36'29'' N, 

78°50'43'' W), North Carolina. Switchgrass (Panicum virgatum L.) was Alamo variety 

established in December, 2008, seeded at a rate of 9.2 lbs per acre and planted on 16” row 

spacing. Alamo varieties are lowland ecotype switchgrass and are suitable to grow in 

warm and moist regions. The crop was cut annually and fertilized once in spring. Corn 

(Zea mays) was DeKalb C6805 variety planted at a density of 28,000 seeds per acre on 

40” row spacing (in-row of 5.5”).  Switchgrass and corn plots were maintained according 

to the standard protocols for production in North Carolina (Fike et al., 2006; Mitchell et. 

al., 2008). 
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Figure 3.1. Alamo variety switchgrass established in December, 2008.  

 

 

 

 

Switchgrass treatments included three N fertilization rates, 60, 120, 180 kg N ha
-1

 yr
-1

, and 

a control treatment receiving no N fertilization. 100% of fertilizer treatment was applied at 

one time at the beginning of each growing season.  Corn treatments consisted of three N 

rates, 60, 120, and 180 kg N per ha
-1

 yr
-1

, and did not include the control treatment as zero 

Switchgrass 
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N application is not a standard practice for corn. For corn, in years 2011 and 2013, 25% of 

the total nitrogen application was applied at planting and the remaining 75% was applied 

when the corn reached a height of approximately 30”. In 2012, 100% of the N treatment 

was applied at the time of planting. Fertilizer was granular ammonium sulfate, (NH4)2SO4, 

and was broadcast applied by hand. Counter insecticide was applied at planting at 4.9 lbs 

per acre applied in a t-band.  

 

A complete randomized block design consisting of four replicates of each N treatment 

level was established in each crop. The experiment was blocked in order to account for the 

slight north/south slope of the field. Individual experimental plots (replicates) were 6.7' x 

15' (2 rows) within which four permanent soil collars were randomly located for flux 

measurements. There was an untreated row between each plot and a 5' alley at the end of 

each plot. Measurements were conducted from April, 2011 to September, 2013.  
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Figure 3.2. DeKalb C6805 variety corn planted on May 5, 2011. Rows are on a 16" 

spacing.  

 

 

 

  

Corn  
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Soils at the site are Appling sandy loam (Fine, kaolinitic, thermic Typic Kanhapludults) 

consisting of  58% sand, 26% silt, and 16% clay in corn and 70% sand, 22% silt, and 8% 

clay in switchgrass in the upper 10 cm.  Other soil chemical and physical characteristics, 

provide by the BASF research farm, are summarized in Table 3.2. 

 

 
 

Table 3.2. Summary of soil physical and chemical properties (0 – 10 cm depth) for switchgrass and corn 

plots. 

 Soil Texture     

 

Crop Sand Silt Clay 

Organic 

content pH 

Cation Exchange 

Coefficient Bulk density 

Switchgrass 70% 22% 8% 1.9% 6.1 4.5 meq/100 1.48 g cm-3 

Corn 58% 26% 16 % 1.1% 6.4 3.7 meq/100 1.48 g cm-3 

 

 

 

Additional measurements of soil extractable NO3
-
 and NH4

+
 were conducted in 2011 and 

2013 post-harvest.  Triplicate soil samples were collected in each experimental plot and 

composited.  Cores of 10 cm depth were collected from three layers 0-10 cm, 10-20 cm 

and 20-30 cm.  Soils were extracted in 1 M KCl (1:5 soil/extract) and extracts were 

analyzed by colorimetry by the Analytical Service Laboratory at North Carolina State 

University, Department of Soil Science. 
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3.1.2. N2O Chamber Sampling Procedures 

 

3.1.2.1. Chamber Sampling 

 

Figure 3.3. Experimental setup in a corn plot showing the permanently inserted PVC 

collars along with the schematic of the PVC end cap (chamber). 

 

 

N2O fluxes were measured using vented static chambers following the GRACENet 

protocol (Parkin et al., 2010, Livingston and Hutchinson, 1995). Four PVC collars 

(surface area ~314 cm
2
; total volume ~3900 cm

3
; V/A ratio = 12) were permanently 

inserted randomly in the soil in each switchgrass and corn plot.  The PVC collars 

facilitated a gas tight seal with an overlying PVC end cap (~13 cm long with a beveled 

edge on one end) to create the chamber. The pressure vent dimensions on the end caps 
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followed the recommendations of Hutchinson and Mosier (1981) for wind speeds < 2 m 

sec
-1

 and ~4 L volume (vent tube length 7 cm; vent tube diameter 2 mm). The sampling 

port consisted of a Swagelok ¼ inch bulkhead fitting with 11 mm septa. Figure 3.3 shows 

the experimental setup at the corn plot. The PVC collars along with the schematic of the 

PVC end cap are also shown in Figure 3.3.  

 

During N2O sampling, the PVC chamber was inserted over the soil collar and 15 mL gas 

samples were drawn at 10, 20, and 30 minutes using a 60 ml polypropylene syringe (BD, 

Franklin Lakes, NJ) inserted into the chamber through a rubber septum. At each sampling 

interval, a total of 60 ml samples were collected by combining 15 mL samples drawn from 

each of the four rings within each plot. This approach yields a spatially integrated 

composite sample at each sampling interval. All plots within both crops were sampled on 

the same day at a frequency of twice per week following fertilization, for approximately 

three weeks, then weekly for the remainder of the growing season. 

 

After collection from the soil chamber, syringe samples were stored for up to 48 hours 

(typically less than 24 hours) prior to analysis.  To account for diffusive losses of N2O 

from the syringe during storage, loss rates were developed for syringes filled with a range 

of standard concentrations (400 to 4000 ppb N2O) and stored for a period of 72 hours.  

Field samples were corrected for storage losses based on time of storage and concentration 

in the syringe at time of analysis. This resulted in corrections of approximately 10 – 15% 

at storage times of 24 – 48 hours.  
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3.1.2.2.  N2O Sample Processing 

Concentrations of N2O in the chamber headspace are determined by gas chromatography 

(GC) /electron capture detection (ECD). The GC employs a backflush system controlled 

by a 10 port valve (Model 090-0025V; Vici Valco Instruments; Houston, TX) and is 

configured with a 6’ Hayesep D precolumn (Supelco, Inc.; Bellafonte, PA) and 12’ 

Poropak Q analytical column (Supelco, Inc.; Bellafonte, PA). The instrument is equipped 

with a 5 mCi 
63

Ni electron capture detector (Model N-1001; SRI Instruments, Inc., Las 

Vegas, NV).  The makeup gas was argon/10% methane (P10) (Airgas National Welders; 

Raleigh, NC). Air samples were analyzed by direct injection onto the sample loop.  

 

Analytical accuracy was controlled by calibrating the GC with certified N2O standards 

prepared by Scott Marrin, Inc., Riverside, CA and analyzed by the NOAA Earth Systems 

Laboratory. Prior to the analysis of each batch of samples, the GC was calibrated using the 

following standard mixtures: 

 

Calibration 1:  10 mL of 999.8 ppb N2O standard         =   999.8 ppb N2O 

Calibration 2:  8 mL of 999.8 ppb N2O standard + 2 mL of He   =   799.9 ppb N2O 

Calibration 3:  6 mL of 999.8 ppb N2O standard + 4 mL of He   =   599.9 ppb N2O 

Calibration 4:  4 mL of 999.8 ppb N2O standard + 6 mL of He   =   399.9 ppb N2O 

Calibration 5:  3 mL of 999.8 ppb N2O standard + 7 mL of He   =   299.9 ppb N2O 
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Figure 3.4. Gas bubbler used for generating calibration standards 
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Standards were introduced to the GC by direct injection from a 10 mL gastight syringe 

(Hamilton Company, Reno, NV). In some cases it was necessary to calibrate with a wider 

range of concentrations (up to 4000 ppb N2O) to account for large N2O concentrations 

experienced immediately following fertilization.  All 10 mL are used to flush the loop, 

then the final 1 mL was retained in the loop for injection onto the analytical column. For 

dilutions, standard and diluent gases were drawn into the syringe, one at a time, at the 

corresponding volumes specified above. This method of gas dilution was compared to a 

TEI Model 146 mass flow controlled gas dilution system and the two methods agreed 

within 0.5%. The 999.8 ppb and the 333.53 ppb N2O standards were prepared for by Scott 

Marrin, Inc. (Riverside, CA) and analyzed by the NOAA Earth System Research 

Laboratory (333.53 ppb N2O, NOAA 2006 scale; 999.8 ppb N2O, provisional scale). The 

reported accuracy of these standards is 0.2% and 1%, respectively. The peak areas for 

each of these standards along with their values in ppb were then entered into a calibration 

table provided in the PeakSimple software. The software generates a quadratic regression 

curve against which the N2O concentrations in the samples were calculated.  
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Accuracy of the calibration curve was quantified as the standard error of the residuals of 

the curve expressed as a % according to: 

 

 

         
 

  
               

      
 

 
 
   

   
                    (3.1)  

 

 

where          and        are values of the response (ppb) and standard injected (ppb) of 

calibration point  ,   is the number of non-zero calibration points, and   is the number of 

coefficients in the regression equation. If       is > 10, the GC was recalibrated. If the 

second calibration did not meet this criterion, trouble shooting procedures were conducted 

to identify the cause of the poor calibration.  The corrective actions taken against poor 

calibration included but were not limited to: testing for non-airtight syringes, confirmation 

of proper GC settings (carrier flow rate, column over temperature, detector temperature 

and gain), testing for instability in baseline resulting from drift in carrier flow rate, column 

over temperature, detector temperature and gain, improper 10 port valve operation. A 

quality check standard (333.53 ppb) was run immediately following calibration and after 

every 10
th

 sample. If duplicate analyses of the quality check standard were not within 10% 

of the calibration point, the instrument was recalibrated and all samples following the 

previous acceptable quality standard check were reanalyzed. Analytical precision was 
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quantified as the batch wise % relative standard deviation of the quality check standards. 

The sampling and analytical methods along with the data quality are shown in Table 3.3 

 

 

3.1.2.3.   N2O Flux Calculation 

Trace gas fluxes were measured using the static chamber approach (Livingston and 

Hutchinson, 1995) by which the emission flux of N2O was calculated as a function of the 

rate of accumulation inside the chamber according to  

 

                 (3.2) 

 

where   is the emission rate (ng N m
-2

 s
-1

),   is chamber volume (3900 cm
3
),   is the soil 

surface area enclosed by the chamber (314 cm
2
), and       is the change in 

concentration per unit time within the chamber (ng N m
-2

 s
-1

). After placement onto the 

soil collar, N2O air samples were collected from the chamber at 10 minutes intervals over 

a period of 30 minutes. Change in concentration was calculated by fitting a linear 

regression model to   and   (Wagner et al., 1997) 

 

             (3.3)  

 

where       in equation (3.2) is equal to regression coefficient   in equation (3.3). 
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Closed chambers often suppress the soil/atmosphere concentration gradient, thereby 

resulting in an underestimation of the actual soil emission flux (Venterea, 2010). In order 

to overcome this limitation, the flux calculated from equations (3.2) and (3.3) were 

corrected by accounting for the effects of soil properties and chamber geometry on soil 

gas diffusion characteristics. The method of Venterea (2010) was used to quantify and 

correct for the theoretical flux underestimation      , which consists of two terms, E1 

and E2, described below. 

 

The term E1 (units of cm
6
 gas cm

-4
 soil h

-1
) takes into account the effects of soil and trace 

gas physical properties on chamber dynamics: 

 

                     
 

 
 
   

 

   
 
             (3.4) 

 

where   is total soil porosity (cm
3
 pores cm

-3
 soil) determined from          where   

and    are soil bulk density and particle density, respectively,   is soil volumetric water 

(cm
3
 H2O cm

-3 
soil),   is a correction factor for pH that is set to 1 for N2O,   (cm

3
 gas cm

-

3
 H2O) is the trace gas Henry’s Law gas-liquid partitioning coefficient,   (cm

2
 gas h

-1
) is 

the trace gas diffusivity in free air, and     is the Campbell soil pore-size distribution 

parameter, which can be estimated from                 where    is the clay 

fraction of the soil (Rolston and Moldrup, 2002). Appropriate values of   and   and their 
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temperature dependencies are described by Venterea (2010) and references therein. The 

term    in equation (3.5) accounts for the interaction between the variables in   , chamber 

geometry, and deployment time:      

 

      
  

 

    
             (3.5) 

 

where    (cm
-3

 gas cm
2
 soil) is the ratio of the chamber internal volume to surface area of 

the soil and     is the total chamber deployment time (h). The theoretical flux 

underestimation is then calculated as: 

    
     

         
              (3.6) 

 

Note that the terms  ,  , and   in equation (3.6) are different than the  regression 

coefficients  ,  , and   in equation (3.3). The actual “pre-deployment” flux (  ), adjusted 

for chamber effects, is then calculated from equations (3.6) and (3.3) as: 

 

   
 

         
          (3.7) 

 

Flux detection limit was assessed following Parkin et al. (2012).  Based on replicate 

measurements of ambient air, the analytical precision of the GC/ECD was 0.9%. 
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Assuming three measurements taken over 30 minutes to calculate fluxes using linear 

regression, this translated to a flux detection limit of ± 0.49 ng N m
-2

 s
-1

. 

 

 

3.1.3. Soil Moisture and Temperature 

As discussed previously, the soil emissions of N2O depended on soil microbial activities 

which are a function of soil temperature and soil volumetric water. It is important to 

understand the N2O emissions as a function of soil temperature and soil moisture from 

both corn and switch grass.  Thus soil temperature and soil water content were measured 

adjacent to each flux ring at the time of the flux measurement. Soil temperature (0 – 10 

cm) was measured using an Oakton Acorn Temp6 RTD Thermometer and probe (WD-

08117-20, Oakton Instruments, Vernon Hills, IL) and soil volumetric water (0 – 12 cm) 

was measured using the soil water content probe (CS658, Campbell Scientific, Logan, 

UT). Hourly rainfall was measured using a tipping bucket rain gauge and CR10X 

datalogger (Campbell Scientific, Logan UT). 

 

Accuracy of the soil volumetric water sensor was assessed by comparison to soil moisture 

determined gravimetrically by weight loss after heating 25 g of soil for 24 hours at 105 

°C.  Once per weekly sampling event, the volumetric water probe was inserted into the 

soil and a 0-12 cm coil core was extracted at 10 – 15 cm horizontal distance to the north, 

south, east, and west of the probe.  These 4 samples were composited and analyzed 

gravimetrically for water content. Using this approach, a working calibration curve for the 
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volumetric water sensor was developed over time and accuracy was assessed at the end of 

each 6 month interval.  Precision was assessed every 6 months by repeated sampling (N = 

10 measurements) of a homogenized soil sample. 

 

 

 

 

 
Table 3.3. Sampling and analytical methods along with data quality objectives 

 

  

Measurement 
Sampling 

Method 

Analytical 

Method 
Quantity Time Scale Precision Goal 

Accuracy 

Goal 

Nitrous oxide/air 
Syringe/ 

glass vial 
GC/ECD 15 mL Grab sample ±5% @ 333 ppb ±10% 

Soil temperature 
In-situ 

probe 
 - Instantaneous 

±0.1°C  

(-300 to 300°C) 
±0.25% 

Soil volumetric 

water 

In-situ 

probe 
 - Instantaneous ±1% ±3%
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3.1.4. Crop Yields 

Switchgrass yields were determined by cutting a swath 1.36 m wide across each 

experimental plot (width = 204 cm, cut area = 2.78 m
2
).  Cutting height was 

approximately 10 cm.  Cut biomass was weighed onsite and a subsample was dried for 72 

hours at 60 °C and reweighed to determine moisture content.  Yields are expressed as Mg 

dry biomass per hectare (Mg ha
-1

).  Corn yields and kernel moisture content were 

determined by combine.  Yields are expressed in bushels per acre standardized to 15.5% 

moisture (bu ac
-1

). 

