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Atmospheric aerosols play an import role in climate change through direct 

interaction with sunlight.  Organic carbon (OC) aerosol, which absorbs ultraviolet and 

short visible wavelength sunlight, is one of the least understood factors in climate 

change.  To quantify the climate effect of organic aerosol, the first step is to obtain its 

fundamental optical parameters.  This study explored a solvent-free method to measure 

the mass absorption cross-section (MAC) of OC, and applied this method to both 

secondary organic aerosol (SOA) and primary organic aerosol (POA).  SOA was 

produced through photooxidation of different precursor hydrocarbons such as toluene, 

d-limonene, and α-pinene using a 2 m3 indoor Teflon film chamber.  Of these three 

precursor hydrocarbons, the MAC value of toluene SOA was the highest compared with 

MAC of d-limonene and α-pinene SOA.  To understand how the composition of SOA 

affects its MAC, a new model to predict the UV-visible absorption spectrum of SOA was 

developed.  The model predicted that, with higher level of NOx(~100ppb), absorption of 

toluene SOA would be higher due to the formation of more nitrocatechols.  This method 

was also used to measure MAC of POA.  Wood burning OC produced under smoldering 

conditions were photochemically aged using a 104 m3 dual outdoor chamber under 
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natural sunlight.  Overall, the mass absorption cross-section of OC increased by 11-

54% in the morning and then gradually decreased by 19-68% in the afternoon.  A 

similar trend in the change of light absorption was observed in ambient smoke aerosol 

originating from the 2012 County Line Wildfire in Florida.  To quantify the climate forcing 

of OC, a simple forcing efficiency was used to provide a first estimate of the climate 

impact of SOA and POA.  Our results confirm that SOA can be treated as cooling 

aerosol, with negative climate forcing similar to inorganic sulfates.  POA has the 

potential to release heat to atmosphere with net positive forcing.  
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CHAPTER 1 
INTRODUCTION  

Atmospheric Aerosols and Climate Impact 

Atmospheric aerosols are generally defined as those liquid, semi-solid or solid 

particles suspended in air, having diameters in the range of 1 nm to 10 μm (Seinfeld 

and Pandis, 1998).  Based on their formation mechanisms, atmospheric aerosols can 

be divided into two categories: secondary aerosols and primary aerosols.  Secondary 

particles are formed through gas-to-particle conversion.  For example, ammonium 

sulfate, (NH4)2SO4, is formed through the ammonia titration with sulfuric acid.  Primary 

particles are directly emitted from sources such as biomass burning, sea salt, volcano 

eruption, and soil.  Elemental carbon and most inorganic species are usually the 

components of primary particles.  Figure 1 summarizes typical atmospheric aerosol 

compositions based on current ambient studies.  

Concerns on anthropogenic climate change have drawn attention to the role of 

atmospheric aerosol in the earth’s climate system.  Atmospheric aerosols have a 

significant impact on climate through their direct and indirect influences on climate 

(Pöschl, 2005;Rosenfeld et al., 2008).  Aerosols have a direct climate forcing effect 

because they scatter and absorb sunlight.  They also change the formation and 

precipitation efficiency of cloud, thus causing an indirect radiative forcing.  To measure 

the influence of aerosol on climate, radiative forcing has been typically used.  Radiative 

forcing (W/m2) is the rate of energy change per unit area of the globe as measured at 

the top of the atmosphere.  The positive and negative sign of radiative forcing indicate 

warming and cooling influence of aerosols, respectively. 
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Unlike greenhouse gases, which are well mixed in the atmosphere and have a 

long life time in atmosphere, aerosol has much shorter life time, typically on the order of 

6 days.  The mass concentration, size distribution, and physiochemical properties of 

aerosols are highly variable in space and time.  According to Intergovernmental Panel 

on Climate Change (IPCC) Assessment (2007), atmospheric aerosols are the largest 

source of uncertainty in climate forcing estimation. 

Among various atmospheric aerosols, inorganic salts such as sea salt and 

sulfate can cool down the atmosphere by scattering solar radiation (Randles et al., 

2004;Tegen et al., 1996).  Only a few types of aerosols, such as carbonaceous aerosol 

and some mineral dusts, have the potential to cause climate warming by directly 

absorbing solar radiation (Menon et al., 2002).  Carbonaceous aerosol includes both 

organic carbon (OC) and black carbon (BC) aerosol.  Light absorption of OC has been 

poorly understood mainly due to its complex chemical composition as well as evolution 

of chemical, physical, and optical properties.  

Organic Carbon Aerosol 

Organic carbon (OC) aerosol is defined as the aerosol which is composed of 

primarily carbon-containing compounds that include hydrogen and, usually, oxygen.  On 

a global scale, OC is a significant fraction of ambient aerosol, accounting for 20-50% to 

the total fine aerosol mass at continent (Putaud et al., 2004) and as much as about 90% 

in tropical forest areas (Andreae and Crutzen, 1997).  Compared with other atmospheric 

aerosols, OC has some unique physical and chemical properties:  

1. It absorbs sun light in certain wavelength region, particularly in the UV and short 
visible range.   

2. It has very complex chemical composition, with thousands of chemical compounds 
present simultaneously in the particle phase.  
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3. It can undergo a wide range of chemical transformation (oxidation, photolysis, 
polymerization, etc.) under atmospheric conditions.  

OC has been categorized as primary organic aerosol (POA) and secondary 

organic aerosol (SOA) depending on the source and formation mechanism.  POA is 

directly emitted from sources such as biomass burning and fuel combustion.  In the 

global emission budget, the total POA emission is about 35 TgC per year (Hallquist et 

al., 2009), which accounts for 23% of total OC flux.  SOA is formed from the 

photochemical oxidation of volatile (VOCs) or semivolatile organic compounds (SVOCs).  

Biogenic terpenes from vegetation and aromatics from anthropogenic sources can react 

with oxidants such as OH radical and O3, to produce less volatile compounds, which 

can condense on preexisting particles or self-nucleate to form SOA.  The total flux of 

biogenic SOA is 115 TgC per year, contributing to 77% of total OC.  Among SOA, 76% 

is from biogenic VOCs, such as isoprene, α-pinene, and d-limonene.  

Optical Properties of Organic Aerosol 

Radiative transfer models require the input of optical properties of aerosol, 

including asymmetry factor, single-scattering albedo, and extinction coefficients (m2m-3 

or m-1).  The estimation of these parameters is needed in all wavelengths, particularly in 

the UV-visible wavelength range between 280nm to 700nm.  For longer wavelength in 

the infrared range, scattering and absorption of particles are less important than gas 

molecules.  With given particle size distribution and complex refractive index, it is 

possible to calculate the optical parameters of aerosol using Mie scattering theory.  

The complex refractive index (m) is expressed as: m = n + ki.  For organic 

aerosol, the real part, n, has a value between 1.3-1.7 in the wavelength range of 280-

800nm (Nakayama et al., 2013).  The real refractive index decreased slightly with 
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increasing wavelength.  The imaginary part, k, is directly related to the light absorption 

capacity of aerosol.  Light absorption of OC is wavelength dependent (Kirchstetter et al., 

2004;Schnaiter et al., 2005), dramatically increasing towards shorter wavelengths.  

Since n does not change too much and k is the optical property most relevant to the 

positive forcing, this study is focused on light absorption of organic aerosol. 

This study uses mass absorption cross section (MAC, m2g-1) to quantitatively 

describe the light absorption properties of organic aerosol.  MAC of OC can be 

calculated from the light absorption coefficient of OC divided by OC mass concentration.  

MAC is related to k through the following equation. 

,




4

  MAC
k 

     (1-1) 

where ρ is the density (g/m3) of OC, λ is the wavelength.  

POA from combustion organic carbon has been suggested to a main source of 

brown carbon, an important light absorbing particulate matter (Andreae and Gelencser, 

2006).  There is growing evidence (Nozière and Esteve, 2005;Shapiro et al., 

2009;Sareen et al., 2010;Laskin et al., 2010b;Bones et al., 2010a;Nakayama et al., 

2010a;Zhong and Jang, 2011) to show that SOA potentially would contribute to brown 

carbon.  The recent study by Noziere and Esteve (2005) has demonstrated the 

formation of light absorbing organic matter due to aldehydes and ketones absorbed by 

sulfuric acid aqueous solution.  Shapiro et al. (2009) and Sareen et al. (2010) also 

reported the production of chromophores when ammonium ions were added to glyoxal 

and methylglyoxal.  The formation of colored SOA has been observed in either the 

ozonolysis of biogenic terpenes (Laskin et al., 2010b;Bones et al., 2010a) or the 

photooxidation of toluene(Nakayama et al., 2010a;Zhong and Jang, 2011).  
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Direct Climate Impact of Organic Carbon  

A relatively limited number of studies have investigated the direct radiative 

forcing of organic carbon.  The estimated value of radiative forcing of organic carbon 

was -0.3 ~ -0.09 w/m2 (IPCC, 2007;Maria et al., 2004;Chung and Seinfeld, 2002;Myhre 

et al., 2009;Hoyle et al., 2009).  Both Maria et al.(2004) and Myher et al. (2009) reported 

the radiative forcing of SOA was -0.1w/m2.  For POA, the average value was -0.14 w/m2 

(Schulz et al., 2006).  The results of current model simulation show that both SOA and 

POA have a direct cooling effect on climate.   

However, one big uncertainty in the above models is the optical properties of 

organic carbon.  Models which predict the radiative forcing of SOA took the optical 

properties of POA for SOA.  But the optical properties of POA were treated as the same 

as those of inorganic aerosols.  For example, in the work of Chuang and Seinfeld (2002), 

the optical properties of OC were similar to sulfate and nitrates.  Myher et al (2009) 

treated POA equivalent to sulfate.  These inorganic aerosols are known to be cooling 

aerosols with negligible absorption in the UV-visible range.  However, organic carbon 

might absorb both UV and visible light.  Considering the large source of OC in the 

atmosphere, quantification of the light absorption properties of organic aerosol is 

necessary to reduce the uncertainty in climate models.  

Motivation and Objectives 

Although OC is a major component in atmospheric aerosol, their impact on 

climate is not well evaluated due to the lack of optical properties of OC.  Thus detailed 

measurement and evaluation of the optical properties of both SOA and POA are 

necessary to accurately model the climate impact of organic aerosols in atmosphere. 