 

3.1.4. Statistical Analysis 

The experiment was designed as randomized complete blocks. Corn and switchgrass plots 

were blocked four groups each to account for the slope of the field. Effects of fertilizer 

treatment and blocks on N2O emissions from crops were examined by performing a 2-way 

Analysis of Variance (ANOVA) model using matlab statistical software. The ANOVA 

models were run for each year for three fertilization rates for corn and for three 

fertilizations plus the control treatment for switchgrass. In accordance with the hypothesis 

of normal distribution and equal variance in ANOVA models, N2O fluxes were 

transformed to their natural logarithms. The annual and entire-study-period statistics of 

N2O fluxes were calculated as a function of fertilizations and crops. In order to identify 

the correlations between N2O emissions and soil volumetric water, soil temperature, and 

fertilizer application rates, linear regression analyses were also performed.  
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3.2. Results and discussions 

 

3.2.1. Environmental Soil Parameters 

Within each crop, there were no significant differences in soil temperatures observed 

between years. However, a difference in the average soil temperature was observed 

between the two crop types. For switchgrass plots, the average annual soil temperature for 

2011, 2012, and 2013 was 24.27 ± 1.03 
o
C, 21.96 ± 0.72 

o
C, and 21.96 ± 2.45 

o
C, 

respectively. For corn, these values were 27.74 ± 0.4
 o

C, 25.53 ± 0.51 
o
C, and 25.93 ± 

0.42 
o
C. The year 2013 received higher rainfall as compared to 2011, and 2012. The 

annual rainfall received in Holly Springs in inches was 27.97 (2011), 39.20 (2012), and 

42.57 (2013). Percentage of total rainfall received between June and August was ~ 33%, 

24%, and 53% in 2011, 2012, and 2013, respectively. Corn plots were irrigated three 

times in 2011 and 2012. Switchgrass plots were irrigated three times in 2011 and once in 

2012. The average soil volumetric water for switchgrass for 2011, 2012, and 2013 was 

11.79 ± 1.23%, 14.91 ± 0.63%, 18.09 ± 0.64%, respectively, during the growing season. 

For corn, corresponding average soil volumetric water was 8.39 ± 1.8 %, 12.08 ± 1.13 %, 

and 12.59 ± 0.62 %. Although the environmental parameters showed variation with 

respect to crop type and study period, there were no significant variations in soil 

volumetric water or temperature among treatments within crops. 
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3.2.2 N2O Flux 

Planting, fertilization, irrigation and harvest dates are summarized in Table 3.4.  Note that 

for corn, 100% of fertilizer was applied at time of planting in 2012, as opposed to 25% in 

other years. 

 

 

 
 

Table 3.4. Summary of planting, fertilization, irrigation, and harvest dates for switchgrass and corn plots. 

 

 

The overall statistics of the flux detection limit are summarized in Table 3.5. In total, 71% 

of the switchgrass and 92% of corn N2O flux observations were larger than the flux 

detection limit (± 0.49 ng N m
-2

 s
-1

). The lower percentage observed for switchgrass is in 

agreement with the lower N2O flux from switchgrass. In general, for both the crops, the 

percentage of data greater than the detection limit increased with increasing rate of 

fertilization. 

  

 

Crop 

Irrigated on 

(depth eq. to rainfall in cm) 

Planted 

on 

Harvested 

on 

 

Fertilized on 

Switchgrass 

2011 

2012 

2013 

 

 

6/17 (2.54) 

- 

- 

 

 

6/21 (2.54) 

6/21 (2.54) 

- 

 

 

7/21 (1.91) 

- 

- 

 

 

18/12/08 

18/12/08 

18/12/08 

 

 

10/17/11 

11/14/12 

11/04/13
 

 

 

05/06 (100%) 

04/23 (100%) 

05/20 (100%) 

 

Corn 

2011 

2012 

2013 

 

6/17 (2.54) 

4/09 (1.91) 

- 

 

6/21 (2.54) 

6/21 (2.54) 

- 

 

7/21 (1.91) 

7/05 (3.08) 

- 

 

5/06/11 

4/04/12 

4/10/13 

 

9/15/11 

9/14/12 

9/05/13 

 

5/6 (25%); 6/22 (75%) 

4/23/12 (100%) 

5/20 (25%); 6/11(75%) 
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Table 3.5. Percentage of fluxes greater than the N2O flux detection limit (± 0.49 ng N m
-2

 s
-1

). 

 

 

Switchgrass 

Fertilizatio

n 

kg N ha
-1

 

# of data within the 

detection limit  

Total # of 

observations 

% data >  

detection limit 

2011 0 27 90 70.97% 

60 42 90 53.33% 

120 31 89 65.17% 

180 30 94 68.09% 

2012 0 36 130 72.31% 

60 52 130 60.00% 

120 34 129 73.64% 

180 18 130 86.15% 

2013 0 30 79 62.03% 

60 22 79 72.15% 

120 17 79 78.48% 

180 11 79 86.08% 

Switchgrass (All data)  350 1198 71% 

Corn 

 

 

  

2011 60 26 90 71.11% 

120 12 90 86.67% 

180 7 90 92.22% 

2012 60 6 103 94.17% 

120 1 103 99.03% 

180 8 104 92.31% 

2013 60 3 97 96.91% 

120 1 97 98.97% 

180 0 97 100% 

Corn (All data)  64 869 93% 
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Flux statistics are summarized by crop, treatment and year in Table 3.6.  The average N2O 

fluxes for switchgrass during fertilization to harvest (growing season) ranged between 0.6 

± 0.89 ng N m
-2

 s
-1

 (2013 control treatment) and 26.1 ± 60.3 ng N m
-2

 s
-1

 (2013, 180 kg N 

ha
-1

 yr
-1

). For corn, the lowest N2O flux observed is 2.93 ± 3.57 ng N m
-2

 s
-1

 (2011, 60 kg 

N ha
-1

 yr
-1

) and the highest average flux observed is 114.2 ± 152.7 ng N m
-2

 s
-1

 (2013, 180 

kg N ha
-1

 yr
-1

). When averaged from fertilization to harvest,  in both corn and switchgrass, 

the maximum of the average N2O emission was associated with highest (180 kg N ha
-1

 yr
-

1
) N-treatment and minimum of the average N2O emission was associated with lowest 

(i.e., control treatment for switchgrass and 60 kg N ha
-1

 yr
-1

 for corn) N-treatment. The 

strongest relationship between N application rate and N2O emission was observed in 2013, 

while in other years the relationships is less clear.  Averaged over the entire study (Figure 

3.5), fluxes increase with N application rates in both switchgrass and corn.  Furthermore, 

average fluxes from switchgrass are significantly lower than fluxes from corn at all 

treatment levels. 
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Table 3.6. The average, minimum, mean, median, maximum, and cumulative N2O emissions for corn and 

switchgrass along with their direct emission factors (EF) are shown as a function of fertilization rate for each 

year. The statistics are computed based on N2O fluxes measured from fertilization to harvest (± 1 standard 

deviation is indicated). 

         
Switchgrass kg N ha-1 yr -1 N2O Flux (ng N m-2 s-1) Cumulative Flux      EF 

 Min Max Average Median Kg N ha-1 (%) 

2011 0 -

1.56 

5.48 0.99 ± 0.77 0.77 0.167 - 

60 -

2.62 

50.47 4.93 ± 14.35 0.24 0.255 0.43 

120 -

1.91 

28.27 2.35 ± 6.63 0.46 0.897 0.75 

180 -

1.89 

93.19 6.24 ± 20.20 0.57 1.784 0.99 

2012 0 -

1.85 

35.33 1.66 ± 3.09 1.03 0.29 - 

60 -

4.87 

33.15 1.07 ± 2.95 0.21 0.02 0.03 

120 -

1.86 

46.45 1.80 ± 4.03 0.50 0.06 0.05 

180 -

2.58 

55.40 3.10 ± 5.37 0.97 0.38 0.21 

2013 0 -

2.63 

13.83 0.60 ± 0.89 0.54 0.31 - 

60 -

2.35 

38.28 3.74 ± 6.78 1.41 0.57 0.95 

120 -

1.86 

238.8 11.59 ± 23.73 1.75 1.30 1.08 

180 -

2.54 

536.2 26.10 ± 60.28 

60.2821.5 

8.82 3.14 1.74 
 

        Corn 
     

2011 60 -0.64 23.41 2.93 ± 3.57 1.55 0.425 0.71 

120 -1.0 30.45 3.93 ± 4.13 2.44 0.701 

 

0.59 

180 0.21 45.54 8.24 ± 6.08 7.88 0.935 0.52 

2012 60 -3.65 212.58 17.83 ± 29.2 3.85 2.33 3.88 

120 -0.80 134.84 14.33 ± 16.65 6.85 2.60 2.16 

180 -0.79 285.88 18.02 ± 27.58 5.71 2.79 1.55 

2013 60 -2.54 314.89 28.11 ± 43.21 11.81 2.20 3.67 

120 0.44 461.40 63.4 ± 92.43 18.521 4.81 4.01 

180 4.39 1194.47 114 ± 152.74 48.088 9.25 5.13 
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ANOVA indicated that corn and switchgrass N2O emissions showed different responses to 

the effects of block and fertilizer application rates. In the first year of measurements, in 

corn, the individual main effects of blocks were significant (Table 3.7). During the rest of 

the measurement periods, ANOVA indicated no significant effect of blocks on corn N2O 

emissions (Tables 3.9 and 3.11). In 2011, switchgrass showed no significant effect of 

blocks on soil N2O emissions (Table 3.8). However, during the rest of the measurement 

period the individual main effect of the slope of switchgrass plots becomes significant. In 

switchgrass, throughout the measurement period, ANOVA indicated a significant effect of 

fertilizer application rate on soil N2O emissions (Tables 3.8, 3.10, and 3.12). In corn, 

except in 2012 (Table 3.9), there was also statistically significant effect of fertilizer 

application rates on N2O emissions. Linear regression analysis indicated that corn was the 

only crop and 2012 was the only year when there was significant correlation observed 

between N2O emissions and soil temperature. 
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Table 3.7. ANOVA Table for N2O emissions from corn in 2011 

 

Source of 

variation 
SS df MS F Prob> F 

Fertilization 9.66 2 4.83 18.82 <0.0001 

Block 3.19 3 1.06 4.14 0.0069 

Error 63.14 246 0.26 - - 

Total 75.99 251 - - - 

 
 

 
 

 

Table 3.8. ANOVA Table for N2O emissions from switchgrass in 2011 

Source of 

variation 
SS df MS F Prob> F 

Fertilization 3.55 3 1.18 3.19 0.0239 

Block 0.23 3 0.08 0.21 0.8895 

Error 123.99 334 0.37 - - 

Total 127.77 340 - - - 
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Table 3.9. ANOVA Table for N2O emissions from corn in 2012 

 

Source of 

variation 
SS df MS F Prob> F 

Fertilization 2.49 2 1.25 1.24 0.291 

Block 7.07 3 2.36 2.35 0.0727 

Error 280.63 280 1 - - 

Total 290.19 285 - - - 

 
 

 

 

 

Table 3.10. ANOVA Table for N2O emissions from switchgrass in 2012 

 

Source of 

variation 
SS df MS F Prob> F 

Fertilization 5.48 3 1.83 9.28 <0.0001 

Block 5.91 3 1.97 10.01 <0.0001 

Error 101.39 515 0.20 - - 

Total 112.78 521 - - - 
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Table 3.11. ANOVA Table for N2O emissions from corn in 2013 

Source of 

variation 
SS df MS F Prob> F 

Fertilization 59.01 2 29.51 22.26 <0.0001 

Block 4.07 3 1.36 1.02 0.3842 

Error 355.24 268 1.33 - - 

Total 418.32 273 - - - 

 

 

 

Table. 3.12. ANOVA Table for N2O emissions from SG in 2013 

 

Source of 

variation 
SS df MS F Prob> F 

Fertilization 34.35 3 11.45 19.98 <0.0001 

Block 8.71 3 2.90 5.07 0.0020 

Error 165.03 288 0.57 - - 

Total 208.09 294 - - - 
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Figure 3.5. Cumulative N2O flux during fertilization to harvest averaged over the entire 

study (2011 – 2013), along with the standard error, as a function of fertilization treatment 

level (TRT-0 = 0 kg N ha
-1

, TRT-1 = 60 kg N ha
-1

, TRT-2 = 120 kg N ha
-1

, TRT-3 = 180 

kg N ha
-1

). 
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3.2.3. Cumulative N2O Emissions 

Cumulative N2O emissions were estimated for both corn and switchgrass as a function of 

fertilization rate. The sampling frequency was twice per week following fertilization, for a 

period of approximately three weeks, then weekly. Therefore, to fill data gaps, it was 

assumed that the observed flux represent the daily mean fluxes. Linear interpolation was 

then performed to fill the data gaps. Cumulative flux was then calculated as the sum of 

daily mean N2O fluxes for all the days from fertilization to harvest. The direct emission 

factor (EF) of N2O-N was estimated, for corn and switchgrass, as the ratio of the 

cumulative flux to the total N-fertilizer applied, expressed as a percentage.  For 

switchgrass, the cumulative flux of N2O generally increased with increasing fertilization: 

the lowest flux (0.02 kg N2O-N ha
-1

 ) was observed for  TRT-1 (60 kg N ha
-1

) in 2012 and  

the highest flux (3.14 kg N2O-N ha
-1

 ) observed for treatment-3 in 2013 (Table 3.6). 

However, there is large variability across years and within years among treatments. In 

corn, the patterns of cumulative flux versus N application were more consistent, with the 

lowest flux (0.42 kg N2O-N ha
-1

 ) observed for TRT-1 in 2011 and  the highest flux (9.25 

kg N2O-N ha
-1

 ) observed for TRT-3 in 2013 (Table 3.6). Moreover, in corn, the 

cumulative flux of N2O increased over the years from 2011 to 2013 for all treatments. The 

reason for this increasing trend is not clear but may reflect a combination of 

meteorological and soil conditions or perhaps adaptation of the soil to our study 

conditions. Averaged over the entire study, cumulative emissions from switchgrass ranged 

from as low as 0.26 kg N ha
-1

 in the 0 N control plots to 1.77 kg N ha
-1

 in the 180 kg N ha
-
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1
 treatment (Figure 3.5). In comparison, cumulative emissions from corn, averaged over 

the entire study (Figure 3.5), ranged from as low as 1.65 kg N ha
-1

 in the 60 Kg N ha
-1

 

treatment to 4.33 kg N ha
-1

 in the 180 kg N ha
-1

 treatment. 

 

Table 3. 13. The cumulative N2O flux for corn and switchgrass are shown 

as function of fertilization rate averaged over the entire measurement period 

during fertilization to harvest. The corresponding emission factor (EF, %) is 

also shown.                   