The objectives of this work are therefore to:  
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1.  Develop a new methodology to quantify the light absorption properties of organic 

aerosol;  

2.  Measure the mass absorption cross section (MAC) of SOA;  

3.  Investigate the contribution of chemicals to SOA light absorption;  

4.  Quantify MAC of POA;  

5.  Evaluate the forcing efficiency of SOA and POA  



 

20 

  

 

Figure 1-1.  Composition of ambient particular matter 
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CHAPTER 2 
MASS ABSORPTION CROSS SECTION MEASUREMENT OF SOA USING A UV-

VISBILE SPECTROMETER CONNECTED WITH AN INTEGRATING SPHERE 

Background  

A substantial fraction (~70%) (Hallquist et al., 2009) of atmospheric organic 

carbon (20 - 50% of the total fine aerosol mass) (EPA, 2004) is in the form of secondary 

organic aerosol (SOA), which is produced from atmospheric photochemical reactions of 

volatile organic compounds with atmospheric oxidants (e.g., OH, O3, and NOx).  The 

effect of SOA on climate forcing, however, is poorly understood due to the complexity of 

chemical compositions of SOA, limitation in product analysis, and the lack of 

measurement methods for aerosol optical properties. 

To date, there is a discrepancy between mode treatment and observation for light 

absorption properties of SOA.  Most direct radiative forcing models consider the light 

absorption of organic carbon as negligible (Forster, 2007).  In contrast, laboratory and 

field studies have shown that SOA potentially would contribute to brown carbon as an 

important light-absorbing particulate matter.  For example, laboratory studies (Bones et 

al., 2010b;Laskin et al., 2010a) suggest that SOA formed from the ozonolysis of 

terpenes can be transformed to brown carbon in the presence of ammonium ion or 

ammonia gas.  In the recent study of PM2.5 sampled from fifteen southeastern 

monitoring sites in the United States, Hecobian et al (2010) has reported that SOA is 

the one of the major sources of chromophores, contributing 20% to 30% of the light 

absorption coefficient for the total water soluble OC at 365nm. 

The determination of the mass absorption cross section (MAC) of SOA is 

essential to develop a predictive model for radiative forcing of organic aerosol.  

However, conventional methods for measuring MAC of aerosol are limited in either 
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wavelength or the aerosol sample preparing procedure.  For example, typical optical 

instruments such as an optical photoacoustic spectrometer (Moosmuller et al., 1998), a 

particle soot absorption photometer ( Radiance Research, Seattle, WA), an 

aethalometer ( Magee Scientific, Berkeley CA), an integrating plate photometer (Lin et 

al., 1973), and an integrating sphere photometer (Campbell et al., 1995), are able to 

measure MAC of aerosol filter samples or the aerosol suspended in the air but operated 

only at a fixed wavelength (e.g., one to seven wavelengths).  Light absorption of actual 

atmospheric organic aerosol is wavelength dependent due to various functional groups 

present in the aerosol.  Thus, it is necessary to determine MAC of organic aerosol over 

UV-visible wavelengths covering the sunlight spectrum. 

As an alternative approach, an aerosol filter sample has been extracted with 

different solvents and measured for light absorbance using a UV-visible spectrometer 

covering a wide range of wavelengths.  The weakness of the solvent extraction method 

is the modification of the chemical and physical properties of the aerosol.  For example, 

the esterification of humic-like aerosol products stored in alcohol solvents has been 

reported (McIntyre and McRae, 2005).  Researchers have also shown that carbonyls in 

SOA react with an alcohol (e.g., methanol) which is used as a solvent forming 

hemiacetals and acetals (Bateman et al., 2008).  It is known that organic compounds 

react with sulfuric acid and produce organosulfates in aerosol (Iinuma et al., 

2007;Surratt et al., 2008;Liggio et al., 2005a).  Acetals, hemiacetal, and organosulfates 

present in aerosol can also return to original parent compounds during the solvent 

extraction.  In addition, the solubility of aerosol products varies depending upon types of 

solvents.  Therefore, a technique for measuring the light absorption coefficient of 
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aerosol directly using filter samples covering the full spectrum of UV-visible light is 

needed.   

We proposed here to evaluate the feasibility of a UV-visible spectrometer 

equipped with an integrating sphere for measuring MAC of SOA collected on the filter.  

UV-visible spectrometry is not new, but is a user friendly technique based on a 

fundamental light absorption theory.  The use of a filter for collecting aerosol is also very 

common and efficient.  Yet, it is acknowledged that the UV-visible spectroscopic 

technique associated with the aerosol filter sample has not been fully developed for the 

study of an aerosol absorption coefficient.  In this study, both the transmittance mode 

(TUV-IS) and reflective mode (RUV-IS) have been demonstrated for the measurement 

of MAC of chamber generated SOA covering a wide range of wavelengths (280-800nm).  

Toluene (TOL) as a major anthropogenic precursor hydrocarbon and d-limonene (DL) 

and -pinene (AP) as major biogenic precursor hydrocarbons, were photochemically 

oxidized in the presence of NOx and inorganic seed aerosol using a 2 m3 Teflon indoor 

chamber.  The influence of the precursor hydrocarbon types, seed acidity, and light 

source (no light vs. light) on light absorption spectra of SOA has also been investigated.   

Experimental Section 

SOA Formation 

SOA was generated using a 2 m3 Teflon film chamber equipped with UV and 

visible lamps.  The indoor chamber operation has been reported previously (Cao and 

Jang, 2007).  The chamber is surrounded by 16 lamps with total light emission between 

280-900nm.  Seed aerosol was generated using a constant output atomizer (TSI, model 

3076).  Inorganic seed aerosol was made from 0.01M aqueous solution of (NH4)2SO4 

and a mixture of 1:1 volume ratio of 0.01M solution of H2SO4 and NH4HSO4 solutions.  
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After injection of the seed, a known amount of NOx and HC were injected into the 

chamber using a gentle stream of the clean air through a manifold and the lights were 

turned on, marking the starting point of the SOA experiment.  For the ozonolysis 

experiment, ozone was introduced into the chamber by passing clean air through a 

photolytic ozone generator (Jelight Model 600, Irvine, CA).   

The particle population was measured using a scanning mobility particle sizer 

(TSI, SMPS Model 3080, Shoreview, MN) together with a condensation nuclei counter 

(TSI, Model 3025A).  The gas phase concentrations of hydrocarbons were measured 

with an HP 5890 GC-FID.  The experimental conditions and the resulting data for SOA 

formed from the oxidation of TOL, AL and AP are shown in Table 2-1 and Table 2-2.  

For light absorption analysis, the aerosol was collected on a 13mm diameter filter 

(Borosilicate microfibers reinforced with a woven glass cloth and bonded with Teflon, 

Gelman Science Pallflex, Type: TX40H120-WW) using a pump (Gast, DOA-P704-AA) 

at 13 L/min.  To determine the aerosol density, the aerosol volume was measured with 

SMPS data and the aerosol mass collected on the filter was obtained by weighing the 

filter mass before and after sampling using an analytical balance (MX5 Mettler-Toledo 

Ltd., England).  

Light Absorption Measurement 

The light absorption spectra of aerosol collected on the filter were measured 

using a Perkin-Elmer lambda 35 UV-visible spectrophotometer equipped with a 

Labsphere RSA-PE-20 diffuse reflectance accessory.  The deuterium lamp generated 

light between 190 -1100 nm.  The wavelength interval of UV-visible spectral data was 

1.0 nm and the slit width was 1.0 nm.  The filter sample was supported by an in-house 

developed holder.  For the TUV-IS mode, the particle sample filter was placed at the 



 

25 

entrance of the integrating sphere, and a barium sulfate packet for the reflection of 

transmitted light was attached at the exit of the integrating sphere as shown in Figure 2-

1A.  For the RUV-IS mode, the filter sample was located at the exit of the integrating 

sphere (Figure 2-1C).  A blank filter was used to establish a zero baseline. 

In order to calibrate the measured light absorption coefficients of SOA, the 

reference aerosol made of Metanil yellow (MY, Aldrich) or the internal mixture of NaCl 

and MY was introduced into the chamber using a constant output atomizer.  MY aerosol 

was made from 3.5×10-5 M aqueous solution of MY.  The internal mixed MY-NaCl 

aerosol is made of the 2:8 volume ratio of 3.5×10-4 M MY solution to 0.01 M NaCl 

solution.  The absorption cross section of the reference aerosol was determined from 

the MY solution of various concentrations. The resulting data for the MY aerosol is 

summarized in Table A-1. 

Results and Discussion 

Methodology Development 

Theory of transmittance for the particle filter sample 

The attenuation of a light beam that passes through a solution can be 

traditionally expressed by the Beer-Lambert Law as: 

 ,αdεcdabs(aq)       (2-1) 

where abs(aq) is the absorbance of solution, ε is the molar absorptivity of an analyte, c 

is the concentration of an analyte, α is the attenuation coefficient and d is the beam path 

length through the cuvette. 

For the particle filter sample, light scattering, however, arises from both the filter 

matrix and particles which have discontinuity for the refractive index among the fibers of 

the filter materials, the air void, and the aerosol (Figure 2-1B).  This light scattering 
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between interfaces contributes to the light attenuation.  A mathematical formula for the 

light attenuation (OD) of the particle in the matrix, as a sum of the optical density (ODscat) 

by scattering and the optical density (ODabs) by absorption, is expressed as the 

following form (Anderson and Sekelj, 1967): 

,ODOD
I

I
OD scatabs

0 







 log

    

(2-2) 

 ,adODabs 

      

(2-3)
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where I0 and I are intensity of the incident light and the transmitted light, e and q are 

constants depending on particle size, wavelength, instrument, filter fiber and aerosol, H 

is the volume fraction of aerosol in the filter sample, d is the beam path depth, and a is 

the attenuation coefficient as shown in equation 2-1.  ODabs which is treated by the 

traditional Beer-Lambert Law is linear to the concentration of absorbers.  Equations 2-2 

decouple the total OD into two distinct and independent parts, ODabs and ODscat.  Thus, 

we can evaluate the contribution of aerosol scattering to the total light attenuation. 

In our aerosol filter sample, H is very small compared to the filter volume fraction 

and is almost negligible.  ODscat in equation 2-4 is then close to zero when H and edH(1-

H) approach zero.  The calculated H values for most aerosol samples in our study were 

less than 1×10-3.  Thus, the measured transmittance (T=I/I0) bears an exponential 

relationship to the aerosol mass on the filter as an analog of the aerosol concentration 

(equations 2-2 and 2-3):  

.OD
I

I
logOD abs
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     (2-5) 
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In this study, the MY aerosol and the internally mixed MY-NaCl particles were 

used as reference particles to test the feasibility of both TUV-IS and RUV-IS.  The 

strong linear relation (R2: 0.95-0.97) appears in plotting of ln (1/T) vs. the mass of MY 

aerosol in the TUV-IS mode at different wavelengths as shown in Figure 2-2.  This 

result suggests that aerosol absorption coefficient can be mainly expressed by ODabs 

(Equation 2-3). 

Calibration of TUV-IS data 

Absorption spectra for the aerosol collected on the filter require a calibration for 

the increase in path length caused by multiple scattering in the filter fiber. In this study, 

MY was used for the calibration.  In general, the atmospheric organic aerosol could 

absorb visible light up to 500 nm (Baduel et al., 2009).  The absorbing peak of MY is 

near 422 nm and can cover the light absorption of atmospheric organics in the visible 

range.  The reference absorbance of MY aerosol is obtained as follows:  

 ,σnL)Tln(1/       (2-6) 

where σ is the cross-section (m2) for absorption of MY, L is the length (m) of the tube of 

the air sample, which is estimated from V/A.  n is the molecular number concentration 

(#/m3) of MY suspended in the air and calculated as: 

A
 a

N
Mw

f ρV
n 

     
(2-7) 

where Va is the aerosol volume concentration (nL/m3) obtained from SMPS data, ρ is 

the density of the MY aerosol( 1.43 µg/nL) or MY-NaCl aerosol mixture (2.11 µg/nL in 

this study), f is the mass fraction of MY in the MY-NaCl aerosol , NA is Avogadro’s 

number and Mw is the molecular weight of MY (375.38 g/mol). 

σ is related to its molar absorptivity ε (M-1cm-1) described as (Lakowicz, 2006):  



 

28 

ε ,σ 25103.82       (2-8) 

where ε is obtained from a plot of the aqueous MY absorbance vs the concentrations 

using equation 2-1 (when d = 1 cm).  Figure A-1 illustrates the ε value of the MY as a 

function of λ.   

The resulting σ values obtained from the MY aqueous solution using equation 2-

8 are then used to calculate ln(1/T) in equation 2-6.  Figure 2-3A illustrates both the 

estimated ln(1/T) and the measured ln(1/T) for the MY-NaCl aerosol when MY-NaCl 

aerosol mass is 29.18 μg.  The maximum absorption wavelength (λmax), which occurred 

at 434nm for the reference aerosol, is 422nm for the measured aerosol as shown in 

Figure 2-3A.  This difference between two λmax indicates that the solvent (water) used 

for the MY solution can induce the bathochromic shift.  Figure 2-3B shows the plot of 

the theoretically estimated ln(1/T) at λmax = 434 nm using equation 2-6 vs. the measure 

ln(1/T) at λmax = 422 nm with various aerosol sample mass: slope = 1.4845 with a strong 

linearity (R2 = 0.9511).  The resulting slope was used as correction factor, C in equation 

2-11, to correct the measured ln(1/T) for SOA.   

Relationship between TUV-IS and RUV-IS 

Since transmittance bears an exponential relationship to the molar absorptivity (ε) 

of the absorber, it follows that reflectance also has the same relationship to ε.  The filter 

material used in this study has a fabric texture.  The beam through a filter medium can 

travel typically by the diffuse-reflectance mode (Figure 2-1B).  The decrease in diffusion 

reflectance of the filter sample is caused by the absorption of the sample.  The linear 

relationship between reflectance (R) and transmittance (T) may be expressed by 

(Anderson and Sekelj, 1967): 
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.CTCR 21       (2-9) 

C1 and C2 are constants at a given aerosol constituent and sample depth.  Rearrange 

equation 2-9, then 

  .Clog)T/1log(CRlog 12      (2-10) 

The MY-NaCl aerosol with different sample mass (e.g., 14.5, 29.18 and 41.86 μg) 

was used to test the relation between R and T.  Plotting of R against T between 422 nm 

to 600 nm shows a strong linearity (R2 = 0.9935, Figure 2-4) using equation 2-9.  The 

resulting C2 value is -0.0038 and is negligible which can be demonstrated by showing 

no change in slope and R2 when C2 = 0.  The resulting C1 value was 1.01 at both C2 = -

0.0038 and C2 = 0.  C1 is very close to one, indicating that only a slight difference 

appears in measured T and R.  The C1 and C2 are measurement method dependent 

constants mainly depending on the reflection of the filter surface.  Since the integrating 

sphere is able to collect most of the reflected and scattered light from the filter sample, 

the spectrum originated from RUV-IS that measures log (1/R) is more robust and less 

sensitive to environmental errors, compared to the TUV-IS data.  Consequently, RUV-IS 

data includes a smaller error contribution than TUV-IS.  Hence, in this study, the RUV-

IS data was used to calculate the absorption coefficient of SOA. 

Aerosol Mass Absorption Cross Section Calculation 

The volume absorption coefficient (bv, in unit of m-1) of aerosol in the filter is 

generally calculated in the transmittance mode following as: 
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Here C is the correction factor and obtained from the calibration experiment, A is 

the aerosol sampling area (7.85×10-5 m2 in this sampling system) on the filter, V is the 

volume (m3) of the air sample passing through the filter during a given sampling time, L 

is the length (m) of the tube of the air sample, which is estimated from V/A.  I0 and I are 

the transmitted intensity for the blank filter with no aerosol and the filter loaded with 

aerosol, respectively.  abs is the absorbance typically measured from a 

spectrophotometer.  In this study, abs is measured in both TUV-IS and RUV-IS modes.  

In order to compare TUV-IS data among different SOA samples, the mass 

absorption cross section (m2/g), MAC, can be estimated by normalizing bv with the 

aerosol mass concentration (MV) (g/m3): 

.
V

v

M

b
MAC        (2-12) 

MAC is also described as (Patterson and Marshall, 1982) 

,
ρ

m
MAC a      (2-13) 

where ma is the absorption coefficient (m-1) of a bulk material, ρ is the density (g/m3) of 

the absorbing material.  The density of SOA is estimated from the aerosol mass and the 

SMPS aerosol volume data, assuming that the measured aerosol density is similar to 

the density of the absorbing matter in aerosol.  The density of the aerosol is 1.07 g/cm3 

for AP-SOA, 1.27 g/cm3 for DL-SOA and 1.34 g/cm3 for TOL-SOA.  The imaginary 

component k for a refractive index, which is used for the Mie-scattering calculation, is 

proportional to ma at a given wavelength, λ, shown in the following equation: 





4

am
k 

     
(2-14) 
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Application on SOA 

Absorption spectra and MAC of SOA 

The chamber SOA generated from the photooxidation of three different 

precursors (TOL, DL, and AP) in both the absence and the presence of seed aerosol 

was collected on the filter and analyzed to measure the absorption spectrum between 

280 nm and 800 nm.  Figure 2-5 illustrates the absorption spectra of various SOA.  

Because there was no significant absorption beyond 580 nm for all SOA, absorption 

spectra were mainly focused on the wavelengths between 280 and 580 nm.  All SOA 

filter samples strongly absorb UV light and the absorption intensities dramatically 

increase as the wavelength becomes shorter.  In the visible range, the intensity of SOA 

light absorption varies with the types of precursors.  The color of the TOL-SOA filter 

sample was yellowish indicating that TOL- SOA can absorb visible light while no color 

was observed for the AP-SOA in this study.  The fresh DL- SOA showed no color for the 

first 20 minutes after collection on the filter, but it gradually turned to yellow during the 

next three hours standing in room air.  The absorption spectra of DL- SOA were shown 

in Figure A-2.  

The UV-visible spectrum of SOA is originated from a variety of oxygenated 

products.  The chemical functional groups present in SOA provide useful insight for 

SOA spectra.  For example, both AP- SOA (Jang and Kamens, 1999;Camredon et al., 

2010) and DL- SOA (Grosjean et al., 1993;Glasius et al., 2002;Leungsakul et al., 2005) 

contain non-conjugated oxygenated compounds.  AP-SOA includes pinonaldehyde, 

norpinonic acid and hydroxyl pinonadehydes, pinonic acid, and pinic acid and DL-SOA 

includes keto-limononaldehyde, keto-limonomic acid and keto-limonalic acid.  The n  

π* transitions absorption of such non-conjugated carbonyl and carboxylic acid products 
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typically appears between 280 and 300nm.   The absorption of TOL-SOA (Figure 2-5A) 

between 400 and 500 nm is most likely contributed from π π* transitions from 

conjugated double bond (e.g. aromatic ring) and n  π* transitions from chromophoric 

groups (e.g., NO2, C=O) and auxochromic groups (e.g., OH,).  For example, 4,6-dinitro-

o-cresol, one of the major TOL-SOA products (Jang and Kamens, 2001b) can show a 

yellow color corresponding with the visible absorption spectrum beyond 400nm (Howard, 

1991).  

Figure 2-5D shows the UV-visible spectrum of the DL-SOA produced from the 

ozonolysis of DL in the absence of inorganic seeds.  The absorption peak at 428nm 

gradually increased for 7 hours during the experiment.  A possible explanation for such 

an absorption peak is the formation of conjugated products through particle phase 

reactions.  A proposed scheme is shown in Figure 2-8.  Both limononaldehyde and 5-

oxo-limononaldehyde are major products from ozonolysis of d-limonene and can 

produce colored products through the acid-catalyzed aldol condensation between these 

two products, followed by dehydration and a double bond rearrangement.   

Figure 2-6 illustrates the comparison of the mass absorption cross section (MAC) 

at 350 nm and 450 nm among three different SOA (TOL-, DL- and AP-SOA).  Overall, 

photooxidation of TOL gives the highest MAC, followed by DL-SOA and AP-SOA for 

both neutral and acid seeds.  Since the SOA absorption property is directly related to 

oxygenated products originated from the oxidation of precursors, the chemical structure 

of precursors are expected to affect MAC of SOA.  TOL is expected to produce SOA 

with more conjugated functional groups and higher MAC due to three double bonds in 

TOL.  AP has an endocyclic double bond and DL has two non-conjugated double bonds.  
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Data in Figure 2-6 shows that MAC of TOL-SOA at 350nm is 15 times higher than that 

of fresh DL-SOA and 20 times higher than AP SOA.   