Crop 
Fertilization 

kg N ha-1 yr -1 

N2O Cumulative flux 

Kg N ha-1 

Direct EF 

% 

Switchgrass 0 0.26 ± 0.06 

 

Cumulative Flux 

- 

60 0.28 ± 0.23 0.47 ± 0.38 

120 0.46 ±  0.59 0.63 ± 0.43 

180 1.77 ±  1.13 0.98 ± 0.63 

Corn    

60 1.65 ± 0.87 2.75 ± 1.45 

120 2.70 ± 1.68 2.25 ± 1.4 

180 4.33 ± 3.56 2.40 ± 1.98 

 

 

In switchgrass, the EF is dependent on the rate of fertilizer application during all years. 

The cumulative flux and corresponding EF are shown in Table 3.13 as function 

fertilization for corn and switchgrass. Averaged over the study, the switchgrass EF ranges 

from 0.47% in the 60 Kg N ha
-1

 TRT-1 to 0.98% in the 180 kg N ha
-1

 TRT-3. Ruan et al, 

(2016), based on a three years study, reported that the EF for upland Cave-in-Rock variety 

switchgrass increased from 0.6% to 2.1% as a response to 28 kg ha
-1

 to 198 kg ha
-1

 of N-

added. Their study revealed that the IPPC 2006 constant emission factor (DeKlein et al., 

2006) is underestimated in switchgrass by about 30% for 28 kg ha
-1

 and 107% for 198 kg 

ha
-1

 N fertilization. On the other hand, for corn, such linear dependency was observed 
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only in 2013. For corn, EF shows an increasing trend over time in which, for all the 

treatment types, the highest emission factor was observed in latest year, i.e., 2013, of the 

experiment. In corn, the EF exceeded the IPCC suggested 1% direct emission factor 

(DeKlein et al., 2006) in 2012 and 2013. The study wide average EF for corn was 2.47± 

1.1 %, which is larger than the IPCC suggested factor but within the range of uncertainty 

of the IPCC value (0.3 – 3%) and typical values observed for corn in the U.S. (Griffis et 

al., 2013 and references therein).  

 

 

3.2.4. Temporal Variability of N2O Emissions 

 

Time series of N2O emissions from switchgrass and corn are shown in Figures 3.6 and 

3.7, respectively.  Results from our work are consistent with previous studies in which 

large pulses of N2O are observed immediately following fertilization ((Bouwman et al. 

(2002); Mosier et al. (2000); Ramirez et al. (2010)) particularly in combination with 

rainfall. For example, the soil volumetric water measured in the switchgrass plots on 

5/9/11 was approximately 15%, increasing to 20 % on 5/16/2011 following 0.01 inches of 

rainfall the previous day. The highest pulsed N2O emission from switchgrass was 

observed following this rainfall event. Davidson in 1992 showed that the wetting of dry 

soil resulted in significant N2O emissions. Based on a study conducted in potatoes, the 

highest N2O emissions during the growing season were associated with post-fertilization 

heavy rainfall events (Burton et al in 2008).  
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Wetting of dry soils were associated particularly with stimulation of nitrification driven 

N2O emissions. However, prolonged soil saturation limits oxygen leading to anaerobic 

(denitrification) production of N2O (Sprent, 1987; Dobbie and Smith, 2001). Past studies 

investigating the relationship between N2O fluxes and soil moisture therefore exhibited 

strong variability. For example, a study by Pinto et al, (2002) showed no significant role 

of soil moisture on the soil emissions of N2O. In 2012, for switchgrass, another short lived 

N2O pulse emission was observed post-fertilization. From 5/3/2012 to 5/7/2012, increases 

in both soil temperature (23
0
C to 26.7

0
C) and soil volumetric water (~9.5% to 14%) were 

associated with  an N2O emission pulse in which the flux increased from 4.2 ng N m
-2

 s
-1

 

to 55.3 ng N m
-2

 s
-1

. The soil volumetric water continued to increase throughout 05/2012 

and was associated with large N2O net fluxes. Similar patterns were observed in the corn 

plots. In 2011, the pulsed emissions following fertilization were observed with higher than 

average soil volumetric water (~14%). The study site received ~8” of rainfall in the first 

two weeks of June, 2013. This increase in soil water content in combination with the 

application of the remaining 75% of the fertilization, amplified post-fertilization emissions 

from corn.  

 

Post-harvest emissions also differed between crops. Normally, following the corn harvest, 

for all fertilizer treatments, the N2O emissions began to decline. However, for switchgrass, 

even though the N2O net flux was significantly low for all the treatments, these patterns of 

post-harvest decrease were not observed.  
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Figure 3.6. Soil N2O emissions from switchgrass for selected fertilization rates (60, 120, 

and 180 kg N ha
-1

 yr
-1

) from 2011 to 2013. 
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Figure 3.7. Soil N2O emissions from corn are shown for selected fertilization rates (60, 

120, and 180 kg N ha
-1

 yr
-1

) from 2011 to 2013. 
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As described above, studies show that soil moisture regulates the oxygen availability to 

soil microbes and thus acts as a major driving force on N2O emission. Relationships 

between soil volumetric water and N2O fluxes are shown in Figures 3.8 & 3.9. 

Irrespective of crop type and fertilization rate, a positive correlation between N2O flux and 

soil moisture was observed. During May to mid-August, when the soil volumetric water 

was low (< 15%), N2O flux and soil moisture showed a strong correlation, especially at 

higher fertilization rates, indicating a more pronounced effect of soil moisture on N2O 

emissions under relatively drier soil conditions. This pattern was observed for all cases of 

fertilization in both crop types (Figures 3.6 & 3.7). However, when the soil volumetric 

water was generally high (mid-August to December), an impact of wetting the soil on the 

N2O flux was not observed except TRT-2 and TRT-3 for corn in 2011. Though positive 

correlations between N2O emissions and soil volumetric water were observed (Figures 3.8 

& 3.9), the expected pattern of increasing emissions with soil temperature was not 

observed. This may have been due to the confounding effects of fertilization and soil 

water content.   
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Figure 3.8. The correlation between N2O fluxes and soil volumetric water (SVW, %) for 

switchgrass for selected fertilization rates (60, 120, and 180 kg N ha
-1

 yr
-1

) during 2011 to 

2013.   

  



69 

 

 

 

 

 

 

 

 
 

Figure 3.9. The correlation between N2O fluxes and soil volumetric water (SVW, %) for 

corn for selected fertilization rates ( 60, 120, and 180 kg N ha
-1

 yr
-1

) during 2011 to 2013.   
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3.2.5. Soil Inorganic Nitrogen (NH4
+
 and NO3

-
) 

Soil inorganic nitrogen (NH4
+
 and NO3

-
) concentrations are summarized in Figure 3.10. 

Soil samples were collected in the fall and therefore characterize the residual soil nitrogen 

pool post-harvest. NH4
+
 concentrations are lower in the corn soil relative to switchgrass, 

though there is no clear relationship with N treatment level in either crop.  The most 

distinctive pattern of NH4
+
 concentrations is a decrease in concentrations with depth, 

which is observed in both crops.  While the NH4
+
 pools are similar among crops, NO3

-
 

concentrations are more than 10X larger in the corn soil relative to switchgrass.  In 

contrast to NH4
+
, NO3

-
 concentrations increase with N treatment level in the 0-10 cm and 

0-20 cm layers in switchgrass and at all depths in the corn soil.  NO3
-
 concentrations 

increase with depth at all N treatment levels in corn, though the same pattern is not 

observed in switchgrass. 

The pattern of much lower soil NO3
-
 under switchgrass relative to corn is consistent with 

the findings of Ahlschwede (2013), who also found lower N2O emissions from 

switchgrass relative to corn at the same N fertilization rates. The lack of accumulation of 

NO3
-
 in the switchgrass soil may reflect uptake of NH4

+
 and subsequent low rates of 

mineralization, leading to a small NO3
-
 pool or, more likely, efficient plant uptake of NO3

-
 

produced via nitrification of fertilizer NH4
+
.  The much larger disparity in NO3

-
 

concentrations between crops compared to NH4
+
 supports the latter hypothesis. High rates 

of N uptake are consistent with the more extensive rooting system and greater root 
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biomass of the switchgrass relative to corn.  The ability of perennial grasses to efficiently 

take up nitrogen and prevent its accumulation in the rooting zone is well established 

(Schimel, 1986; McIsaac et al., 2010).    

 

Burton et. al., (2008) showed that the impacts of soil NO3
-
 on N2O emissions were directly 

connected to the duration of the exposure of soil microbial population to NO3
-
. Assuming 

nitrification is not limited in either crop, the much lower N2O emissions from switchgrass 

are likely related to differences in denitrification derived N2O, which would be much 

smaller in switchgrass due to less available substrate (i.e., NO3
-
). Thus, N2O emissions 

from switchgrass may primarily reflect nitrification whereas emissions from corn reflect a 

combination of nitrification and denitrification.  An alternative possibility is that the soil 

NO3
-
 pool in switchgrass was low due to depletion by denitrification (McIsaac et al., 

2010).  However, consideration of the inorganic N mass balance suggests that such large 

rates of denitrification would presumably lead to N2O production and emissions larger 

than were observed for corn.    

 

 Application of N-fertilizer in excess of plant requirements leads to a greater potential for 

loss from the plant/soil system (Heggenstaller et. al., 2009; McIsaac et al., 2010). For both 

crops, as N-fertilization increased, NO3
-
 concentrations increased as well. The much larger 

concentrations in corn reflect a much greater potential for loss not only as N2O emissions 

but also NO3
-
 leaching.  
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From figure 3.10, it is clear that the ratio between ammonium losses and NO3
-
 leaching is 

greater in switchgrass compared to corn. This behavior was consistent with the findings 

by McIsaac et al, 2010 for the Midwestern U.S. As discussed earlier, switchgrass plots 

were associated with stronger correlation between soil volumetric water and N2O 

emissions as compared to corn plots. The higher soil moisture for a prolonged period may 

increase denitrification while reducing nitrification in switchgrass. This may partly 

explain the lower NO3
-
 concentrations in switchgrass.      
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Figure 3.10. Inorganic soil N (NH4
+
 and NO3

-
) is shown for three different soil depths (0 - 

10 cm, 10 – 20 cm, and 20 - 30 cm) for corn and switchgrass.  Median concentrations are 

shown along with inter-quartile range.    
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3.2.6. Crop Yield 

 

Study average yields for switchgrass and corn are shown in Figure 3.11.  The overall 

average yield across all treatments and years was 13.3 Mg ha
-1

 y
-1

, which is on the lower 

end of the range of previously published yields of Alamo variety in North Carolina (13.4 – 

21.6 Mg ha
-1

 y
-1

, McLaughlin and Kszos, 2005; Palmer et al., 2014a) and within the range 

of average yields (12 – 19 Mg ha
-1

 y
-1

)
 
for mid-latitude and southern sites in the U.S. 

(McLaughlin and Kszos, 2015).  Aside from year 1 of the study (2011), switchgrass yields 

did not show a clear relationship with N application rate.  This is consistent with the 

findings of Palmer et al. (2014a), which showed that N application rate (0 – 134 kg N ha
-1

 

y
-1

 ammonium nitrate) did not significantly influence the amount of biomass produced.  

The average crop yield showed a stronger relationship with rate of fertilization in the case 

of corn (Figure 3.11).  Average yields for our 120 and 180 kg N ha
-1

 treatments were 

slightly higher than the North Carolina statewide average corn yield for 2011 – 2013 (114 

bu ac
-1

, USDA National Agricultural Statistics Service, 2016).  
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Figure 3.11. The crop yield for corn (top panel) and switchgrass (bottom panel) (with ± 1 

standard deviation) are shown averaged across all the years (2011 to 2013) as function of 

the selected N-fertilizer treatments (60, 120, and 180 kg N ha-1 yr-1 . The 3-year average 

crop yield is also shown for both crops. 
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3.3. Conclusions 

In this study, the N2O emissions from switchgrass and corn biofuel crops were 

investigated as a function of fertilization (60, 120, and 180 kg N ha
-1

 yr
-1

) rate over three 

growing seasons (2011 to 2013). The soil volumetric water and soil temperature feedbacks 

on these emissions were analyzed for both crops. For both corn and switchgrass, in 

general, the N2O emission increased as a function of fertilization rate. In both the crops, 

the cumulative emission increased from 2011 to 2013 during the experiment. Despite the 

increase in N2O emissions as a function of fertilization, the average as well as the 

cumulative, N2O fluxes from switchgrass plots were much lower than that from corn. 

During May to mid-August, when the soil volumetric water was relatively low, the N2O 

flux and the soil moisture showed a strong correlation, especially at higher fertilization 

rates, indicating a more pronounced effect of soil moisture on N2O emissions under 

relatively drier soil conditions. 

 

Except for treatment-3 (180 kg N ha
-1

 yr
-1

), the cumulative emissions from switchgrass 

were well below the IPCC emission factor of 1%. The cumulative N2O flux from corn was 

about 3 to 6 times greater than that from switchgrass crops. This is consistent with the 

findings by Duran et al, 2016 (south-central Wisconsin) and Wile et al, 2014 (Nova 

Scotia, Canada) on the impact of N fertilization on N2O emissions from switchgrass. The 

cumulative N2O flux from switchgrass ranges between 0.02 to 3.14 kg N ha
-1

. The 

observed range comparable to the cumulative flux reported for a grassland (0.03 to 2.89 

kg N ha
-1

) in Edinburgh, Scotland (Jones et al, 2011).     
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Also consistent with other studies (Palmer et al, 2014b; Monti et al, 2011; Wile et al, 

2014), the differences in cumulative emissions of N2O between switchgrass and corn may 

be attributed to the greater nitrogen use efficiency of switchgrass. Observation of much 

lower NO3
-
 concentrations in the shallow soil profile of the switchgrass supported this 

assertion, and further suggests lesser potential for soil NO3
-
 leaching as an additional 

environmental benefit of producing switchgrass rather than corn for biofuel production. 

Moreover, for both crop types, the increase in fertilization rates was associated with 

increases in the cumulative N2O flux. As discussed earlier, the rate of fertilization showed 

only modest increase in switchgrass yield. These findings suggest the importance in the 

selection of the crop type, N-application rate, and adaptation of efficient management 

practices to meet the increasing energy demands through biofuel production but not at the 

cost of N2O greenhouse gas emissions. Additional studies involving field scale 

biogeochemical models may complement the inferences drawn from our studies. The 

combination of long term observations and model studies are warranted to understand and 

quantify N2O emissions as a contribution from each N-loss pathways.   
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Chapter 4 
 
4. REGIONAL NUCLEATION EVENTS OVER A FOREST SITE IN 

THE SOUTHEAST U.S. 
 

 

4.1. Background  

Atmospheric aerosols have adverse effects on human health (Nel, 2005; Pope et al., 2009) 

and the environment (Ramanathan et al., 2001). Aerosols modify the earth’s energy 

budget directly through interactions with incoming solar radiation and outgoing terrestrial 

radiation. Aerosols as cloud condensation nuclei modify the cloud optical and micro-

physical properties to consequently interact indirectly with the shortwave solar and 

longwave terrestrial radiation (Ramanathan et al., 2001). Size distributions of aerosols in 

the ambient atmosphere depend on local sources (primary emissions), reaction conditions 

(meteorological and chemical conditions and the oxidizing capacity of the atmosphere), 

and transport (Zhuang et al., 1999). Nucleation involves the formation of initial nuclei in 

the atmosphere from gaseous precursors through gas-to-particle conversion and growth to 

larger sizes primarily through condensation. Therefore, nucleation is an important 

mechanism responsible for maintaining the atmospheric aerosol concentrations (Yu et al., 

2008) and the abundance of cloud condensation nuclei (Spracklen et al., 2008). For the 

aforementioned reasons, for a given location, the geographical features, atmospheric 

chemical conditions, meteorological conditions, and biospheric interactions may play 
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significant roles in new particle formation and subsequently in the evolution of aerosol 

size distributions. 