Effect of inorganic seeds 

The effect of the preexisting inorganic seed on SOA absorption coefficients is 

shown in Figure 2-6.  In the UV range, the presence of both neutral and acidic inorganic 

seeds considerably increases light absorption of TOL-SOA and DL-SOA.  For example, 

with (NH4)2SO4 seed aerosol, MAC of TOL-SOA at 350 nm increased by 3.1 times 

compared to a no seed condition.  In the same way, MAC of TOL-SOA with acidic seed 

aerosol (NH4HSO4:H2SO4 = 1:1) is 2.1 times higher than that of TOL-SOA without 

seeds.  The effect of the seed aerosol on MAC is the highest with TOL.  For both TOL-

SOA and DL-SOA, the MAC value is higher in the presence of (NH4)2SO4 than that in 

the presence of acidic seed aerosol.  No significant difference appears between the 

seed and no seed condition for AP-SOA. 

The brown or yellow color products have been reported for SOA from ozonolysis 

of d-limonene in the presence of amino acids, (NH4)2SO4, or the mixed vapor of NH3 

and HNO3 (Bones et al., 2010b;Laskin et al., 2010a).  Brown color products have also 

been reported by reaction between glyoxal aerosol and amino acids (Galloway et al., 

2009).  Such studies suggest that light absorbing materials would be originated from C-

N containing compounds (Galloway et al., 2009).  The possible pathways to form the 

light absorbing species include aldol condensation, imidazole formation, Leuckart / 

Mannich reactions and pyridinim ions formation (Nozie`re and Esteve 2007;De Haan et 

al., 2009;Bones et al., 2010b).  However, explanations for the SOA color change due to 

inorganic species are still unclear and require the future investigation.   
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Effect of light source 

To investigate the effect of light source on SOA light absorption, several sets of 

SOA experiments have been conducted with and without light for both TOL and AP 

systems.  Figure 2-7 summarizes the impact of light exposure on MAC of SOA under 

various experimental conditions of different oxidation, precursor HCs and preexisting 

seed aerosol.  For DL-SOA, the time profiles of MAC (λ= 428nm) of the photoirradiated 

SOA in the presence of NOx were compared to those of the SOA produced through 

ozonolysis under no light (Figure 2-7A).  MAC values of DL-ozone-SOA at 428 nm (the 

small peak in the visible range, shown in Figure 2-5D) continuously increases, while 

those of photochemically irradiated DL-NOx-SOA gradually decrease.  For TOL-SOA, to 

determine the effect of light source on MAC values, the MAC value at 120 minutes 

(photooxidation with light) was subtracted from MAC values at 240 minutes (oxidation 

both with and without light) under the same experimental conditions.  For oxidation 

experiments without light, the light source had been turned off immediately after SOA 

was sampled at 120min.  The reduction of MAC (λ= 350nm) for TOL-SOA was observed 

with light exposure compared with the MAC without a light source, as shown in Figure 

2-7B. 

We conclude that the light source influences the light absorption of atmospheric 

organic compounds in two opposite ways.  One is the formation of light absorbing 

products from the atmospheric oxidation of precursor HCs.  For example, the colored 

products such as nitrophenols in TOL-SOA are formed from toluene photooxidation with 

OH radicals in the presence of NOx. Opposite to the color production in SOA, the 

bleaching effect of the light source progresses in SOA through further photoirradiation of 

light absorbing organics.  For example, the π-conjugated organic compound as an 
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oxygenated SOA product can be further photodissociated with the UV-visible light which 

excites organic compounds through a π-π* transition.  The n-π* transitions in carbonyls 

is also able to decompose carbonyls via Norrish type-I and -II mechanisms (Calvert and 

Pitts, 1966.).  As previously reported by Mang et al (2008, photodegradation of the DL-

SOA collected on a glass fiber filter produced large amounts of small molecules such as 

CO, CH4, acetaldehyde, acetaone and other VOCs, resulting in off-gassing of those 

organics from SOA into the air. 

Conclusion and Atmospheric Implication 

In this study, light absorption of a variety of SOA (equation 2-12) generated using 

the indoor chamber has been measured using the TUV-IS and the RUV-IS.  The 

resulting MAC value enables estimation of absorption coefficient (ma in equation 2-13) 

of SOA.  Consequently, the imaginary part k of the reflective index of SOA can be 

estimated from ma values using equation 2-14.  For the chamber generated SOA, k 

values are in the order of 10-4 to 10-2 at 350 nm.  The k values of SOA are relatively 

smaller than those for black carbon which ranges between 0.63~0.79 at 550 nm (Bond 

and Bergstromb, 2006), and atmospheric brown carbon which is about 0.27 at 550 nm 

(Alexander et al., 2008).  Compared with black carbon and brown carbon, the light 

absorption of freshly chamber-produced SOA of this study is relatively weak even in the 

UV range.   

This study has focused on MAC values of SOA formed within 1-7 hours after the 

reaction began using the 2 m3 chamber that facilitates the artificial UV-visible light 

source.  However, MAC values of the ambient SOA that is photoirradiated under actual 

sunlight for longer time (on average 6 days of aerosol life) would be different than those 

of the indoor chamber SOA.  In the future, the outdoor chamber or the ambient field 
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studies using TUV-IS and the RUV-IS methods are necessary to investigate the light 

absorption of aged SOA 

Both TUV-IS and the RUV-IS techniques are simple because they do not require 

solvent extraction and allow direct measurement of the MAC value of aerosol filter 

samples.  The TUV-IS and the RUV-IS techniques are reproducible and sensitive even 

to a small amount of aerosol mass.  The detection limit of this method not only depends 

on molar absorptivity of a variety of analytes but also is a function of wavelength 

showing a higher detection limit in the longer wavelength.  For example, the lowest 

detectable aerosol mass is 5 ng at 422 nm for MY aerosol, 6 μg at 350nm for chamber-

generated toluene SOA, and 14 μg at 350 nm for ambient particle collected at the 

sampling site at Gainesville, FL.  The major uncertainty in both the TUV-IS and the 

RUV-IS methods is the scattering of light caused by the filter material.  Different filter 

materials can produce different scattering effects on the calibration curve (Figure 2-3).  
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Table 2-1.  Experimental conditions and the resulting SOA data for photooxidation of toluene using the 2 m3 Teflon film 
chamber a 

Precursor 
HCs 

No. Seed 
RH 
% 

Initial 
NOx 
(ppb) 

Initial 
O3  

(ppb) 

Initial 
HC 

(ppb) 

∆ HC  
(μg/m

3
) 

f 
b
 

SOA 
mass 
conc.  
(μg/m

3
) 

L
c
 

 (m) 
ln(1/R) λ = 350  

bv λ=350 
 (Mm

-1
) 

MAC λ=350 
(m

2
g

-1 
) 

mλ=350  

×10 

Toluene 

T1 None 42 62 NA 207 149 NA 46.0 4377 7.5E-02 26.43 0.574 0.214 

T2 AS 70 62 NA 291 197 0.54 37.6 3925 1.7E-01 66.43 1.767 0.660 

T3 Acid  40 70 NA 193 155 0.60 34.5 4118 1.1E-01 41.62 1.208 0.451 

T4 None 43 70 NA 202 188 NA 47.2 5045 8.9E-02 27.23 0.577 0.215 

T5 AS 72 69 NA 195 322 0.63 44.1 4304 1.9E-01 66.73 1.514 0.565 

T6 Acid  35 68 NA 193 131 0.65 30.9 4503 1.0E-01 34.85 1.128 0.421 

a. Temperature: 294 –298 K. 
b. The seed fraction of SOA was calculated from SMPS data at a given reaction time, 2h for T1-T6. 
c. The length of the tube for the air sample that includes the suspended aerosol is obtained by dividing the air sample 
volume with the sample area on a filter.  
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Table 2-2.  Experimental conditions and the resulting SOA data for oxidation of d-limonene and a-pinene using the 2 m3 
Teflon film chamber a 

Precursor 
HCs 

No. Seed 
RH  
(%) 

Initial 
NOx  

(ppb) 

Initial 
O3 

(ppb) 

Initial 
HC 

(ppb) 

∆ HC 
(μg/m

3
) 

f 
b
 

SOA 
mass 
conc. 
(μg/m

3
) 

L
c  

(m) 
ln(1/R) λ = 350 

bv λ=350 

(Mm
-1

) 
MAC λ=350 
(m

2
g

-1
 ) 

mλ=350  

×10 

d-Limone 

L1 None 35 62 NA 188 1058 NA 409.9 1047 1.06E-02 15.69 0.038 0.014 

L2 AS 70 70 NA 183 803 0.64 362.5 924 2.25E-02 37.82 0.104 0.037 

L3 Acid  37 72 NA 193 986 0.49 308.7 706 8.82E-03 19.39 0.063 0.022 

L4 None 56 NA 126 189 1061 NA 588.5 936 8.73E-03 14.48 0.025 0.009 

L5 AS 69 NA 107.3 158 708 0.48 243.6 1539 8.20E-03 8.26 0.034 0.012 

L6 Acid  49 NA 140 207 1163 0.46 449.2 1698 1.27E-02 11.64 0.026 0.009 

               

α-Pinene 

A1 None 37 68 NA 142 710 NA 133.5 2078 5.18E-03 3.86 0.029 0.009 

A2 AS 70 71 NA 159 772 0.5 164.6 1030 5.42E-03 8.15 0.05 0.015 

A3 Acid  38 62 NA 142 685 0.68 140.7 1059 3.71E-03 5.44 0.039 0.012 

a. Temperature: 294 –298 K. 

b. The seed fraction of SOA was calculated from SMPS data at a given reaction time, 1h 40 min for L1-L6, 2h for A1-A3. 