 

 

 

A large number of studies have conducted around the world to identify new particle 

formation under various environmental conditions and to discern the responsible 

mechanisms (Kulmala et al., 2004).These studies reported frequent occurrences of 

nucleation events at sites from sub-arctic, suburban, urban, industrialized agricultural, 

forests, to coastal regions (Kulmala et al., 2004 and references therein). The theories that 

attempt to explain aerosol nucleation in the boundary layer include binary (Kulmala and 

Laaksonen, 1990), ternary (Korhonen et al., 1999; Kulmala et al., 2002; Merikanto et al., 

2007), organic vapor mediated (Marti et al., 1997) and ion induced (Yu and Turco, 2000). 

The fact that most of the observed nucleation events occurred during daytime suggests the 

important role of photochemistry on nucleation events (Kulmala et al., 2004; Pillai et al., 

2013). Depending on the meteorological and chemical conditions, newly formed particles 

can grow to 60 nm or greater to act as cloud condensation nuclei, and the particles that 

grow to and beyond 100 nm can interact directly with the incoming solar radiation. In 

both cases, these newly formed particles may alter the earth’s radiative balance 

(Stratmann et al., 2003). The uncertainties in the estimation aerosol radiative forcing arise 

mainly from their sources, vertical distribution, optical properties, and their interactions 

with background aerosols (IPCC, 2014). Studies conducted in the past investigated the 
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correlation between surface-based fine particulate matter and the satellite based AOD 

(Engel‐Cox et. al., 2004; Gupta et al., 2006; Mei et al., 2011). Aerosol vertical distribution 

varies as a function of aerosol chemical composition. For example, in the case of sulfate-

rich aerosols, the concentration is largest near the surface and decreases exponentially 

with height (Torres et al., 2007). Liu et al. (2011) concluded that in areas dominated by 

sulfate aerosols, under well-developed boundary layer conditions, satellite-derived AOD 

can be used effectively to predict sulfate aerosol concentrations. 

 

 

We have conducted long term (November 2005 to September 2007) aerosol particle size 

distribution, particulate matter (PM) organic and elemental carbon, trace gas, and 

meteorology observations over a loblolly pine plantation at the Duke Forest. Pillai et al. 

(2013) showed that new particle formation is frequent in the Duke Forest region. 

Moreover, a modeling study by Yu et al., (2012) showed that the AOD over this region is 

dominated by secondary aerosols. Based on aerosol size distribution measurements at 

Duke Forest, Chapel Hill, NC, Stroud et al. (2007) identified that aerosols at this site are 

influenced by both anthropogenic and biogenic sources. At this site, ~69% of the total 

observation days are associated with new particle formation, of which 36% of the total 

observation days showed the characteristics of regional nucleation (Pillai et al., 2013).Yu 

and Luo (2009) and Luo and Yu (2011) showed that, over the Duke Forest area, the 

secondary particles formed via nucleation can contribute to approximately 80-90% of the 

cloud condensation nuclei (CCN). Poor characterization of aerosols in climate models 
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poses one of the greatest uncertainties in climate simulations (Ramanathan et al., 2001). 

For these reasons, it is important to study the role of these frequent and strong regional 

aerosol nucleation events in the radiative forcing at this site.  

 

Boucher and Theodore (1995) defined the forcing efficiency as the ratio between direct 

radiative forcing and the aerosol column burden. For a particular wavelength, Satheesh 

and Ramanathan (2000) estimated aerosol forcing efficiency at the TOA as the rate of 

change in TOA net irradiance with respect to unit change in aerosol optical depth. 

Estimation of the wavelength-dependent aerosol forcing efficiency may provide improved 

parameterization of aerosol forcing for use in climate models (Meywerk and Ramanathan, 

1999). For a given location, the local aerosol radiative forcing depends on a number of 

factors, including incoming solar radiation, surface albedo, local anthropogenic aerosol 

species, aerosol column burden, altitude of the aerosol layer, and ambient relative 

humidity if the aerosol species is hygroscopic (Haywood and Boucher, 2000).  

 

In this study, we investigated the role of frequent new particle formation events on the 

radiative balance over a forest site. We combined ground-based particle size distribution 

and total particle number concentration with the spatially and temporally coincident 

aerosol and cloud property retrievals from Moderate Resolution Infrared Spectro-

radiometer (MODIS) and Top of the Atmosphere (TOA) upward shortwave flux from 

Clouds and Earth’s Radiant Energy System (CERES) sensor onboard the Earth Observing 

System (EOS) Terra satellite to estimate the TOA shortwave aerosol direct radiative 
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forcing owing to atmospheric new particle formation. The present study is unique because 

this study incorporates multi-year observations (November, 2005, to September, 2007) of 

particle size distribution (10.2 nm < Dp < 250 nm) and total particle number concentration 

of nucleation mode (NM, < 25nm) and fine mode (FM, 25 < Dp < 250 nm) particles to 

identify new particle formation event days at the Duke Forest. To our knowledge, there 

are no studies conducted in the past in the United States to identify the role of regional 

nucleation events in direct shortwave aerosol radiative forcing. For nucleation day 

radiative forcing calculations, we also included certain non-nucleation days if that 

particular day’s particle size distribution is affected mainly by particles derived from the 

previous day’s regional nucleation event. Hereafter in this manuscript, the “nucleation day 

aerosol radiative forcing” calculations include both regional nucleation days and non-

nucleation days contributed by particles from the previous day’s regional nucleation 

event. The lack of clear association between oxides of nitrogen and particle number 

concentration on selected nucleation days confirms the regional characteristics of these 

nucleation events (Qian et al., 2007). These stringent criteria followed for the selection of 

new particle formation event days brings  an additional confidence in the radiative forcing 

estimation as the particles formed during regional nucleation show steady growth 

characteristics and are extended over a larger area as compared to local nucleation events. 

  



92 

 

 
 

Chapter 5 
 
5. SATELLITE-BASED ESTIMATION OF SHORTWAVE AEROSOL 

RADIATIVE FORCING BY REGIONAL NUCLEATION EVENTS 

OVER A FOREST SITE IN THE SOUTHEAST U.S. 
 

5.1. Experimental 

The study was conducted over a suburban forest site, the Duke Forest near Chapel Hill, 

NC (Figure 5.1). Duke Forest comprises 7052 acres of land spread across Durham, 

Orange, and Alamance counties in North Carolina and is surrounded by the cities of 

Chapel Hill (7 km to the south-southeast), Durham (17 km to the east-northeast), Raleigh 

(40 km to the southeast), and Burlington (33 km to the west-northwest).  

 

Even though Interstate-40 passes ~ 2.4 km to the northeast of the study area, Pillai et al. 

(2013) showed no significant impact of traffic on the diurnal profiles of nucleation day 

NM or FM particle number concentration by separating the observation days into week 

days and weekends. A detailed description of the site can be found in Geron (2009) and at 

the website http://dukeforest.duke.edu.  
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Figure 5.1. The observations of particle size distributions, meteorology and chemistry are 

conducted in Duke Forest, Chapel Hill, NC.  The MODIS three band overlay file 

projected on Google Earth was obtained from http://ge.ssec.wisc.edu/. 

 

 

 

Atlantic Ocean 
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5.1.1. Particle Size Distribution and Meteorology 

Particle Size Distribution measurements were conducted over the Duke Forest Loblolly 

pine plantation (35
0
 55’ 45’’ N, 79

0  
05’ 33’’ W) with an approximate tree height of 18 m. 

Duke Forest observations used in this research include particle size distribution in the size 

range 10.2 nm < Dp < 250 nm and the corresponding total particle number concentration 

(Pillai et al., 2013). The airborne particle size distributions during November, 2005, to 

September, 2007, were measured using a Scanning Mobility Particle Sizer (SMPS, TSI, 

Shoreview, MN, USA). The SMPS used in this study incorporates a TSI series 3080 

Electrostatic Classifier coupled with a 3081 Differential Mobility Analyzer (DMA), and a 

3010 Condensation Particle Counter (CPC). For a brief period, a TSI Model 3025 CPC 

was used. The DMA classified the aerosol particles based on their mobility in an electric 

field. Particles within a narrow mobility range are allowed to enter the CPC to derive the 

particle number concentration at that particular mobility diameter. The instrument is 

operated with a 0.0457 cm impactor inlet at a particle free sheath flow of 10 Lpm and an 

aerosol air flow of 1 Lpm. This experimental setup established an effective particle size 

range of 7 to 305 nm. The observations are then adjusted for multiple charge and diffusion 

loss corrections. For detailed information on the aerosol observations used in this 

manuscript, readers are referred to Pillai et al. (2013). In addition, we have used the 

optically corrected mass concentrations of Organic (OC) and Elemental Carbon (EC) 

obtained from Geron (2009) for this study.  
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Meteorological data at the Duke Forest site are compiled from the measurements 

conducted by the Brookhaven National Laboratory (BNL) and Free-Air Carbon 

Enrichment (FACE) science teams. These data are 30-minute averages and include the 

above-canopy air temperature (°C), relative humidity, wind speed (m s
-1

), wind direction, 

and Photosynthetically Active Radiation (PAR, millimol m
−2

·s
−1

). Meteorology, including 

above-canopy air temperature (T), relative humidity (RH), wind speed, wind direction and 

PAR, at the site are used to categorize the observations into different groups of near-

uniform meteorology and radiation conditions.  

 

5.1.2. Satellite Data 

In this study, we used the Terra CERES Edition 3A single scanner footprint (SSF) product 

that provides TOA shortwave flux and the MODIS aerosol and cloud properties. The 

CERES instrument onboard Terra is a scanning broadband radiometer with a spatial 

resolution of 20 km at nadir. The CERES instrument is deployed to provide accurate long 

term estimates of surface and top of the atmosphere radiative fluxes (Wielicki et al., 

1996). The CERES instrument measures filtered radiances in three different spectral 

regions, the reflected shortwave (SW, 0.3 to 5 µm), infrared window (WN, 8 to 12 µm), 

and total (0.3 to 200 µm) spectral regions (Wielicki et al., 1996). These filtered radiances 

are corrected for imperfect spectral responses of the instrument by converting the filtered 

radiances to the unfiltered radiances (Loeb et al., 2001) and are further converted to fluxes 

using the global Angular Distribution Models (ADMS) (Wielicki et al. 1996). In the 

CERES SSF Edition-2 and Edition-3 products, radiances are converted into fluxes based 
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on very comprehensive ADMs developed from Terra observations (Loeb et al., 2005). 

Two CERES instruments are on board the Terra satellite, one with a fixed cross-track scan 

mode and the other with a Rotating Azimuth Plane (RAP) or an along track 

Programmable Azimuth Plane (PAP) scan mode. The RAP mode is designed to capture 

radiance information from a wide range of viewing configurations, whereas the PAP mode 

is designed for only specific viewing geometries (Loeb et al., 2005).  

 

The CERES SSF product combines the CERES instrument-derived surface and TOA 

radiance and fluxes within the three aforementioned broadband spectral ranges with the 

high spectral and spatial resolution MODIS aerosol and cloud information within the 

larger CERES footprint. Only CERES pixels containing one or more MODIS imager 

pixels are included in the SSF product. 
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5.2. Methodology 

5.2.1. Nucleation event identification and classification 

Observations at the Duke Forest site are classified into nucleation days and non-nucleation 

days based on the particle number concentration, characteristics of the particle size 

distribution and particle growth rate. A log-normal fit is applied to the data to identify the 

particle size distribution peaks at each instant of time, and the diameters corresponding to 

these peaks are used to calculate the particle growth rate. During a nucleation event, we 

expect an increase in the particle number concentration and the diameter corresponding to 

these peaks. The nucleation events are further classified into different event classes (A, B, 

or C) based on the nucleation event classification scheme by Dal Maso et al., 2005; Boy et 

al., 2008; and Pryor et al., 2010 based on the two-dimensional aerosol size distribution 

plots. The particle number concentration for each size bins (Ni) and for each observation 

days were plotted as a function of particle diameter and time. The periods of increasing Ni 

were assessed to identify potential nucleation event classes A, B, C, or to categorize the 

day as non-nucleation (non-event) day.  

The condensation sink (CS) and growth rate of the particles were also examined in 

classifying the observation days into different event classes. Condensation sink quantifies 

the loss rate of molecules in the entire size spectrum due to condensation of condensable 

vapors on pre-existing aerosols (Dal Maso et al., 2002; Kulmala et al., 2001). It is 

calculated as the integration of condensational loss of condensable vapors onto existing 
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aerosols and is dependent on the molecular properties such as vapor phase diffusion and 

mean free path. The CS (cm
-2

) is calculated as follows 

 

                           
      

     

 (5.1)  

  

where    is the transitional correction factor [30, 31],    is the mid-point diameter, and 

      is the number distribution of particles corresponding to different size classes with 

mid-point diameter      between the size range 10 nm and 250 nm.  

 

The accommodation coefficient of unity was used to calculate  . Since we use 10 nm to 

250 nm diameter range for quantitative analysis, the calculated value is an 

underestimation of the actual   , though the contribution of particles with sizes outside 

the measured range is expected to be relatively small. 

 

Growth rate indicates size changes of nucleated particles with time. A log-normal fit is 

applied to the data to identify the peaks in each size distribution. GR in nm hr
-1

 was 

calculated from the difference between midpoint diameters corresponding to the peaks in 

particle number concentration for each instant of time (      ) by dividing it with the 

corresponding differences in time (   . 
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 (5.2)  

 

 

 

 

Particle growth rate is a function of the condensable vapor concentration and the CS. GR 

increases significantly when the condensable vapor concentration is large and the CS is 

low (Kulmala et al., 2004). 

 

The event classes that are interrupted or that do not fit into the aforementioned categories 

are identified as unclassified events and are excluded from further analysis. The typical 

size distribution behavior for each of these event classes are shown in Figure 5.2. 

 

Class A: Increased concentrations of nucleation mode (NM) particles (Dp ≤ 25nm) are 

found and these particles exhibit well defined and uninterrupted growth to about 100 nm 

or greater. 

 

Class B: Increased NM particle concentrations are observed and followed by particle 

growth to about 100 nm however, the highest concentrations of new particles are found 

not at the lowest size bins of NM but at diameters greater than 10nm. Such a growth 

pattern indicates the occurrence of nucleation upwind of the site followed by transport of 
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NM particles larger than 10nm and subsequent local growth due to condensation of vapors 

to less volatile forms. On some days these events exhibited fluctuations in growth rate. 

 

Class C: Increased NM particles at lower size bins with consequent particle growth that 

does not exceed generally 40 nm. This event class was observed frequently with a 

discontinuous growth rate and is not included in the quantitative analysis of particle 

growth rate and Condensation Sink. 

 

 

 

Non-Nucleation: Observation days with particle size distributions devoid of increased NM 

concentration and their subsequent growth to larger particles. 

 

Unclassified: Days that do not fit into the described event classes or that had an 

interrupted size distribution data due to inclement weather or instrument outage or for 

which the growth rates are extremely fluctuating. 