c. The length of the tube for the air sample that includes the suspended aerosol is obtained by dividing the air sample volume with the 

sample area on a filter. 
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Figure 2-1.  Schematic diagram for the beam pathway in both transmittance and 
reflectance mode: A) transmittance mode B) beam interaction with particles 
and filter matrix, and C) reflectance mode. 
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Figure 2-2.  ln(1/T) plotted vs. metanil yellow aerosol mass collected on filter at three 

different wavelengths (422 nm, 300 nm, and 500 nm). 
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Figure 2-3.  Measured ln(1/T) vs theoretical ln(1/T): (A) for the MY-NaCl aerosol as a 
function of wavelength, (B) for different MY-NaCl mixture at 434 nm. 
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Figure 2-4.  Reflectance is plotted against transmittance at 422~680 nm for MY-NaCl 
aerosol with different particle mass (41.86, 29.18, and 14.5).  The linear 
regression lines with an intercept (C1 = 1.0108) and with intercept = 0 (C1 = 
1.0064).  
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Figure 2-5.  UV-visible spectra of SOA freshly generated from photooxidation of 
different hydrocarbons: (A) toluene using data T1-T3 in Table 2-1 , (B) d-
limonene using data L1-L3 in Table 2-2, and (C) α-pinene using data A1-A3 in 
Table 2-2 (C).  AS denotes the (NH4)2SO4 seed condition and acid denotes 
the acidic seed (NH4HSO4:H2SO4=1:1) condition.  UV-VIS spectra of DL-SOA 
(L4 in Table 2-2) formed from ozonolysis of d-limonene without seed at 
different oxidation time (D). For comparison, the specific absorbance is 
reported by dividing ln(1/R) with the mass of organic aerosol collected on the 
filter. 
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Figure 2-6.  MAC values of SOA formed from three hydrocarbon precursors at λ=350 
nm and 450 nm: (A) toluene, (B) d-limonene, and (C) α-pinene, under 
different seed conditions. AS: (NH4)2SO4. Acid: seed aerosol made of 
NH4HSO4: H2SO4=1:1  
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Figure 2-7.  Effect of light on MAC of d-limonene and toluene SOA.  (A) The time profile 
of MAC (at λ=428 nm) for DL-SOA formed from ozonolysis and 
phorooxidation of d-limonene in the presence of NOx without seed (L4).  (B) 
The reduction ratio of MAC for TOL-SOA due to the exposure to light source 
at different seed conditions (T1-T6).  The reduction ratio is obtained by 
dividing the ΔMAC (ΔMAC = MAC.at 240 minutes oxidation - MAC  at 120 
minutes photooxidation) with MAC at 120 min photooxidation. 
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Figure 2-8.  Proposed example of conjugated compound formation through aerosol-
phase reaction in d-limonene SOA 
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CHAPTER 3 
THE SOA FORMATION MODEL COMBINED WITH SEMIEMPIRICAL QUANTUM 
CHEMISTRY TO PREDICT UV-VIS ABSORPTION OF SECONDARY ORGANIC 

AEROSOLS  

Background 

Light absorption of aerosol is mainly determined by its chemical composition.  

The chemical composition of SOA is complex due to the multi-generational gas phase 

reactions of VOCs with atmospheric oxidants (e.g., O3, OH, NO2 and NO3) and aerosol 

phase reactions.  Very few SOA products have been identified, although much effort 

has been expended in this direction.  For example, in a study by Forstner et al.(1997), 

identified SOA products from the photooxidation of aromatic hydrocarbons were only 

15~30% of the total extractable SOA.  Also, in a recent study by Sato et al. (2007), 

using liquid chromatography-mass spectrometry (LC-MS), only ~1wt% of the total mass 

of aerosol products from the photooxidation of toluene were identified.  For α-pinene 

SOA, relatively complete product identification has been achieved.  Jaoui and Kamens 

(2001) have identified more than 80wt% of α-pinene SOA products.  The possible 

difficulty in characterizing SOA products is the unidentified aerosol phase reactions 

which lead to the formation of oligomeric compounds.  High molecular weight structures 

are ubiquitous in SOA’s compositions and they may account for a significant portion of 

the SOA mass (Gao et al., 2004;Tolocka et al., 2004;Kalberer et al., 2004).  The great 

complexity of the SOA composition inhibits an improved understanding of the light 

absorption properties of SOA.  Thus, the development of a model to overcome this 

difficulty would enhance our knowledge of how the composition of SOA affects its 

optical properties. 
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A few modeling approaches have been developed to predict the light absorption 

spectrum of organic aerosols.  Lund Myhre and Nielsen (2004) calculated the 

absorption index of synthetic organic aqueous mixtures by an empirical approach using 

the measured absorption index of individual acids.  Sun et al.(2007) employed the 

Band-gap and Urbach tail relationships to predict UV-visible absorption spectra of 

various organic aerosols.  Moosmuller et al.(2011) calculated the absorption index of 

brown carbon using a damped simple harmonic oscillator model.  However, to the best 

of our knowledge, development of a model for light absorption of SOA based on the 

chemical composition has not yet been explored.   

The prediction of the UV-visible absorption spectrum of SOA on the basis of first 

principles begins with spectra of individual organic compounds.  To calculate the light 

absorption spectra of organic compounds, quantum chemistry has been frequently 

employed.  Popular computational approaches include ab initio quantum chemistry 

methods (Runge and Gross, 1984) and semiempirical methods (Zerner, 1991;Dewar et 

al., 1985).  In this study, prediction of UV-visible spectra of a variety of organic 

compounds was approached with the AM1 (Austin Model 1) method (Dewar et al., 1985) 

based on the NDDO (Neglect of Diatomic Differential Overlap) semiempirical quantum 

chemistry approximation since it provides spectral predictions with reasonable accuracy 

and inexpensive computation.  The NDDO based methods have been proven to be a 

useful tool using configuration interaction to calculate the spectroscopic properties of 

many organic compounds (Fabian et al., 2002;Matsuura et al., 2008). 

The SOA chemical composition used for the SOA light absorption model was 

predicted from the SOA formation model by explicitly analyzing the gas phase kinetics 
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of a precursor VOC.  Jang et al. (2006) in their recent study incorporated both 

heterogeneous reactions of organic products and gas-particle partitioning into a SOA 

formation model named PHRCSOA (Partitioning Heterogeneous Reaction Consortium 

Secondary Organic Aerosol Model).  The PHRCSOA model has been evaluated for 

both α-pinene ozonolysis (Jang et al., 2006) and toluene photooxidation (Cao and Jang, 

2010) in the presence of inorganic seeds.  This model tends to reasonably predict 

precursor hydrocarbon decay, NO-NO2 conversion, ozone formation and SOA mass.   

In this study, an NDDO based semi-empirical quantum chemistry method and the 

PHRCSOA model are implemented to predict the UV-visible absorption spectrum of 

SOA.  The absorption spectrum of SOA is calculated by taking the summation of 

spectrum of each individual SOA product.  The model was tested and evaluated by 

chamber generated SOA.  Toluene, which is a major anthropogenic precursor, or α-

pinene, a major biogenic precursor, was photochemically oxidized in the presence of 

inorganic seed aerosol using a 2 m3 indoor Teflon chamber.  The influence of NOx on 

light absorption of SOA was also investigated.  

Experimental Section 

SOA Formation 

All experiments were conducted in a 2 m3 indoor Teflon film chamber under UV-

visible light.  A detailed description of the procedures for chamber experiments and 

sample measurements has been provided elsewhere (Cao and Jang, 2010).  The 

chamber is surrounded by 16 lamps with light emission in a range between 280nm and 

900nm.  Prior to each SOA experiment, the chamber was flushed with clean air from a 

clean air generator.  The inorganic seed aerosols were injected into the chamber by 

nebulizing an inorganic aqueous solution using a Constant Output Atomizer (TSI, Model 
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3076, Shoreview, MN).  The inorganic seed was made from a 0.01mol L-1 aqueous 

solution of MgSO4.  After injection of the seed, a known amount of NO was added into 

the chamber from a certified NO tank.  Once the NOx concentration became stabilized, 

a known volume of volatile hydrocarbon (HC) precursor was injected and the lamps 

were turned on, which marked the starting point of the SOA experiment.  The HCs used 

in this study include toluene (99%, Aldrich) and α-pinene (98%, Aldrich). 

The particle population was measured continuously using a scanning mobility 

particle sizer (TSI, SMPS Model 3080, Shoreview, MN) together with a condensation 

nuclei counter (TSI, Model 3025A).  The gas phase concentrations of HCs were 

measured with a HP 5890 GC-FID.  Ozone and NOx concentrations were monitored 

using a photometric ozone detector analyzer (model 400E, Teledyne Instruments, San 

Diego, CA) and a chemiluminescence NOx detector (model 200E, Teledyne Instruments, 

San Diego, CA).  Temperature and humidity were measured with an electronic thermo-

hygrometer (Hanna Instruments, Italy).  The humidity of the chamber experiments 

ranged between 43~47%, while temperature was 294–298 K with an increase of around 

4K for the duration of the SOA experiment.   

SOA UV-Visible Spectra Recording 

The resulting aerosol was collected on a 13mm diameter filter (Borosilicate 

microfibers reinforced with woven glass cloth and bonded with Teflon, Gelman Science 

Pallflex, Type: TX40H120-WW) using a pump (Gast, DOA-P704-AA).  The UV-visible 

spectra of aerosols collected on the filter were directly measured using a Perkin-Elmer 

lambda 35 UV-visible spectrophotometer equipped with a Labsphere RSA-PE-20 

diffuse reflectance accessory.  The deuterium lamp generated light between 190–1100 

nm.  The wavelength interval of UV-visible spectral data was 1.0 nm.  The filter sample 
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was supported in a home-made filter holder and was located at the exit of the 

integrating sphere upon which light absorptions measurements were performed (see 

Figure 3-1).  For the zero baseline, a blank filter was used.  The aerosol absorption 

measurement using filter samples is simple because this technique does not require 

solvent extraction.  The detection limit of this method not only depends on molar 

absorptivity of a variety of analytes but also is a function of wavelength showing a 

higher detection limit in the longer wavelength.  The lowest detectable aerosol mass is 6 

μg at 350 nm for chamber-generated toluene SOA.  The detailed measurement 

procedure of SOA light spectra can be found in our previous study (Zhong and Jang, 

2011).  The experimental conditions and the resulting data are shown in Table 3-1.  

Results and Discussion 

Measurement of SOA UV-Visible Spectra 

The light absorbance of organic aerosol, ASOA, is defined as: 

SOA

0

SOA
I

I
A 








 ln ，     (3-1) 

where I0 and I are the transmitted intensities of light at a specific wavelength (λ) without 

and with aerosol, respectively.  ASOA can be obtained by converting the experimentally 

measured absorbance, absSOA: 

 10ln 
1

SOASOA abs
C

A  ，    (3-2) 

where C is a correction factor with a value of 1.4845 obtained from our previous study 

(Zhong and Jang, 2011) for the purpose of eliminating the absorbance caused by filter 

material scattering. 
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Theoretical Calculations of SOA UV-Visible Spectra 

The light absorbance of SOA (ASOA) can also be calculated by taking the sum of 

each individual spectrum of a SOA product and described as: 

 kSOA AA ，     (3-3) 

where Ak is the absorbance of individual species (k) of SOA.  The light 

absorbance of individual species Ak is calculated as (Lakowicz, 2006),  

kkkk εn
A

V  
n

A

V  
A  25103.82    (3-4) 

In this expression, σ is the cross-section area for absorption in m2, V is the volume (m3) 

of air passing through the filter during a given sampling time, and A is the filter surface 

area exposed to the sample (7.85×10-5 m2 in this sampling system).  εk is the molar 

absorptivity (L mol-1cm-1), which is predicted using a semiempirical quantum chemistry 

method.  nk is the molecular number concentration(# m-3), which is calculated from the 

mass percentage of component k: 

A

k

kT

k N
MW10

FOM
n 




8
.    (5) 

MWk  is the molecular weight (g mol-1), NA is the Avogadro’s number and Fk is the mass 

percentage.  Fk is determined by the mass balance of organic compounds in SOA.  OMT 

is the total SOA mass concentration and is predicted by the SOA formation model. 

SOA Formation Model 

The SOA formation model, (i.e., the PHRCSOA model), which includes a 

heterogeneous reaction model and a partitioning model, is used to predict the SOA 

mass from heterogeneous reaction (OMH) and partitioning (OMP).  The detailed 

description of the PHRCSOA model can be found in the work of Cao and Jang(Cao and 
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Jang, 2010).  The model starts from the gas-phase oxidation of VOCs described by the 

master chemical mechanism (MCM 3.2, http://mcm.leeds.ac.uk/MCM).  A chemical 

kinetic solver (Morpho) was used to run the gas phase kinetic reaction model (Jeffries et 

al., 1998).  The comparisons between model simulations and experimental data for 

toluene or α-pinene decay, ozone formation and NOx consumption at different NOx 

levels are shown in Figures B-1and B-2 (supporting information).  Among the products 

predicted from the MCM model (Figure 3-2), the oxygenated products that can 

significantly contribute SOA mass are chosen.  A total of 147 products from the 

oxidation of toluene and 129 products from the oxidation of α-pinene were used to 

predict the SOA mass. 

The selected gas products are lumped into 20 groups according to their vapor 

pressures and reactivity in the aerosol phase.  The vapor pressure (bar) is estimated by 

the following equation (Schwarzenbach et al., 1993): 

 


























T

T

T

T

R

TS
P bbbvap0 ln0.811.8

Δ
ln ,    (3-6) 

where ΔSvap is the entropy of vaporization (Jmol-1K-1) which is calculated by the 

Trouton’s rule modified by Zhao et al. (1998) with parameters related to molecular 

geometry.  Tb is the boiling point (K) which is estimated from a group contribution 

method originally developed by Joback and Reid (1987) with a modified equation and 

group contribution parameters (Stein and Brown, 1994).  T is the ambient temperature 

(K).  R is the gas constant (8.314 JK-1mol-1). 

The vapor pressures of gas phase organic products are categorized into five 

groups labeled by i, with i = 1 through 5 corresponding to 1.3×10-4, 1.3×10-3, 1.3×10-

http://mcm.leeds.ac.uk/MCM
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2 , 1.3×10-1 and 1.3 Pa respectively.  Each group is then divided into four subgroups (j) 

according to the reactivity in the aerosol phase; j = PO, H-s, H-m, and H-f correspond to 

partitioning only, slow reactivity, middle reactivity and fast reactivity.  The reactivity can 

be ranked by the order of functional groups: multifunctional aldehydes > aldehydes > 

ketones > carboxylic acids.  The photochemical reactions then can be expressed as, 

Precursor + OH → α1,PO S1,PO + α2,PO S2,PO + … + α1,H-f S1,H-f + α2, H-f S2, H-f  + … +  

α1, H-m S1, H-m + α2, H-m S2, H-m + … + α1, H-s S1, H-s + α2, H-s S2, H-s 

where αi,j is the mass-based stoichiometric coefficient for the lumped group Si,j . 

The aerosol phase reactions producing OMH through dimerization of organic 

compounds are assumed to be second-order reactions and the reaction rate is 

estimated from the semiempirical model which has been addressed in the previous 

study (Jang et al., 2006).  The resulting OMH is then taken as the preexisting absorbing 

material and integrated into a SOA partitioning model to calculate OMP.  The SOA 

partitioning model employed in this study was developed by Shell et al. (2001) and has 

been used in the regional air quality model (CMAQ 4.7).  The summation of OMH and 

OMP gives the total mass of SOA (OMT): 

PHT OMOMOM       (3-7) 

The detailed derivation and mathematical expressions for OMH and OMP can be 

found in the previous work (Cao and Jang, 2010) of our group.  Figure B-3 shows the 

simulated OMT levels under different NOx conditions.  The error range for the difference 

between the predicted and observed aerosol mass concentration is ±7.3% at the 95% 

confidence level for 20 samples (Cao and Jang, 2010). 
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SOA Products 

Based on the contributions to the total SOA mass, major SOA species (k) are 

selected among the products predicted using the master chemical mechanism kinetic 

model.  The distribution of the selected SOA products is presented in Table 3-2 for 

toluene SOA and in Table 3-3 for α-pinene SOA.  In our calculation, the selected SOA 

compounds contribute more than 97% of total SOA mass for both toluene and α-pinene 

SOA.  For calculating light absorption spectra of glyoxal (GLYOX) and methlyglyoxal 

(MGLYOX), their oligomeric forms are used based on the structures known in literature 

(Liggio et al., 2005b;Hu et al., 2007).  2-Dihydroxymethyl- [1,3]-dioxolane-4,5- diol is 

used for glyoxal, and 2-Dihydroxymethyl- 2,4-dimethyl-[1,3] -dioxolane -4,5-diol for 

methylglyoxal.  For UV-visible spectra of other compounds that contribute to OMH, their 

monomeric structures are used.  The chemical structure of toluene SOA products and 

that of α-pinene SOA products can be found in Table B-1 and Table B-3.  

UV-Visible Spectrum Prediction 

All geometry optimizations and calculations of spectroscopic parameters for 

individual molecules were performed using the NDDO based AM1 Hamiltonian in 

conjunction with the pair excitation configuration interaction (PECI) method.  The 

calculations were done with the semiempirical program VAMP (Clark et al., 2002) 

(Accelrys Inc).  In the PECI method, excited states are calculated by including all single 

and double excitations in which a complete electron pair is promoted.  The calculated 

wavelength of the maximum absorption (λmax) and oscillator strength (f) were used to 

predict the UV-visible absorption intensity.  f is related to the molar absorptivity, ε (L mol-

1 cm-1), by the following equation (Belay, 2010): 
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  df 91032.4 ,    (3-8) 

where ν (cm-1) is wavenumber (ν=1/λ).  UV-visible spectra generally have a Gaussian 

band shape (Barker and Fox, 1980).  Using the Gaussian function, the spectrally 

integrated molar absorptivity can be expressed as: 

FWHMmaxΔ
ln2

π

2

1
d νενε      (3-9) 

where εmax (L mol-1cm-1) is the maximum molar absorptivity, and ΔνFWHM (cm-1) is the full 

width at half maximum.  The values of ΔνFWHM of many SOA products are not available 

because these compounds are either difficult to synthesize or chemically too unstable.  

The sensitivity analysis for the predicted spectrum due to variation of ΔνFWHM (56~80nm) 

is performed for both toluene SOA and α-pinene SOA.  The model is highly sensitive to 

ΔνFWHM as shown in Figure 3-4.  When the same or a similar structure with a SOA 

product is found in the spectral data base, literature values were used for ΔνFWHM，  

Otherwise, ΔνFWHM values were fixed at 68 nm to minimize the difference between the 

calculation and observation.   

For selected nine compounds, the predicted spectroscopic parameters using the 

DNNO-based AM1 method are compared with those known in the literature (see Table 

3-4 and Figure 3-3).  At the 95% confidence level, the margin of error for the difference 

between predicted and observed data is ±25.4% for εmax and ±7.4% for λmax.  Matsuura 

et al. (2008) reported an error range of ±4.4% for λmax by comparing the observations 

and calculations for 49 dyes. 
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Simulation Results 

Light absorption spectra of toluene SOA 

The measured and calculated UV-visible absorption spectra of toluene SOA 

under different NOx are shown in Figure 3-5(a-c).  NOx concentrations can affect the 

preferred reaction pathway for toluene oxidation in the gas phase (Cao and Jang, 

2008;Song et al., 2005;Ng et al., 2007b).  For example, under low NOx conditions, 

multifunctional carbonyls from toluene oxidation can contribute more to SOA mass.  For 

high NOx conditions, higher concentrations of organic nitrates and nitro compounds 

appear in SOA.  When a nitro group is attached to an aromatic ring or a conjugated 

compound, the nitro group can be a chromophore increasing both λmax and the intensity 

of the absorption spectrum of a molecule.  Under the NOx levels of this study, the light 

absorbance of toluene SOA tends to become gradually higher as the NOx concentration 

increases, but the effect of NOx on measured aerosol spectra is not substantial.  The 

model simulation also supports experimental observations showing that the formation of 

nitrophenols as light absorbing compounds is not sensitive to NOx levels.  For example, 

the formation rate (2.08E-12 cm3 molecules-1 s-1 at 298K) of 3-methyl-6-nitro-1,2-

benzenediol (MNCATECH in Table 3-2) increases with NOx concentrations but it is also 

highly reactive with atmospheric oxidants such as OH (6.83E-12 cm3 molecules-1 s-1 at 

298K) and NO3 (5.03E-12 cm3 molecules-1 s-1 at 298K), resulting in a weak sensitivity to 

NOx. 

Within the errors associated with the measured UV spectrum, the model output 

reasonably agrees with the measured spectrum for low NOx condition but 

underestimates the absorbance of toluene SOA for high and middle NOx condition 

(Figure 3-5).  One of the possible explanations for the difference between the model’s 
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predictions and the experimental measurements is that the model has failed to account 

for some light absorbing species with high molecular weights.  Some oligomeric 

compounds formed through the aerosol phase reactions such as hydration, 

esterification, hemiacetal/acetal formation, and aldol condensation (Jang et al., 2002), 

might contain a long conjugated structure that can increase the absorption intensity in 

the visible range.  In addition to aerosol phase reactions of organic compounds, the 

dissociations of dinitrocresols can influence aerosol absorption spectra.  The 

dissociated forms of dinitrocresols usually absorb light with longer wavelength (visible 

range) and stronger intensity than the undissociated forms depending on aerosol’s 

acidity.  