 

During Class A nucleation events, we observed the highest particle number concentrations 

in the lowest size bins followed by uninterrupted and steady growth to larger diameters 

spanning an average time period of three or more hours.  
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Figure 5.2. Examples aerosol size distributions for A (top left), B (top right), C (bottom 

left), and Non Nucleation (bottom right) event classes are shown along with total particle 

number concentration (white) and nucleation mode particle number concentration (cyan). 

(Source: Pillai et al, 2013)  
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Class B events follow a growth pattern similar to Class A. However, in Class B events, 

the highest particle number concentrations are observed at a diameter larger than the 

lowest size bin. In both cases, particles grow larger than 60 nm and often beyond 100 nm 

in diameter. Class C events exhibit short-lived random peaks in the particle size 

distribution instead of the steady growth of particles. Therefore, Class A and Class B 

events are identified to possess the regional nucleation characteristics as explained in 

Seinfeld and Pandis (2006) compared to the local random outbursts of particles in the case 

of Class C. The classification methods and the characteristics of these different event 

classes are explained in detail in Pillai et al. (2013).  

Based on our observations, nucleation events are frequent at the Duke Forest site except 

during September and October. Figure 5.3 shows nucleation events observed for four 

consecutive days from 8 – 11 April, 2007, and 24 -27 November, 2005. Strong and 

uninterrupted nucleation occurred during these two entirely different meteorological and 

atmospheric radiation and chemical conditions. From the close examination of Figure 5.3, 

we can see that the April, nucleation events are Class A events in which, at the beginning 

of each nucleation event, we observe the highest particle number concentration in the 

lowest diameter bin (10.2 nm to 10.6 nm) in the 10.2 nm to 250.3 nm (89 bins) size range. 

However, for the November nucleation events, we can see that the lowest size bin  does 

not correspond to the highest particle concentration at the beginning of the nucleation 

event. Therefore these nucleation events are classified as Class B events. On 11
th

 April, 

2007, and 27
th

 November, 2005, we did not observe nucleation events (Figure 5.2). 
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However, from Figure 5.3 we identify that the peaks in the fine mode particle 

concentration existing beyond ~60 nm at the site on both these days are the contribution 

from the previous day’s nucleation event at the site. Therefore, these days are also 

grouped under nucleation events for the estimation of nucleation day aerosol radiative 

forcing.  
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Furthermore, in the estimation of the nucleation day aerosol radiative forcing, we 

incorporated only the days that showed regional nucleation characteristics and excluded 

regional nucleation days that are affected, at the time of satellite overpass, by transported 

fine mode particles. In our radiative forcing calculations, by selecting only the nucleation 

event days that showed regional particle formation characteristics (Seinfeld and Pandis, 

2006), it is reasonable to assume that the particle formation has happened over a relatively 

larger area as compared to local nucleation events.   

 

Photosynthetically Active Radiation (PAR) is used as a surrogate to examine the radiation 

conditions at this site. Monthly mean daytime PAR along with the minimum and 

maximum values during the time window from 8:30 am to 5:30 pm are shown in Figure 

5.4a along with the monthly mean day time air temperature and RH (Figure 5.4b), wind 

speed and wind direction (Figure 5.4c). In this study, prior to categorizing different 

months into seasons, we also examined the monthly mean PAR, air temperature, RH, and 

wind speed and direction. The time of nucleation onset, average mean particle growth 

rate, nucleation event types, and also fine and nucleation mode particle number 

concentration were examined along with the site’s radiation and meteorological conditions 

to group the observation days into different seasons. June, July, and August are grouped as 

summer, and March, April, and May are grouped into spring.  
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Figure 5.4. Monthly mean daytime (a) Photosynthetically Active Radiation (PAR) is 

shown along with the monthly mean; (b) relative humidity and air temperature; and (c) 

wind speed and wind direction. Based on these parameters, the observation days are 

classified into different groups in which these parameters did not vary significantly. 

(c) 

(b) 

(a) 
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Figure 5.5. The box plots show median (the line separating gray and black boxes), 25
th

 

(bottom of gray box) and 75
th

 percentiles (top of black box), minimum and maximum 

(whiskers), and mean (filled circles) for (a) fine mode (b) nucleation mode particles (c) 

SO2 and (d) O3 from July, 2006, to September, 2007. The days that exhibited particle 

formation characteristics but do not show the characteristics of A, B, or C events are 

categorized as unidentified (UN), and days with no nucleation events (NEs) are also 

shown. 

 

  

(a) (b) 

(c) 
(d) 
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The mean and standard deviation of the fine mode and nucleation mode particle number 

concentrations along with SO2 and O3 concentrations are shown for each nucleation event 

class (Figure 5.5). The total particle number concentrations in the NM and FM are highest 

for Class A events followed by Class B events. Even though both the Class A and Class B 

events exhibited regional nucleation characteristics, the Class A events are associated with 

highest particle number concentration followed by Class B events. The highest average 

SO2 (2.65 ppb) and second highest O3 (40 ppb) concentrations are observed during Class 

A events. The highest O3 (~43 ppb) concentration is observed during Class B events. 

Class C events are associated with increased cloud cover and precipitation. Class C events 

have the second highest SO2 (2.08 ppb). However, increased cloud cover on Class C event 

days lowers the photochemical reactivity and atmospheric oxidizing capacity by reducing 

incoming solar radiation. Precipitation may cause the nucleated particles to wet deposit 

before being grown to detectable size. In estimating the TOA clear sky fluxes, the 

correlation between SW flux and AOD increased significantly when we excluded the 

Class C nucleation days.  

 

For the radiative forcing calculation, we assumed that the surface reflectance remained 

constant within the selected seasons in that particular year. The highest seasonal mean 

particle growth rate is observed during summer when the average wind speed is lowest. 

The second highest seasonal average particle growth rate is observed during spring. 

Although strong nucleation events are observed in winter, they are excluded from the 



109 

 

forcing calculations because, in these periods, lower correlations between upward SW flux 

at the top of the atmosphere and MODIS AOD were observed. The particle growth rate is 

lowest in winter. In addition, during winter months, the nucleation onset is observed later 

in the day and therefore at the time of satellite overpass, the particles have not grown 

sufficiently to interact directly with the incoming solar radiation. For these reasons, the 

radiative forcing estimation is conducted only for summer and spring. 

 

5.2.2. Shortwave Aerosol Direct Radiative Flux 

Estimation of shortwave aerosol radiative forcing may involve the incorporation of 

observed or simulated aerosol properties into a radiative transfer model (Satheesh et al., 

2002). Other methods attempt to quantify the TOA aerosol direct radiative effect by 

combining satellite retrievals with ground-based observations (Patadia et al., 2008; Sena et 

al., 2013). In this study, we integrate satellite data with ground-based observations to 

estimate the aerosol radiative forcing due to regionally nucleated aerosols.  

 

CERES SSF data are collocated in space and time with the particle size distribution 

measurements at the Duke Forest site. CERES SSF data that fall within our particle size 

distribution sampling period are grouped into two categories: regional nucleation event 

day and non-nucleation day. To estimate the shortwave radiative forcing solely by 

aerosols, cloud contaminated pixels in the SSF data are eliminated. The MODIS cloud 

fraction provided in the CERES SSF data product is used to eliminate the cloud-

contaminated pixels. For pixels with a sub-pixel clear area greater than 99.9%, we have 
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considered only those pixels for which the MODIS cloud fraction is zero. Patadia et al. 

(2008) reported the uncertainties associated with sub-pixel cloud contamination as the 

change in diurnal average SW radiative forcing (~0.5 Wm
-2

)
 
when the percentage cloud 

cover is relaxed from 1% to 10%. Signals reaching the sensor are impacted by the 

geometric configuration of the illumination source as well as the viewing sensor (Bryant 

et al., 2003). Therefore, we have applied restrictions to the solar and viewing zenith angles 

to avoid large scan angles and to incorporate only highly accurate satellite retrievals. The 

viewing zenith angle is restricted to < 60
º
. Based on the relationship between radiative 

forcing and the solar zenith angle (Haywood and Shine, 1997), the forcing trend begins to 

decrease significantly at ~ 60
º
.  (Table 5.1).  

 

 

Table 5.1. The seasonal averages of upward shortwave flux at the TOA and the MODIS 

aerosol optical depth (mean ± 1 SD) at the Duke Forest site are calculated based on 2006 

and 2007 data. 
 

2006 and 

2007 
TOA SW Flux Upward (Wm

-2
) AOD @ 550 nm 

Winter 132.56 ± 19.53 0.06 ± 0.05 

Spring 172.60 ± 22.29 0.16 ± 0.15 

Summer 188.23 ± 21.86 0.38 ± 0.20 

Annual 165 .97 ± 30.29 0.21 ± 0.19 
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To compare the AOD and SW flux for different seasons, the values reported in Table 5.1 

are calculated for all cloud-free but aerosol days. The seasonal average flux is highest 

(188 ± 22 Wm
-2

) in summer when the aerosol optical depth is highest (0.38 ± 0.20). The 

highest seasonal average flux also coincides with the period of highest particle growth rate 

(Pillai et al., 2013). The AOD (0.06 ± 0.05) is lowest during winter months when the 

particle growth rate is the lowest. For the estimation of SW direct aerosol radiative 

forcing, we first need to estimate the clear sky SW flux (Fclr) at the TOA. By definition, 

the clear sky SW flux is the SW flux exiting the TOA if a scene is aerosol- and cloud-free. 

Therefore, Fclr is a function of the scene type, and Fclr varies according to the surface 

albedo and insolation. The SW direct aerosol radiative forcing at the instant of the satellite 

overpass is calculated as Shortwave Aerosol Radiative Forcing = Fclr - Faer, where Faer is 

the TOA SW flux under cloud-free but aerosol conditions. To estimate Fclr, we plotted the 

CERES SW upward flux at the TOA as a function of 550 nm MODIS AOD for the 

selected cloud-free data. Previous studies estimated the radiative forcing by biomass 

burning aerosols over the Amazon forest region (Patadia et al., 2008; Sena et al., 2013). 

For the radiative forcing calculations, we have selected a 0.35
º
 x 0.35

º
 grid cell that covers 

the entire Duke Forest plantation (Figure 5.1). This grid cell selection helps us preserve 

the surface uniformity in radiative forcing calculations by restricting the pixel selection to 

the forested areas that also include our measurement site. Within this selected grid cell, 

the MODIS-derived surface reflectances over land at 470 nm are 0.127 ± 0.028 and 0.134 

± 0.029, respectively, during spring and summer. Following Patadia et al. (2008), we 
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estimated the uncertainties associated with Fclr as the product of TOA instantaneous 

shortwave radiative forcing efficiency and the maximum uncertainty associated with 

MODIS AOD. The estimated uncertainty of AOD is greater than or equal to ± 0.05 ± 15% 

(Levy et al., 2010) based on collection-5 MODIS data. The associated uncertainty of Fclr is 

-4.2 Wm
-2

 for an average shortwave efficiency of -73 Wm
-2

. 

   

As we have mentioned earlier, the selection of only nucleation events that showed 

regional event characteristics adds an additional confidence that the aerosol signal 

captured from within the selected grid cell is primarily due to new particle formation and 

growth at the site. On some nucleation days, particularly in summer in the early morning 

hours, we observed transport of particles larger than ~ 60 nm to the site. These transport 

event days are also excluded from the radiative forcing calculation to help resolve the 

relationship between regionally nucleated aerosols and radiative forcing.  
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5.3. RESULTS AND DISCUSSION 

New particle formation events are frequent at the Duke Forest site and are generally 

observed on days without precipitation. For particles within the diameter (Dp) range 10.2 

nm < Dp < 250 nm, the average mode diameter corresponding to all nucleation event days 

(28 nm) is significantly smaller compared to the average mode diameter on non-

nucleation days (44.5 nm) (Pillai et al., 2013). The same study also showed a significant 

increase in the fine mode and nucleation mode particle number concentration at the Duke 

Forest site on nucleation days compared to non-nucleation days. Hereafter in this 

manuscript, total particles or fine mode (FM) particles implies particles in the size range 

of 10.2 nm < Dp < 250 nm, and nucleation mode (NM) implies particles in the size range 

10.2 nm < Dp < 25 nm. Considering all the nucleation event days, the daily average 

number concentrations are 8,684 cm
−3

 for fine mode particles and 3,991 cm
−3

 for 

nucleation mode particles, and on non-nucleation days these values are, respectively, 2143 

cm
−3

 and 615 cm
−3

 (Pillai et al., 2013).  Further, these nucleation events are associated 

with strong photosynthetically active radiation (PAR), low relative humidity, and sparse 

or no cloud cover (Pillai et al., 2013).  In general, the association between nucleation 

events and PAR indicate the significant role of photochemistry in new particle formation 

at the site. For all the events involved in this study during the estimation of nucleation day 

radiative forcing, the onset of nucleation occurred during the day time. Pillai et al. (2013) 

observed that, on nucleation days, a distinct peak in SO2 concentrations between 8 am and 

10 pm existed, and this peak in SO2 concentration observed after sunrise is associated with 
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the downward mixing of SO2 from aloft as the nocturnal boundary layer breaks down. The 

same study noted that in warmer months, these morning peaks in SO2 concentrations 

coincide with the onset of nucleation. Particle number concentrations correlated well with 

SO2 and PAR suggest sulfuric acid (H2SO4)-mediated nucleation at the Duke Forest, 

especially during mid-spring to summer. 
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Figure 5.6. The particle size distributions are shown for (a) 20
th

 June, 2006, and (c) 17
th

 

November, 2005, for nucleation event categories. The corresponding evolution of particles 

is shown in (b) and (d), respectively, in the right panel. Fine mode (white line) and 

nucleation mode (cyan line) particle number concentrations are also shown in the 

secondary Y-axis in # cm
-3

 as an overlay on the particle size distribution plot.  

 

 

(c) 

(b) 

(d) 

(a) 
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Figure 5.6 shows the particle size distribution along with the evolution of particles on 20
th

 

June, 2006, and 17
th

 November, 2005. On 20
th

 June, 2006, the onset of nucleation is early 

in the morning at ~6:30 am whereas on 17
th

 November, the onset is later in the day at 

~11:30 am. Minimum and maximum in total particle number concentrations are, 

respectively, 4111 cm
-3

 and 16332 cm
-3

 on 20
th

 June and 938 cm
-3

 and 6730 cm
-3 

on
 
17

th
 

November. In the size distribution of the 20
th

 June nucleation event, we can see larger 

particles of ~60 nm even before the onset of nucleation. After examining the previous 

day’s size distribution data, we confirmed that these particles are not transported particles 

but the contribution from the previous day’s nucleation event.  During warmer months, the 

onset of nucleation is early in the morning, and particles are able to grow readily to larger 

sizes as indicated by the higher particle growth rates in summer and spring. Particle 

growth generally continues throughout the night. Therefore, by the time of satellite 

overpass at the site (equatorial crossing time of Terra is ~ 10:30 am), these nucleated 

particles are able to reach 100 nm or larger in diameter and subsequently interact with the 

incoming shortwave radiation. In late fall and winter months, the particle growth rate is 

lowest and subsequently leads to reduced impact of the freshly nucleated particles on the 

incoming shortwave radiation. The MODIS-derived aerosol optical depth and the average 

growth rate of particles are the lowest in winter. In winter months, the onset of nucleation 

is delayed due to delayed sunrise and less intense solar radiation. Therefore, at the time of 

the Terra satellite overpass (equatorial crossing time of ~10:30 am), the particles may not 

be grown large enough to interact directly with the solar radiation. The delayed nucleation 

onset in winter in combination with the requirement that newly formed particles must 
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grow to and beyond 100 nm to interact directly with the incoming solar radiation, 

therefore, explains the lowest correlation between SW flux and AOD in winter. 