Figure 3-5d shows spectra of individual products of toluene SOA under middle 

NOx condition (T2 in Table 3-1).  Among toluene SOA products, MNCATECH as a 

nitrophenol contributes about 60% of aerosol UV light absorption and about 95% of 

visible light absorption at different NOx levels.  MNCATECH accounts for nearly one 

third of the total toluene SOA mass and it has a strong absorption band tailing in the 

visible region (yellow).  Other light absorbing species such as MNNCATCOOH, 

NC4MDCO2H and GLYOX polymer contribute mainly to UV light absorption.  Although 

GLYOX polymer has a high mass percentage in toluene SOA (23~37%), it absorbs only 

UV light with low absorbance values (2~5% of aerosol UV absorption). 

Many laboratory studies have also reported the presence of nitrophenols in 

toluene SOA (Forstner et al., 1997;Jang and Kamens, 2001a;Hamilton et al., 2005;Sato 

et al., 2007;Fang et al., 2011).  For example, in a recent study of characterization of 

toluene SOA using thermal desorption/tunable vacuum ultraviolet photoionization time-
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of-flight aerosol mass, Fang et al. (2011) have identified 4-nitro-o-cresol and its isomers 

as major components in toluene SOA.  The nitro substituent on a phenol ring enhances 

the εmax value and also shifts the absorption spectrum to longer wavelengths.  Jacobson 

(1999) has pointed out the importance of nitro substituted aromatic compounds in 

atmospheric aerosols due to their high absorption of UV light based on the literature 

absorption spectra.  Nakayama et al. (2010b) have also reported that nitrocresols might 

be a plausible source of the light absorption for toluene SOA.   

Light absorption spectra of α-pinene SOA 

In a manner similar to the analysis of toluene SOA, the aerosol phase products in 

Table 3-3 were used to predict the light absorption spectra of α-pinene SOA.  The 

calculated spectra are in good agreement with the measured spectra (Figure 3-6).  In 

this study, no NOx effect on light absorbing spectra was observed for α-pinene SOA 

although NOx can influence the product distribution through the modification of gas 

phase reactions (Ng et al., 2007a;Presto et al., 2005).  Both model simulations and 

experimental data show that the light absorbing intensity of α-pinene SOA is much lower 

than that of toluene SOA.  For example, the light absorbance of toluene SOA is five 

times higher than that of α-pinene SOA at 300nm, but twenty times higher at 400nm.  

Unlike toluene SOA, α-pinene SOA products do not contain aromatic or long conjugated 

moieties, which along with nitro functional groups, can be potential chromophores. 

The spectra of major α-pinene SOA products produced under high NOx condition 

(A1 in Table 3-1) are shown in Figure 3-6c.  These six products contribute about 80% of 

the total SOA light absorption.  The most frequently found functional group of these 

products is the non-conjugated carbonyl group (C=O), which has a major absorption 

near 200nm corresponding to a π→ π* transition.  The calculation of λmax using the 
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DNNO-based AM1 method also shows that non-conjugated SOA carbonyl products 

have absorptions near 200nm, as shown in Table 3-3. 

Conclusion 

A model to predict UV-visible absorption of SOA has been developed using a 

SOA formation model (PHRCSOA) and semiempirical quantum chemistry (NDDO-AM1).  

For the first time, the feasibility of semiempirical quantum chemistry has been explored 

for SOA systems with complex chemical composition.  Overall, the light absorption of 

toluene SOA is higher than that of α-pinene SOA.  The predicted NOx effects on toluene 

SOA and α-pinene SOA also agree with the experimental observations. 

There are several uncertainties in the current model approach.  For example, 

SOA products obtained from the MCM kinetic model need to be revised when an 

improved mechanism of SOA formation becomes available.  The structure of SOA 

oligomers needs to be experimentally identified, although the PHRCSOA model is able 

to predict the fraction of oligomers in the total SOA mass.  In addition to the SOA 

formation model, the selection of different quantum chemistry methods for 

spectroscopic parameters can influence the model structure and the spectrum of SOA.  

The current quantum chemistry model of this study does not account for the spectrum 

shift due to coexistence of other organic matter in SOA, which can act as a solvent.
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Table 3-1.  Experimental conditions and the resulting SOA data for photooxidation of toluene and α-pinene using the 2 m3 Teflon film 
chamber a 

HCs No. RH % 
Initial 
NOx 
(ppb) 

Initial 
HC  

(ppb) 

Vseed  
(μg m

-3
) 

∆ HC
b
  

(ppb) 
OMT

b 

(μg m
-3

) 
Mass ratio of 
org to inorg 

Sampling 
time

c 
(min) 

V/A
d 

(m) 

Sampled 
SOA mass

e
 

(μg) 

Toluene 

T1 44.3 104 233.5 27 81 53 1.96 27 5964 15.2 

T2 43.7 49 250 21 95 50 2.4 31 6749 17.4 

T3 44.8 24 244 26 79 38 1.42 42 9171 16.8 

            

α-Pinene 
A1 45.9 105 148.7 118 112 141 1.2 8 1682 14.3 

A2 46.7 26 150.3 123 99 90 0.73 11 2293 10.8 

a: Temperature: 294 –298 K.  b: The average consumed hydrocarbons (ΔHC) and formed OMT during sampling.  c: The SOA sampling 
started at reaction time of 120min.  d: V is the volume of air drawn through the filter during a given sampling time and A is the area of 
the sample spot.  e: the collected SOA mass in the filter. 
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Table 3-2.  Selected products of toluene SOA and their mass percentages at different NOx conditions 

Group (i, j) k Products name
a
 MWk λmax

b 
(nm) f

b
 

Fk 
c
 (%) 

H NOx M NOx L NOx 

(T1) (T2) (T3) 

1, PO 1 MNCATECH   169 330, 228 0.05, 0.40 26.27 30.48 26.14 

1, PO 2 MNNCATCOOH 281 270, 189 0.3, 0.31 2.95 6.36 6.47 

1, PO 3 DNCRES 191 321, 222, 0.04, 0.82 2 0.88 0.32 

1, H-m 4 TLEMUCOOH 190 177, 165 0.04, 0.05 1.04 3.04 4.41 

1, H-m 5 TLEMUCNO3 190 177, 161 0.04, 0.03 2.4 1.57 1.1 

2, PO 6 TLBIPEROOH  174 216, 213 0.19, 0.11 2.13 8.68 14 

2, PO 7 TLBIPERNO3 174 415, 233 0.06, 0.07 3.85 3.46 2.78 

2, H-s 8 NC4MDCO2H 159 228, 221 0.15, 0.21 6.71 3.19 1.38 

2, H-f 9 TLEMUCCO 156 202, 148 0.35, 0.03 0.53 0.81 1.09 

3, PO 10 TOL1OHNO2 153 316, 222 0.04, 0.17 0.77 0.51 0.23 

3, H-f 11 ACCOMEPAN 207  187, 174 0.26, 0.25 2.29 10.34 7.67 

4, H-m 12 MALDIALPAN 161 190, 176 0.27, 0.26 0.59 0.48 0.41 

4, H-m 13 C5COO2NO2 175 227, 184 0.59, 0.22 0.99 1.03 1.17 

5, H-m 14 MALANHY  98 230 0.17 2.26 1 1.01 

5, H-m 15 C5DICARB 98 223, 162 0.65, 0.09 0.55 0.21 0.14 

5, H-m 16 MGLYOX
d
  72 193, 171 0.11, 0.18 4.98 2.55 2.16 

5, H-m 17 GLYPAN 135 213, 189 0.13, 0.04 1.12 0.53 0.33 

5, H-f 18 GLYOX
d
  58 196, 182 0.09, 0.10 37.17 23.26 27.3 

a: The names of chemicals are from MCM mechanism, only primary products which contribute more than 1% of SOA mass are shown 
in the table, the detailed composition can be found in supplementary materials.  b: λmax and f are calculated using NDDO based AM1 
semiempirical quantum chemistry method.  Up to two major oscillator strengths are selected. Detailed values are shown in 
supplementary materials.  c: Fk is the mass percentage of the kth species, obtained by the mass balance of chemical compounds in 
toluene SOA.  The sum of Fk values is 98.6% for T1, 98.4% for T2 and 98.1% for T3.  d: MGLYOX and GLYOX are in the form of 
oligomers.  Their spectra were estimated using their dimer structure.  The spectra of other oligomers are assumed to be as same as 
their monomers. 
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Table 3-3.  Representative products of α-pinene SOA and their mass percentages in SOA at different NOx conditions 

Group (i, j) k Products
a
 MWk λmax

b
 (nm) f

b
 

Fk
c
 (%) 

H NOx L NOx 

 (A1) (A2) 

1, H-s 1 C811PAN 247 183, 161 0.27, 0.11 4.59 3.98 

1, H-s 2 PINIC  186 181, 174 0.25, 0.06 0.02 1.98 

1, H-s 3 C921OOH 204 192, 186 0.09, 0.12 0.09 1.3 

1, H-s 4 C812OOH 190 187, 186 0.14, 0.10 0.04 0.92 

1, H-s 5 HOPINONIC 200 176, 171 0.25, 0.22 0.04 1.19 

1, H-m 6 C920PAN 261 196, 171 0.07, 0.06 8.4 3.91 

1, H-m 7 C98OOH  204 201, 167 0.29, 0.14 2.72 10.43 

1, H-m 8 C98NO3 233 188, 183 0.18, 0.03 6.46 2.62 

1, H-m 9 C922OOH 220 204, 177 0.32, 0.17 0.09 1.34 

1, H-f 10 C7PAN3 233 205, 192 0.08, 0.35 18.43 3.54 

2, H-s 11 C10PAN2 245 187, 171 0.04, 0.08 16.3 5.97 

2, H-s 12 C97OOH 188 197, 186 0.05, 0.05 0.49 6.13 

2, H-f 13 C717NO3 203 184, 182 0.08, 0.19 5.28 3.12 

2, H-f 14 C108OOH 216 202 0.26 4.39 14.88 

3, PO 15 APINAOOH 186 160, 158 0.16, 0.13 0.07 2.32 

3, PO 16 APINANO3 215 174151 0.07, 0.2 0.93 2.42 

3, PO 17 APINBNO3 215 202, 153 0.05, 0.22 0.59 1.26 

3, H-s 18 PINONIC 184 173, 169 0.31, 0.15 0.09 0.7 

3, H-m 19 C89PAN 231 179, 169 0.05, 0.06 3.36 2.14 

3, H-m 20 C107OH 200 182, 175 0.25, 0.06 0.36 3.53 

3, H-m 21 C109OH 200 181, 173 0.25, 0.06 0.28 0.82 

3, H-m 22 C5PAN9 191 199, 184 0.05, 0.22 2.6 0.6 

4, H-f 23 CO235C6CHO 156 159 0.01 2.88 2.85 

4, H-f 24 C109CO 182 200 0.25 0.09 0.42 

5, H-m 25 PINAL 168 168, 164,  0.03, 0.15 20.12 19.46 

a: The names of chemicals are from MCM mechanism, only primary products which contribute more than 1% of SOA 
mass are shown in the table, the detailed composition can be found in supplementary materials.  b: λmax and f are 
calculated using NDDO based AM1 semiempirical quantum chemistry method.  Up to two major oscillator strengths are 
given, more can be found in supplementary materials.  c: Fk is the mass percentage of the kth species, obtained by the 
mass balance of chemical compounds in α-pinene SOA.  The sum of Fk values is 98.7% for A1 and 97.8% for A2  
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Table 3-4.  Comparisions between model predicted absorbance and literature values. 
The literature absorbance data are from NIST webbook  