 

The seasonal average and standard deviation of TOA SW Flux and AOD on regional 

nucleation days during 2006 and 2007 are shown in Table 5.2. In spring, the nucleation 

day average SW fluxes are 158 ± 11 Wm
-2

 and 163 ± 22 Wm
-2

 and average AOD are 0.15 

± 0.09 and 0.16 ± 0.18, respectively, for 2006 and 2007. Due to the increased aerosol 

loading and the intense incoming shortwave radiation, the average summer SW flux is 

187.70 ± 11.46 Wm
-2

 and AOD is 0.34 ± 0.15. The MODIS-derived mean surface 

reflectances over land at 470 nm are 0.127± 0.028 and 0.134 ± 0.029 during spring and 

summer, respectively.  

 

 

 

 

Table 5.2.  The TOA SW flux, AOD, and the instantaneous shortwave direct radiative 

forcing observed on regional nucleation days at the Duke Forest site during spring and 

summer for the years 2006 and 2007. 
 

 TOA SW Flux (Wm
-2

) AOD @ 550 nm SWRF (Wm
-2

) 

 

2006 

Spring 157.95 ± 11.28 0.15 ± 0.09 -13.33 ± 11.28 

Summer 187.77 ± 12.19 0.29 ± 0.13 -28.29 ± 12.19 

         

2007 

Spring 163.05 ± 21.93 0.16 ± 0.18 -15.60 ± 21.93 

Summer 187.65 ± 10.90 0.38 ± 0.16 -21.81± 10.90 
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The TOA clear sky fluxes (cloud-free and aerosol-free) are estimated over the Duke 

Forest. Regression relationships are derived between the CERES upward shortwave flux 

at the top of the atmosphere and the MODIS sensor-retrieved total atmospheric column 

aerosol optical depth for spring and summer in 2006 and 2007. These parameters are 

shown averaged for a 0.35
º 

x 0.35
º
 grid (Figures 5.7 & 5.8), which includes the Duke 

Forest site. From the zero intercept of these regression relationships, the TOA SW clear 

sky fluxes (cloud-free and aerosol-free) are estimated for spring and summer 2006 and 

2007. The average TOA shortwave clear sky fluxes for the spring and summer periods are 

159.5 Wm
-2

 and 147.5 Wm
-2

, respectively. As we have discussed earlier, for the radiative 

forcing calculations, we selected only the regional nucleation event days (days for which 

the new particle formation is happening over a relatively larger area around the Duke 

Forest site as compared to local nucleation events). Including only the regional nucleation 

days for deriving the clear sky flux therefore enables a better correlation between the SW 

flux exiting the TOA and the MODIS-derived aerosol optical depth.  
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Figure 5.7. CERES shortwave flux at the top of the atmosphere and the MODIS sensor-

retrieved total atmospheric column aerosol optical depth for nucleation days in (a) spring 

2006 and (b) spring 2007 are shown averaged for the 0.35
º 
x 0.35

º
 grid box over the Duke 

Forest site. 

 

 

(a) 

(b) 
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Figure 5.8. CERES shortwave flux at the top of the atmosphere and the MODIS sensor-

retrieved total atmospheric column aerosol optical depth for nucleation days in (a) 

summer 2006 and (b) summer 2007 are shown averaged for the 0.35
º 
x 0.35

º
 grid box over 

the Duke Forest site. 

 

(a) 

(b) 
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Figure 5.9. The estimated TOA shortwave aerosol radiative forcing as a function of 

MODIS sensor-retrieved total atmospheric column aerosol optical depth as observed on 

particle nucleation days during spring (filled gray circles) and summer (asterisks) are 

shown for a 0.35
º 
x 0.35

º
 grid which covers the Duke Forest site.  

 

 

The shortwave aerosol direct radiative forcing at the TOA is shown in Figure 5.9 as a 

function of MODIS-derived AOD at 550 nm for summer and spring during 2006 and 

2007. During summer, the seasonal average nucleation day instantaneous radiative forcing 

is -24 ± 11 Wm
-2

 and during spring, the estimated forcing is -15 ± 19 Wm
-2

. Although the 

average aerosol optical depth in spring is lower than the average aerosol optical depth in 

the summer, a significant aerosol radiative forcing is estimated for spring. The 
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instantaneous direct shortwave aerosol radiative forcing efficiency of the nucleation day 

aerosol is -54 Wm
-2

 per unit per 550 nm AOD in summer and -93 Wm
-2

 per 550 nm AOD 

in spring. During this study period, the average forcing efficiency by particles formed 

during regional nucleation events is -73 Wm
-2

 per AOD. The higher forcing efficiency 

observed at our site during spring indicates more effectively scattering aerosols as 

compared to summer aerosols, pointing to differences in the extinction characteristics of 

the nucleated particles between spring and summer. These differences may be due to 

higher BVOC emissions during the summer months (Geron, 2011) when the foliage is 

well developed and PAR is the highest. Sena et al. (2013) studied the shortwave aerosol 

radiative budget in the Amazon region over the thick forested areas and over a deforested 

area in the Amazon region. They observed maximum daily shortwave direct radiative 

forcing as large as -20 Wm
-2

 locally for high biomass aerosol loadings. During their study, 

the biomass aerosol loading over the thick forested areas resulted in greater negative 

values for the average daily radiative forcing efficiencies (-15.7 ± 2.4 Wm
-2 

per 550 nm 

AOD) as compared to savannah-like areas (-9.3 ± 1.7 Wm
-2 

per 550 nm AOD). 

 

The correlation of MODIS AOD at 550 nm with the ambient sulfur dioxide concentration 

and the particulate matter organic carbon for spring and summer is shown in Figure 5.10. 

During both spring and summer, we observed no clear association between AOD and 

nitric oxide or nitrogen dioxide. We observed a positive correlation between PM2.5 

(organic) and MODIS AOD in the summer months (R = 0.54). However, there is a 

negative correlation between SO2 and AOD during both spring (R = 0.76) and summer (R 
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= 0.43). In the diurnal profile, the observed increase in SO2 concentrations after sunrise is 

consistent with downward mixing of SO2 from aloft, accompanied with the breakdown of 

the nocturnal boundary layer (Pillai et al., 2013). The early morning peaks in SO2 

concentration are observed prior to the onset of nucleation, particularly during warmer 

months when the oxidizing capacity of the atmosphere is favorable. The daily mean SO2 

concentrations are 1.80 ± 1.3 ppb and 2.6 ± 1.5 ppb in spring and summer, respectively. 

We also observed a positive correlation between nucleation mode particles and SO2 in the 

initial couple of hours at the start of the nucleation events. As the particle number 

concentration increased, the concentration of SO2 decreased. These patterns suggest 

H2SO4-mediated nucleation at the site during warmer months. In addition, warmer months 

are associated with the onset of nucleation in the early morning. Therefore, at the time of 

the satellite overpass, the particle number concentration increased significantly and 

ambient SO2 concentration decreased significantly. In addition, in summer, the presence 

of gas phase organic compounds may promote intense growth of these H2SO4-nucleated 

particles, and therefore we observe a strong positive correlation between AOD and OC in 

the PM2.5. However, during spring there is no clear association between OC and AOD, but 

a strong negative correlation (logarithmic) between SO2 and AOD, suggesting a 

prominent role of SO2 in nucleation as well as growth of particles during spring.  

 

Laaksonen et al. (2008) suggested that an exponential relationship exists between the 

particle formation rates and temperature because the saturation vapor pressure of the 

condensing vapors is exponentially related to the temperatures. Limbeck et al. (2003) 
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showed the formation of secondary aerosol polymers owing to the heterogeneous reaction 

between the oxidation products of BVOCs (isoprene or terpenoids) and the acidic aerosols 

(sulfuric acid) in the continental atmosphere. Geron (2009) revealed the significant role of 

the oxidation products of biogenic volatile organic carbon in the organic PM2.5 at the 

Duke Forest site. As compared to spring, during summer, the association between PM2.5 

(organic) and AOD further suggests the role of biogenic volatile organic species (BVOC) 

in the growth of the nucleated particles at the site. 
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Figure 5.10. The relationship between ambient sulfur dioxide concentration and the 

particulate matter organic carbon with MODIS AOD at 550 nm during (a) summer, 2006, 

(b) summer, 2007, (c) spring, 2006, and (d) spring, 2007, are shown. 
  

(a) (b) 

(c) (d) 
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At the Duke Forest site, the regional nucleation events are observed on cloud-free days 

with intense photosynthetically active radiation. The role of photochemistry along with 

the morning peaks in SO2 concentrations observed during these regional nucleation events 

points to the H2SO4-mediated nucleation at the Duke Forest site during spring and 

summer. In addition, BVOCs play a significant role in the organic PM2.5 at the site, 

especially during summer months, as compared to spring. Based on MODIS land surface 

reflectance at 470 nm, we observed slightly lower surface reflectance in spring (0.127) 

than in summer (0.134). By combining these factors, we expect larger negative radiative 

forcing during spring than in summer. During the spring season when there is the 

strongest negative correlation between SO2 and AOD, we estimated -93 Wm
-2

 radiative 

forcing efficiency at the site. However, in summer, when both SO2 and BVOC species are 

abundant, the instantaneous shortwave radiative forcing efficiency is -54 Wm
-2

. To our 

knowledge, this is the first study that attempts to derive the radiative forcing owing to 

particles formed during regional nucleation events over a forest canopy.  
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5.4. Conclusions 

Multiyear observations of particle size distribution revealed frequent new particle 

formation at the Duke Forest site in Chapel Hill, NC. These nucleation events were 

observed to contribute significantly to the nucleation mode and fine mode particle number 

concentration at the site and therefore necessitate the estimation of the perturbation in 

radiation owing to the regional nucleation events. The focus of our study is to understand 

the role of these frequent nucleation events in the shortwave radiative balance at the Duke 

Forest site for different seasons. Therefore, we attempt to estimate the top of the 

atmosphere direct shortwave aerosol radiative forcing for spring and summer when the 

aerosol loading is high. By confining our radiative forcing calculations to each season, we 

are able to account for the effect of albedo changes over the forest canopy by assuming no 

changes in surface albedo over the selected forest canopy during that particular season in 

that particular year. To estimate the role of regional nucleation events on aerosol 

shortwave radiative forcing, in this study we excluded Class C nucleation events that 

showed local nucleation characteristics. Also, selecting only regional nucleation events in 

the radiative forcing calculation gave additional confidence in our assumption that only 

aerosol species with similar extinction properties are included in this calculation.  

 

The top of the atmosphere SW flux is highest (188 ± 22 Wm
-2

) in summer when the 

aerosol optical depth (0.38 ± 0.20) and the seasonal average particle growth rate are 

highest. The AOD (0.06 ± 0.05) is lowest during winter months when the particle growth 
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rate is the lowest. In winter months nucleation days are associated with delayed onset of 

nucleation. In winter, lower values of AOD and particle growth rate along with the 

delayed nucleation onset might have contributed to the observed poor correlation between 

TOA SW flux and AOD. In spring and summer months, we observed good correlation 

between TOA SW Flux and AOD for the estimation of clear sky flux. In spring, the 

nucleation day SW fluxes are 158 ± 11 Wm
-2

 and 163 ± 22 Wm
-2

 and AOD are 0.15 ± 

0.09 and 0.16 ± 0.18, respectively, for 2006 and 2007. Due to the increased aerosol 

loading and the intense incoming shortwave radiation, average summer AOD is 0.34 ± 

0.15 and SW flux is 187.70 ± 11.46 Wm
-2

. In the spring, the instantaneous shortwave 

radiative forcing is -15 ± 19 Wm
-2

 and in the summer, the nucleation day instantaneous 

shortwave radiative forcing is -24 ± 11 Wm
-2

. The photosynthetically active radiation 

along with the morning peaks in SO2 concentrations observed during regional nucleation 

events suggests H2SO4-mediated nucleation at the Duke Forest site during spring and 

summer. The higher radiative forcing efficiency observed during the spring compared to 

the summer may be attributed to the following factors: (i) lower scattering efficiency in 

summer due to biogenic volatile organic carbon in the PM2.5 and (ii) lower surface 

reflectance, i.e., MODIS-derived land surface reflectance at 470 nm is lower during spring 

(0.127) than in summer (0.134). The estimated 550 nm instantaneous radiative forcing 

efficiency over the Duke Forest site in spring is -93 Wm
-2

 and in summer is -54 Wm
-2

. 

During spring and summer of 2006 and 2007, the estimated average instantaneous forcing 

efficiency at the Duke Forest site was -73 Wm
-2

. From this study, it is evident that the 

frequent nucleation events at the Duke Forest site are associated with significant direct 
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shortwave negative radiative forcing. Furthermore, this study shows the potential of 

integrating global scale satellite retrievals with ground-based observations in quantifying 

the direct radiative impact of regional nucleation events. Even though the direct role of 

aerosols in radiative interactions are well characterized, aerosols continue to contribute the 

largest uncertainties to the estimation of total radiative forcing and these uncertainties 

arise from the poor characterization of aerosols in climate models (IPCC, 2014). 

Therefore, the current study should be extended to different regions of the globe where 

regional-scale new particle formation is frequent and contributes significantly to the 

atmospheric particle size distribution.  
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Chapter 6 
 
6. CONCLUSIONS AND FUTURE DIRECTIONS  
 

The perturbations in the radiative balance of the atmosphere can take place as a result of 

natural or anthropogenic activities. Two important components responsible for these 

perturbations are greenhouse gases and atmospheric aerosols. This two-part thesis 

attempts to quantify the role of these two components in the regional climate of the 

southeastern U.S.  

 

Because of the increasing energy demands, the production of biofuels is increasing in the 

U.S. (U.S. RFS, 2010). As a result, the intense agricultural activities and associated 

management practices associated with biofuel production (i.e., land use change, tillage 

operations, N - fertilization and irrigation) may lead to enhanced N2O emissions. 

Agriculture is the highest individual contributor to this third most potent well-mixed 

greenhouse gas. Because of the variability in the nutrient uptake efficiency, tillage and 

irrigation requirements among crops, the N2O emissions associated with biofuel 

production strongly depend on the type of crop used. These factors therefore emphasize 

the importance of the selection of region specific crop varieties that require minimal 

fertilizer and water inputs. In the U.S., the corn is the current major biofuel crop with 

~40% of total corn produced being converted to biofuel (Song et al., 2015). Multiple 

studies have investigated the regional adaptability (in terms of nutrient uptake efficiency, 
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water usage and biomass yield) of switchgrass, a potential biofuel crop, in North Carolina 

and other states in the southeastern U.S. (Fike et al., 2006; Mitchell et. al., 2008; Palmer et 

al, 2014). However, the current study is unique as it quantified the N2O emission factor 

from corn, the current major crop, and switchgrass, the potential crop, relevant to the 

biofuel production in North Carolina and other states in the southeastern U.S.  

 

The importance of this study in the context of earth’s radiative balance is portrayed in 

Chapter 1. The scientific background on N2O emissions from the soil was discussed in 

Chapter 2. The important factors affecting the soil N-cycle and the most relevant findings 

from previous studies were also discussed this chapter. Chapter 3 elucidates the 

experimental setup, N2O chamber sampling procedures, sample processing and N2O flux 

calculation.  The role of N-fertilizer application rate, soil moisture, soil temperature, and 

soil inorganic N relative to N2O emissions was quantified and discussed for both crop 

types. The response of corn and switchgrass to N-fertilization and the aforementioned 

environmental or soil variables are also compared in this chapter. In addition, for both the 

crops, we estimated the N2O emission factor as a function N-fertilization rate. In corn 

soils, emission factors ranged from 1.65 ± 0.87 % to 4.33 ± 3.56 % between lowest (60 kg 

N ha
-1

 yr
-1

) and highest (180 kg N ha
-1

 yr
-1

) fertilization rates, respectively. Our study, 

based on observed N2O emissions and crop yield, showed that switchgrass can be a 

potential biofuel feedstock at least in North Carolina.  

 



143 

 

The inferences drawn from our study warrant the urgent need for additional region 

specific studies to fill the large information gaps in the GHG emissions and biomass 

production from biofuel crops. These N2O observations may be used to parameterize 

biogeochemical models to study the environmental impact of different N2O emission 

scenarios associated with biofuel production. Moreover, the huge spatial and temporal 

variations in the GHG emissions associated with biofuel production additionally demand a 

well updated emission inventory and life cycle assessment (LCA) of crops relevant to bio-

energy production. In this study, as N-fertilization rate increased, the emission factor for 

both the crops became greater than the IPCC suggested 1% direct emission factor. The 

preparation of a regionally specific, accurate emission inventory therefore is crucial in the 

LCA studies attempting to fill the information gaps on the environmental impacts of crops 

(including but not limited to land use change, crop variety, regional adaptability, response 

to N-fertilization rate and other management practices) associated with biofuel production.   

 

In the second part of this thesis, the associations between regional nucleation events and 

the radiative balance at the southeastern forest site, Duke Forest, Chapel Hill, North 

Carolina was studied.  Particle size distributions (aerodynamic diameter, Dp 10.2 nm to 

250 nm), total number concentrations of nucleation mode (Dp < 25 nm) and fine mode (25 

< Dp < 250 nm) particles, and particle growth rates were used to identify regional 

nucleation events during November 2005 to September 2007 (Pillai et al., 2013). The top 

of the atmosphere shortwave aerosol direct radiative forcing (SWARF) by these regionally 
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nucleated particles was calculated using satellite based shortwave flux and aerosol depth 

at 550 nm.  

 

The significance of regional nucleation events at Duke Forest in the context of regional 

climate was investigated in Chapter 4. Chapter 5 elucidates the frequent nucleation events 

occurring over this region and further quantifies the shortwave aerosol radiative forcing 

induced by these events. In this unique approach we combined the particle size 

distribution information drawn from multi-year ground based observations to the aerosol 

optical depth and flux from satellites.  To our knowledge, there are no studies conducted 

in the past in the U.S. to identify the role of regional nucleation events in direct shortwave 

aerosol radiative forcing. 

 

Despite the higher radiative forcing observed in summer, the radiative forcing efficiency 

was lower (-54 Wm
-2

, τ550
-1

) in summer. The results show that, during spring and summer 

2006 and 2007, there is significant forcing efficiency associated with regionally nucleated 

aerosols. Formations of particles during regional nucleation events introduced significant 

radiative forcing and need to be examined for other regions of the globe where intense 

regional nucleation events occur frequently. 
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Particulate Matter Pollution in the Coal-Producing Regions of the 

Appalachian Mountains:  

Integrated Ground Based Measurements and Satellite Analysis 

 

 

 

A1. Introduction 

The Appalachian Mountains encompass regions with rich coal deposits. The controversial 

coal mining practice in the region, of stripping off the tops of mountains, is causing both 

air (Aneja et al., 2012) and water (Palmer et al., 2010; Gilbert, 2010) pollution problems. 

For efficient extraction of coal, temperate deciduous forests are cleared, topsoil is stripped 

off, and overburden and interburden rocks are broken apart and removed from above and 

between coal seams (Palmer et al., 2010). The excess rocks and dirt that do not fit back 

onto the disturbed ridgeline is dumped into adjacent valleys where it buries headwater 

streams (Office of Surface Mining Reclamation and Enforcement, 2010). As a 

consequence, the downstream water quality gets deteriorated (Hendryx and Ahern, 2009). 

The environmental issues associated with mountaintop mining with valley fills include 

disturbances in the biological communities and their physical environments. These 

disturbances in the ecosystem balance are associated with biodiversity loss, erosion, soil 

and water contamination, and particulate matter pollution (Palmer et al., 2010). As a result 

of the stress on the natural environment caused by these mining activities, the health and 

welfare of the surrounding human populations are adversely affected (Ahren et al., 2011; 
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EPA, 2009). However, the impacts of surface coal mining on air quality have only been 

sparsely addressed (Aneja et al., 2012) and, therefore, require comprehensive and 

systematic monitoring and analysis.  

 

The activities associated with surface coal mining, including topsoil removal, drilling, 

blasting, coal handling operations, coal hauling, transportation and dumping of 

overburden, along with wind erosion of exposed surface, all inject particulate matter (PM) 

into the atmosphere. Major air pollutants near the surface coal mines were total suspended 

particulate matter and respirable particulate matter (Gose and Majee, 2000; Gose and 

Majee, 2007). The emission inventory for the Greater Metropolitan Region of  the New 

South Wales, Australia, reported that the coal mining industry was the largest industrial 

emitter of fine particles, particles with aerodynamic diameter ≤ 10 μm, PM10 (~34% of 

total anthropogenic emissions) and particles with aerodynamic diameter ≤ 2.5 μm, PM2.5 

(~14% ) in 2008. Gose, 2007, reported that drilling operations and wind erosion of coal 

stockpiles were respectively the two major dust sources in the mining area. Vehicular 

traffic on haul roads were identified as the largest source of fugitive dust, and can even 

contribute to 80% of total dust emission (Gose, 2007). The complex topography of the 

region often lead residents to build their houses very close to coal mine haul roads (Aneja 

et al., 2012). Coal hauling trucks entrain the temporal buildup of pollutants owing to 

reduced ventilation of these particulate emissions. PM in the atmosphere has a strong 

statistical correlation with increased hospitalization, emergency room visits and self-

dosage by asthma patients (HEI, 2004). According to the World Health Organization Air 
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Quality Guidelines 2005 (WHO AQG 2005), public authorities should take actions at the 

regional, national, and international levels to reduce human exposure to these air 

pollutants. Analysis of live births during 1996 - 2003 in the four states in the Central 

Appalachian region – Kentucky (KY), Tennessee (TN), Virginia (VA), and West Virginia 

(WV) – identified that both socioeconomic and environmental disturbances in 

mountaintop mining areas may be the major factors contributing to the elevated birth 

defect rates (Ahern et al., 2011). 

 

Aneja et al., 2012 conducted the particulate matter measurements at Campbell (mine site) 

and at Willis, a Roda community that live in the narrow hollows with their homes placed 

directly along the roads. These narrow hollows are located immediately below the 

mountains and between the mountain tops (Kurth et al., 2015). Proximity to the roads 

having heavy traffic of the coal hauling trucks and the poor ventilation owing to the 

complex topography of the region both add severity in the air quality problem of the 

region. Aneja et al. in 2012 identified coal hauling as the major contributor to the PM10 in 

the Roda community.  The levels of respirable particulate matter were up to three times 

the National Ambient Air Quality Standard (NAAQS) of 150μg m
-3

 (Aneja et al., 2012). 

In agreement with Gose, 2006, Aneja et al., 2012, also suggested trucks carrying materials 

from mining site as the major contributor to elevated levels of particulate matter in the 

Appalachian region. Based on their study, even though the particulate matter pollution in 

the eastern United States has reduced significantly over the last 30 years, the observed 

PM10 mass concentration in Roda, VA, which is representative of the Appalachian coal 



150 

 

mining region, showed significant PM10 levels compared to major cities in the Eastern 

United States. The same study also revealed the presence of antimony, arsenic, beryllium, 

cadmium, chromium, cobalt, lead, manganese, mercury, nickel, and selenium in the 

collected samples from both Campbell and Willis (a group of metals identified as toxic or 

potentially toxic by the U.S. EPA National Ambient Air Toxics program). Moreover, all 

of these metals present in the Roda samples were known to be present in coal (Finkelman, 

1995). Many states have adopted strategies or control measures, which were typically 

included within the State Implementation Plans (SIPs) adopted pursuant to the Clean Air 

Act, to limit emissions of criteria air pollutants such as particulate matter. However, the 

SIP standards for fugitive dust emissions are ambiguous, and thus potentially 

unenforceable – such as the requirement in the Virginia SIP that coal mine operators take 

“reasonable precautions” to control fugitive dust but without specifying the “precautions” 

that must be taken. Therefore, monitoring and analysis of particulate matter on a regular 

basis will have significant contributions in improving the management of dust emissions 

associated with coal mining (The NSW Department of Planning and Industry & 

Investment, Environmental Compliance and Performance Report, 2010).  

 

The fact that the ground-based observations of particulate matter concentrations are 

limited in both space and time, it is important to determine the potential of satellite-based 

observations in understanding the particulate matter pollution in this region. Satellite-

derived AOD has significant spatial and temporal coverage and therefore is a potential 

candidate as a surrogate for predicting the surface air quality. The studies conducted in the 
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past, in different regions of the world, attempted to estimate the surface PM2.5 or PM10 

from ground-measured or satellite-derived aerosol optical depth (AOD, τ) (Engel-Cox et 

al., 2006; Filip and Stefan, 2011; Pelletier et al., 2007; van Donkelaar et al., 2006; van 

Donkelaar et al., 2010; van Donkelaar et al., 2011). These studies demonstrated the 

promising predictive power of satellite derived AODs for fine particulate matter. The 

objective of the current study is to estimate the extent of surface particulate matter 

pollution in Roda, Virginia, i.e., a community representative of other communities in the 

Appalachian coal mining region. Based on VA county-wide surface coal production data 

for 2008, the Wise County had the largest production of surface coal in 2008.  We had 

conducted the air sampling of PM10 (but not PM2.5) during 3-14 August, 2008, at two 

locations in the small community of Roda, Virginia, located very near to mountaintop 

mining sites.  

 

As part of this analysis, a multiple regression model was developed by combining 

satellite retrievals of AOD with ground-based meteorology and particulate matter 

measurements at an additional location in Bristol, TN. The observed PM2.5 concentrations 

at another location in Hazard, KY are used to validate the regression relation. This relation 

is then extrapolated to our measurement site (Roda, VA) to predict the surface PM2.5 

concentrations. The current study demonstrates the potential of combining spatially and 

temporally frequent satellite AOD retrievals with meteorological observations, in regions 

devoid of air quality monitoring, to understand the surface particulate matter pollution. 
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A2. Data and Methodology 

 

A.2.1. Site Description 

PM10 measurements were conducted at two locations in Roda, Virginia (Figure A.1). The 

sampling sites, Campbell (36
o
57′35″ N, 82

o
49′57″ W, 592 meters) and Willis (36

o
57′8″ N, 

82
o
49′14″ W, 568 meters), are approximately a mile apart (Aneja et al., 2012). Around the 

time of the measurements, about 44% of Virginia’s surface coal production was taking 

place in Wise County (Coal production data, 2008). The Campbell site is located along a 

haul road very near to the entrance of various coal mines, and therefore observations from 

this site represent PM emissions from the haul road with potential contributions from the 

mine sites. Site Willis is located along the same haul road approximately a mile away 

from Site Campbell and coal mines, and therefore represents the microenvironment to 

which the residents in Roda are exposed (Aneja et al., 2012).  
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Figure A.1. Particulate Matter measurements during 3-14, August 2008 were conducted at 

two locations in Roda, Virginia at site Campbell (a mine site) and at site Willis (a site 

close to the haul road). The air quality and meteorology data from the two closest stations 

to the Roda, Virginia used in this study include Bristol, Tennessee, and Hazard, Kentucky. 

The Aqua MODIS aerosol optical depth at 550 nm on 4th August, 2008 is also shown. 
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A.2.2. Particulate Matter Measurement 

Air sampling of PM10 was conducted for twelve days during August 3-14, 2008, at 

Campbell and Willis sites in Roda, Virginia (Figure A.1). By comparing the observations 

of particulate matter concentrations between the mine site (Campbell) and the location 

along the haul road (Willis), we can identify the contribution from coal hauling. The 

PM10 samplers used are Andersen/GMW Model GUV-16H high volume air samplers 

with size selective inlets to collect particles with effective aerodynamic size smaller than 

ten micrometers. Calibration and operation of the samplers were performed in accordance 

with the manufacturer’s specifications and the US Environmental Protection Agency (US 

EPA) regulations (US EPA, 1983). Laboratory calibrations of the samplers are conducted 

prior to and after the field deployment. Moreover, the on-site calibration was performed 

every day during the measurement period. The sampling was conducted for 24 hours 

continuously for the twelve days. A detailed description of the site characteristics and the 

PM samplers used, along with the sampling method, are provided in Aneja et al., 2012. 

 

A.2.3. Air Quality Data 

The air quality data were obtained from the two official PM monitoring stations located 

nearest to Roda, Virginia: one in Bristol, Tennessee (36.608N; 82.164W, 550 m elevation) 

and the other in Hazard, Kentucky (37.283 N; 83.209W, 280 m elevation) (Figure A.1.). 

These data were downloaded from the US EPA’s Air Quality System (AQS) AirData 

website (http://www.epa.gov/airquality/airdata/). 24 hour-averaged PM2.5 data were 

available with 2-day intervals at Bristol for all of 2008 and PM2.5, and PM10 data with 6-

day intervals were available at Hazard from January to May 2008.    
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A.2.4. Meteorology 

The daily average meteorological data – including air temperature (
0
F), relative humidity 

(%), wind speed (miles/hour), surface pressure (inches), and rainfall (inches) – were 

obtained for Bristol, TN (36°37'39'' N; 82°10'15'' W), Hazard, KY (37°24'43'' N; 

83°25'26'' W), and Roda, VA (36.97°N, 82.56°W). These data were downloaded from the 

National Weather Service. Days with reported rainfall events are excluded from the 

analysis.  

 

A.2.5. Satellite Data 

Satellite-derived AOD retrievals from Moderate Resolution Imaging Spectro-radiometer 

(MODIS) sensor onboard the Earth Observing System (EOS) Terra and Aqua satellites are 

available in high spatial and temporal resolutions. By collocating MODIS collection-5 

Aerosol Optical Depth (AOD) with Aerosol Robotic Network (AERONET) AOD, Levy et 

al., 2010 suggested  that, over land, the estimated uncertainty of MODIS AOD fall within 

the error bounds of ±0.15τ ± 05. The MODIS 3km and 10km aerosol data were obtained 

from the National Aeronautics and Space Administration (NASA) Goddard Space Flight 

Center web interface to the Level 1 and Atmosphere Archive and Distribution System 

(LAADS) (http://ladsweb.nascom.nasa.gov/data/). MODIS Terra and Aqua level 2, 

collection 5.1 high confidence retrievals of 550 nm AOD at 10km x10km resolution are 

used in this study. The results are also compared with 3km AOD retrievals from MODIS 

Aqua satellite.  
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A.2.6. The Weather Research and Forecasting (WRF) Model 

The state-of-the-art Weather Research and Forecasting (WRF) model version 3.5.1 was 

used to simulate the meteorology of the study region centered at latitude: 37.4
0
N, longitude: 

-83.1
0
W. Three model domains with 9 x 9 km

2
, 3 x 3 km

2
, and 1 x 1 km

2
 horizontal 

resolutions with 51 vertical levels from ~8 m to ~20 km AGL were chosen for this 

simulation. The size of these three horizontal domains are respectively 810 km x 774 km; 

453km x 453km, and 283 km x 268 km. The Yonsei University (YSU) Planetary 

Boundary Layer (PBL) parameterization scheme (Hong et al., 2006; Hu et al. 2013) is 

used in this simulation along with the revised MM5 surface layer scheme (Jiménez et al. 

2012), Noah Land Surface Model (LSM) (Tewari et al. 2004), WRF Single-Moment 5-

class Microphysics (Hong et al. 2004), RRTMG long wave and shortwave Radiation 

(Iacono et al. 2008), and Kain–Fritsch Cumulus schemes (Kain 2004). National Centers 

for Environmental Prediction (NCEP) North American Mesoscale (NAM) analysis data (6 

hourly at 12 km horizontal grid resolution) (Rogers et al. 2009 ) are used for the initial and 

boundary conditions of WRF meteorological fields. The WRF model is run from 12 UTC 

on 2
nd

 August to 0 UTC on 15
th

 August, 2008. WRF outputs corresponding to first 12 

hours are excluded from this analysis. Output files are produced every 10 minutes and 

outputs from the 1km (inner) domain are used in this study.   

 

A.2.7. Methodology 

MODIS 550 nm AOD with best quality data (quality assurance (QA) data flag = 3) are 

integrated with ground-based particulate matter and meteorological observations for the 

selected three stations (Bristol, TN; Roda, VA; and Hazard, KY) in the Appalachian 
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region. As a first step in the integration, these data are collocated in both space and time. 

Days with reported rainfall events are excluded from this analysis as these are washout 

events that reduce the concentrations of particulate matter in the air.  

 

Based on the spatially and temporally coincident AOD and meteorology data, a multiple 

regression model was developed for the surface PM2.5 for Bristol, TN for the year 2008. 

Even though 3 km AOD were able to resolve fine aerosol features such as smoke plumes 

over land and ocean significantly better than the 10 km AOD (Remer et al., 2013), their 

data frequency  3km data is considerably small. Moreover, our sampling was conducted 

for a limited period. For these reasons, we included 10km x 10km AOD in the 

development of the regression relation. We used high confidence (Quality Flag = 3) 550 

nm AOD and cloud free pixels are only selected in this study. To collocate the satellite-

derived AODs with ground-based measurements, we may either employ a minimum 

distance method or an average method (Cheng et al., 2012). In the minimum-distance 

method, the satellite pixel closest in distance to the surface station is selected and paired 

with the surface measurement that is closest in time to the satellite overpass. In the second 

method, an averaging is done for the high confidence (quality flag =3 and cloud free) 

retrievals of satellite pixels within a selected distance around the surface station.  It is then 

paired with the surface measurements averaged over an appropriate time range. In this 

study, we chose the method of averaging to collocate the satellite AOD with the surface 

measurements. 
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At Bristol, TN, the collocated data is subjected to bivariate analysis between AOD and 

surface PM2.5 and multivariate analysis by additionally incorporating meteorological 

parameters to derive an empirical relation for the surface PM2.5. Once the particulate 

matter is released or formed in the atmosphere, its vertical and horizontal transports are 

governed by the meteorological conditions prevailing in the region. Since we are deriving 

an empirical relation for the surface particulate matter concentration based on satellite-

derived AOD, which is a measure of the aerosol loading in the total atmospheric column, 

the incorporation of surface meteorology – such as surface temperature, relative humidity, 

wind speed, and surface pressure – may improve this prediction. Days with reported 

rainfall events were excluded to avoid the aerosol washout events. Before extending it to 

study the surface particulate matter concentrations in Roda, VA, the derived empirical 

relation was evaluated using the PM2.5 observations at Hazard, KY. The background 

conditions were not quantified and removed from the concentration of PM10 contributed 

by the coal hauling. 

 

A.3. Results and Discussion 

As we have discussed earlier, a bivariate model is developed to find the association 

between AOD and PM2.5. The linear relationship between AOD and PM2.5 at Bristol, TN 

is: 

 

                                               PM2.5 = AOD*26.62 + 9.4074                               (A.1) 
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The r
2 

corresponding to AOD-PM2.5 relation is 0.40 and is within the range of r
2 

(0.19 - 

0.74) reported for cities in the eastern United States by Engel-Cox et al., (2004). In 

addition to the impact of humidity on its optical properties, meteorology plays important 

roles in the vertical distribution, dispersion, and settling of the atmospheric particulate 

matter. Therefore, incorporating meteorology in deriving the AOD-PM2.5 relationship is 

expected to improve the prediction of surface particulate matter. A multiple regression 

model is developed between meteorological parameters and MODIS AOD for predicting 

the surface PM2.5 at Bristol, TN: 

 

 

       PM2.5 = -136.6 + AOD*31.96 + T *0.065 – RH*0.16 – WS * 2.21 + P * 5.09      (A.2) 

 

where AOD is the aerosol optical depth at 550nm; T is the air temperature in 
0
F; RH is 

the relative humidity in %; WS is the wind speed in mph; and P is the surface pressure in 

inches. Days with reported rainfall events are excluded in the derivation of this regression 

relation. Figures A.2. a and b show the estimated PM2.5 along with the observations at 

Bristol, TN, based respectively on the two variable simple regression model and the 

multi-variate regression model. An important factor governing the successful prediction 

of PM2.5 from AOD is the vertical distribution of aerosols in the atmosphere. For an 

unstable atmosphere, the well-mixed boundary layer may result in an improved linear 

AOD-PM2.5 relationship and vice versa. For this reason, even though AOD can be used as 
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a surrogate for the surface particulate matter concentrations, meteorology plays a 

significant role in the extent to which the respective values correspond (Figure A.2.). 

With the incorporation of meteorology in the estimation of the surface PM2.5 

concentration, r
2
 improved from 0.40 to 0.62. Our results suggest that meteorology plays 

an important role in determining the air quality of the study region. The model was 

evaluated and validated based on PM2.5 observations from Hazard, KY (Figure A.2.).  
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Figure A.2. For 2008, the observed PM2.5 is compared with the regression models predicted PM2.5 

at Bristol, TN (a and b). The PM2.5 multiple regression model for Bristol, TN, is evaluated and 

validated at Hazard, KY (c). (a) Two-variable (AOD) regression model predicted PM2.5; (b) 

Multiple regression model predicted PM2.5; (c) The observed PM2.5 is compared with multiple 

regression model predicted PM2.5 for Hazard, KY. The PM2.5 for August (during the time 

measurements were made) are highlighted in gray.  
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The developed model was then extended to Roda, VA, to predict the surface particulate 

matter concentrations (Figures A.3. and A.4.). We also compared the multiple-regression 

model (AOD-PM2.5-meteorology) (Figure A.2.a) results with the two-variable (AOD-

PM2.5) model (Figure A.2.b).  

 

Before applying the developed multiple regression model for predicting surface air 

quality at Roda, VA, the regression relation was evaluated and validated using the PM2.5 

observations at Hazard, KY. Figure A.2.c shows model-predicted PM2.5 compared to 

observed PM2.5 at Hazard, KY. Particulate matter observations at Hazard, KY were 

available during January – May, 2008 with 6- day intervals. The predicted and observed 

PM2.5 correlated well with an r
2
 = 0.65.  
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Figure A.3. PM10 sampled at site Campbell (PM10_C) and site Willis (PM10_W) are 

shown during 3 -14 August 2008 (Source: Aneja et al., AE 2012). The spatially and 

temporally collocated satellite aerosol optical depth (AOD) for MODIS Terra (10x10 km
2
 

as Terra_10km), and Aqua (10x10 km
2
 as Aqua_10m and 3x3km

2
 as Aqua_3km) are 

shown. The multiple regression model predicted PM2.5 is also shown.  
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Figure A.4. For Roda, VA, (a) The MODIS aerosol optical depth at 550nm is compared 

with multiple regression model predicted PM2.5 for the year 2008, and (b) The observed 

PM10 is compared with multiple regression model (eq 2) predicted PM2.5 during 3 -14 

August, 2008.  (± 1SD for both observed and predicted PM2.5 is also shown) 
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The PM10 concentrations at Roda, VA, are shown in Figure A.3. The 24-hour average 

PM10 concentration during the study period August 3 - 14, 2008 at site Campbell was 

250.2 ± 135.0 μg m
-3 

and at site Willis was 144.8 ± 60.0 μg m
-3

. The PM10 24-hour U.S. 

National Ambient Air Quality Standard is 150 μg m
-3

. Site Campbell is located very near 

to the entrance of various coal mines, and, therefore, PM10 concentrations far exceeded 

those at site Willis. In Figure A.3., spatially and temporally coincident MODIS Aqua and 

Terra AOD (10km x 10km) are shown compared to the observed PM10 for the sampling 

sites. Satellite-derived AOD is capable of capturing the diurnal variation pattern in the 

sampled PM10 at the Willis site. Site Willis is close to the haul road and is ~ 1 mile away 

from site Campbell. The particulate matter measurements from Willis site are more 

representative of the typical exposure in the region as it is further from the mine sites, and 

therefore we see an improved correlation between satellite-derived AOD and Willis PM10 

as compared to Campbell PM10.  

 

Using the outputs from WRF model simulation, we further examined the role of 

meteorology in the air quality of the study region. At Campbell (located at the entrance of 

mine sites), no or poor correlation observed between WRF simulated planetary boundary 

layer (PBL) height, wind speed, wind direction, 2m air temperature, or down-welling 

shortwave radiation. Except for the PBL height and relative humidity, site Willis also 

showed relatively poor correlation for these simulated meteorological parameters with 

PM10. At Willis, the daily average PBL height moderately negatively correlated (Figure 

A.5.) with PM10 (r
2
 = ~0.50).  
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Figure A.5. The correlation between WRF simulated PBL height and PM10 is shown for 

site Willis. The PBL height-PM10 showed moderate negative correlation (r
2
 =~0.50) at this 

site. No or poor correlation was observed between PBL height-PM10 at site Campbell. 
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During August 3 - 14, 2008, the WRF simulated average wind direction was north-

northwesterly or northerly. The daily average wind direction at site Willis ranged from 

~304
0
 to ~ 360

0
. The corresponding 10m wind speed ranged from 1.85m/s to 3.5 m/s. 

Aneja et al (2012) noted that at both the sites, the lowest concentration of PM10 (~30 μg 

m
-3

) was measured on the day that had no truck hauling. We noticed that excluding this 

particular day in the analysis improved the correlation between PM10 and relative 

humidity at Willis (r
2
 = improved from 0.10 to 0.34) and at Campbell (r

2
 = 0.08 to 0.25). 

Other important factors noted during this study are the higher concentration of particulate 

matter at Campbell and this mine site is ~1 mile northwest of the site along the haul road 

(Willis). Moreover, the prevailing wind direction in this region during the study period 

was north/northwesterly. All these factors suggest that the air quality at Willis may be 

influenced by coal mining and coal hauling.  
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Figure A.6. The correlation between spatially and temporally collocated MODIS aerosol 

optical depth at 550nm and PM10 during 3 -14 August, 2008 are shown for Roda, Virginia.  

 

 

The multiple regression model-predicted PM2.5 correlates well with the observed PM10 

pattern.  During the measurement period, for the days with predicted PM2.5, the 

correlation (negative) between PBL height and predicted PM2.5 (r
2
 = 0.30) was 

comparable with that of PBL height and predicted PM10 (r
2
 = 0.32). For these days, the 

model predicted PM2.5 and PM10 exhibited comparable correlation with WRF simulated 

meteorological parameters. These factors suggest the possibility of the same source for 

PM10 and PM2.5 (coal mining operations, including truck hauling). At Roda, VA, the 

multiple regression model predicted PM2.5 was compared with MODIS 550 nm AOD for 
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the year 2008 (Figure A.4.a). The predicted PM2.5 is well correlated with satellite-derived 

AOD (r
2
 = 0.54). Engel-Cox et al., 2006, pointed out that the particulate matter that is 

transported upwards is a contributing factor in the variability in this AOD-PM2.5 

relationship. The multiple regression model (eq 2) predicted PM2.5 was correlated with 

measured PM10 (Figure A.4.b). The slope of Figure A.4.b suggests a PM2.5 fraction of 

~9.4% of PM10. We observed a similar relationship between measured PM2.5 and 

measured PM10 at Hazard, KY; which has a PM2.5 contribution of ~5.6% to PM10. This 

result is very similar to our predicted PM2.5 fraction at Roda, VA. The correlation (r
2
 = 

0.51) between MODIS 550 nm AOD (mean and ± 1SD is 0.197 ± 0.11) and PM10 (mean 

and ± 1SD is 137.08 ± 56.95 μg m
-3

) during August 3 - 14, 2008 are shown for Roda, 

Virginia (Figure A.6.). The World Health Organization (WHO) PM standards are as 

follows: the 24-hour PM10 standard is 50μg m
-3

; and the 24-hour PM2.5 standard is 25μg 

m
-3

. Our results show that the predicted PM2.5 at Roda, VA, in 2008 is 9.11±5.19 μg m
-3 

with a minimum of 1.27 μg m
-3

 and a maximum of 30.20 μg m
-3

. On some days in 2008, 

the predicted PM2.5 exceeded the WHO 24-hour standard of 25 μg m
-3

. 
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A.4. Conclusions 

We have conducted particulate matter (PM10) measurements at Campbell, a site located 

very near coal mines, and at Willis, a site close to the haul road, both in the active 

mountaintop mining area of Roda, Virginia located in Wise County. During the 12-day 

measurement period in August 2008, the 24-hour average PM10 concentration at the 

Campbell Site was 250.2 ± 135.0 μg m
-3,

 and at the Willis Site was 138.4 ± 62.9 μg m
-3

, 

while the PM10 24-hour U.S. national ambient air quality standard is 150μg m
-3

.  

 

The fact that Wise County is Virginia’s largest surface coal-producing county at the time 

may be the reason for elevated levels of particulate matter loading in the region as 

compared to major cities in the Eastern United States. Therefore, to understand the impact 

of coal hauling on the ambient air quality by predicting the PM2.5 concentration at the site, 

we have developed a regression model by spatially and temporally integrating high 

confidence 550 nm AOD retrievals from MODIS satellite sensors, ground based 

observations of respirable particulate matter concentrations and surface meteorological 

parameters. The comparison, of multiple regression-model predicted PM2.5 (R
2
 = 0.62) 

and two-variable (AOD-PM2.5) predicted PM2.5 (R
2
 =0.4) with the observations, show that 

including surface meteorology in the regression model improves the agreement between 

measured and calculated PM2.5. 
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The developed regression model was validated using particulate matter observations from 

Hazard, Kentucky. At Roda Virginia the ratio between model-predicted PM2.5 and 

measured PM10 is a little less than 0.1. The multi-variate model predicted PM2.5 exceeded 

the World Health Organization (WHO) 24 hour PM2.5 standard on some days for which 

quality assured AOD data were available in 2008. The current study sites are 

representative of communities in the southwest Virginia and parts of Appalachia that are 

commonly located in narrow hollows where homes are placed directly along the roads that 

experience heavy coal truck traffic in a region of active mountaintop mining operations. 

The need for developing control and mitigation strategies to protect the environment and 

safeguard the public health from particulate matter generated by coal hauling therefore 

warrant further detailed studies in this and similar regions. The current study demonstrates 

that integrating satellite-derived aerosol information with observed and model simulated 

meteorology along with ground-based particulate matter observations may provide 

improved characterization of air quality in the region of interest. 
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