Name 

By NDDO-AM1 (PECI) By literature 

λmax  εmax 
f 

λmax  εmax ΔνFWHM 

(nm) (M
-1

cm
-1

) (nm) (M
-1

cm
-1

) (nm) 

9,10-Anthraquinone 303 3575 0.072 325 5048 40 

2-Nitro-Phenol 305 1158 0.028 346 1752 64 

2,4-Hexadienal 275 44059 0.861 260 25527 32 

2,3-Butanedione 465 8 0.0002 435 9 94 

3-Methyl-2-Butenoic acid 247 13673 0.33 221 12162 32 

Phenol 275 1920 0.023 271 2041 20 

1-Octene  202 13552 0.337 177 13335 22 

Muconic acid 267 28708 0.698 259 28973 38 

1-Methyl-2,4-Dinitrobenzene 211 18778 1.275 240 28642 66 
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Figure 3-1.  Schematic diagram for the measurement of UV-visible spectra of SOA. 
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Figure 3-2.  Structure of the SOA light absorption model.  
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Figure 3-3.  Comparisons of the observed and calculated spectra of testing compounds 

using Gaussian band shape function. 
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Figure 3-4.  Sensitivity of the model to ΔνFWHM for two systems: (a) toluene and (b) α-
pinene. 
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Figure 3-5.  Comparison of the predicted absorption spectra and the measured 
absorption spectra of toluene SOA under three different NOx conditions: (a) 
high NOx, (b) middle NOx, (c) and low NOx.  The spectra of individual products 
are shown in (d) for middle NOx condition.  The uncertainty of the mass 
normalized absorbance was calculated from the uncertainties of UV-visible 
absorbance and the aerosol mass through the propagation of uncertainty for 
divisions.  Dash lines with the same color indicate upper and lower range.   
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Figure 3-6.  Comparison of the predicted absorption spectra and the measured spectra 

of α-pinene SOA under different NOx conditions: (a) high NOx  and (b) low 
NOx , using data A1and A2 in Table 2-1.  The spectra of individual products 
are shown in (c) for high NOx condition.  The uncertainty of the mass 
normalized absorbance was calculated from the uncertainties of UV-visible 
absorbance and the aerosol mass through the propagation of uncertainty for 
divisions.  Dash lines along the measured spectra indicate upper and lower 
range. 
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CHAPTER 4 
DYNAMIC LIGHT ABSORPTION OF BIOMASS BURNING ORGANIC AEROSOL 

PHOCHEMICALLY AGED UNDER NATURAL SUNLIGHT 

Background 

Light absorption of organic carbon (OC) aerosol has been poorly understood 

mainly due to its complex chemical composition and dynamic evolution under 

atmospheric conditions.  OC can be either primary (POA) or secondary (SOA) in origin.  

On a global scale, approximately 69% of POA and 23% of SOA are contributed by 

biomass burning (Hallquist et al., 2009).  Considering the large source of biomass 

burning OC in the atmosphere, better understanding its light absorption properties is 

necessary.   

Recently, there is growing evidence that biomass burning OC may be a 

nonnegligible contributor to light absorption in atmospheric aerosols, especially in the 

short wavelength visible and ultraviolet spectral regions (Hoffer et al., 2006;Kirchstetter 

and Thatcher, 2012;Lack et al., 2012).  Kirchstetter and Thatcher (2012) analyzed the 

filter-based wood smoke aerosol from night-time ambient sampling, and estimated that 

OC accounted for 49% of total aerosol light absorption between 300nm and 400nm.  

Lack et. al (2012) measured light absorption of biomass burning aerosol originating from 

a wildfire event using a photo-acoustic aerosol absorption spectrometer.  Their results 

suggested that primary OC contributed 27(±15) % of the total absorption at 404 nm.   

Light absorption of OC is mainly determined by its chemical composition.  

Biomass burning OC has a yellowish to brown color, with absorption mainly at UV range, 

and decreasing absorption toward visible range (Kirchstetter et al., 2004;Schnaiter et al., 

2005).  Chen and Bond (2010) measured light absorption of solvent-extracted fresh 

primary OC generated in a nitrogen filled furnace.  They proposed that chemicals with 
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large, polar, and conjugated aromatic rings would be the light absorbing materials.  The 

study of Del Vecchio and Blough (2004) suggested that hydroxy-aromatic compounds 

and quinoid might be responsible for OC color.  

In the atmosphere, the chemical composition of OC aerosol changes with aging 

through processes such as oxidation of organic gases, heterogeneous oxidation with 

atmospheric oxidants (e.g., ozone and OH radicals), and aerosol phase reactions.  

Recent laboratory experiments indicate that photochemical oxidation results in the 

dynamic evolution of chemical and physical properties of OC aerosol.  The aged OC 

aerosol became less volatile and more oxygenated after a few hours of photochemical 

oxidation (Grieshop et al., 2009).  Aging processes also change the hygroscopicity.  The 

hygroscopic water content in OC aerosol may increase or decrease depending on wood 

burning conditions (Martin et al., 2012).   

The aging effects on the light absorbing properties of OC have been varied 

among research reports due to the different aging times and oxidation conditions.  For 

example, Adler et al.(2011) derived the effective broadband refractive index of biomass 

burning aerosol from a wood burning event using a white light optical counter.  They 

found that the aged biomass burning aerosols were less absorbing than the freshly 

emitted aerosols, with the imaginary refractive index decreasing from 0.04 to 0.02.  

However, Saleh et al. (2013) recently reported that aged OC is more absorbing than 

fresh one due to SOA formation.  In their study, the wood smoke aerosol was aged for 

only one hour in an indoor chamber.  These conflicting results show that the influence of 

aging on light absorption of wood smoke OA needs further investigation.   
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The objectives of this study are: 1) to investigate the influence of photochemical 

oxidation on light absorption of wood smoke OC; 2) to explore the effects of relative 

humidity (RH) and NOx on light absorption of wood smoke OC over the course of the 

photochemical aging process, and 3) to characterize the chemical evolution of OC 

aerosol.  In order to focus on wood burning OC with minimum influence by BC, wood 

smoke was produced from smoldering-phase burning.  Smoldering combustion has 

frequently been found in biomass burning situations including wildfires, prescribed burns 

and agriculture burning (Alves et al., 2011;Hille and Stephens, 2005;Hays et al., 2005).  

It has been reported to consume over 50% of biomass in temperate and boreal fires 

(Bertschi et al., 2003).  In this study, the resulting wood burning OC was 

photochemically oxidized using outdoor dual chambers that exposed to natural sunlight.  

The large outdoor chamber allowed atmospheric aging conditions to be closely 

mimicked and aerosol samples to be collected for longer time periods.  

Experimental Section 

Outdoor Chamber Experimental Setup 

The photooxidation of wood smoke was performed using the University of Florida 

Atmospheric Photochemical Outdoor Reactor (UF-APHOR) dual chambers (52 m3 per 

chamber) which are located on the roof of Black Hall, UF.  The UF-APHOR dual 

chambers with half-cylinder design are made of FEP Teflon film attached to metal 

frames.  A detailed description of the UF-APHOR chambers can be found elsewhere 

(Im et al., 2013).  

Prior to each experiment, the chambers were continuously flushed with clean 

ambient air for more than 12 hours and then purged overnight with clean air from an air 

cleaner (GC Series, IQAir Inc.).  Commercial hickory hardwood logs were chopped into 
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pieces with approximate size of 3 cm×4 cm×33 cm.  The wood pieces were burned 

under smoldering conditions using a wood grill stove.  Before sunrise, smoke was 

introduced into the chambers through a 4 inch alumina tube (0.5 meter in length) 

connected to the stove.  Immediately after injecting wood smoke, the chamber air was 

mixed for five minutes using mixing fans.  The initial conditions for wood smoke particle 

concentration measured by an organic carbon (OC) analyzer are summarized in Table 1.  

For high NOx experiments, NO gas from the tank was introduced into the chamber after 

the wood smoke injection.  

Photochemical reactions started at sunrise.  The sunlight intensity, chamber 

temperature and relative humidity (RH) dynamically changed over the course of 

chamber experiments.  A typical time profile of these parameters is shown in Fig. S1.  

To study of the effect of humidity on photochemical aging of wood smoke, the dry 

condition (RH<30%) humidity was controlled one day prior to the experiment using a 

dehumidifier.  To achieve the wet condition (RH>60%), the chamber air was humidified 

using a steam evaporator during the experiment.  Sun light intensity and temperature-

humidity were measured continuously with an ultraviolet radiometer (model TUVR, The 

Eppley Laboratory) and a Temp-RH sensor (CS2,Campbellscientific), respectively. 

Wood Smoke Characterization 

Gas and particles were sampled through manifolds that run directly to a 

laboratory just below the chambers.  The wood smoke particles were collected on a 

13mm diameter filter (Borosilicate microfibers reinforced with woven glass cloth and 

bonded with Teflon, Gelman Science Pallflex, Type: TX40H120-WW) at a flow rate of 

17 L/min.  The UV-visible light absorption spectrum of aerosols collected on the filter 
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was directly monitored using a Perkin-Elmer Lambda 35 UV-visible spectrophotometer 

equipped with a Labsphere RSA-PE-20 diffuse reflectance accessory.  The detailed 

measurement procedure for light absorption spectra of aerosols can be found in our 

previous study (Zhong and Jang, 2011).  OC and elemental carbon (EC) of the aerosol 

filter samples were analyzed with a semi-continuous OC/EC analyzer (Model 4, Sunset 

Laboratory Inc.).  Levoglucosan obtained from the filter/acetonitrile extract was first 

derivatized with N,O-bis(trimethylsilyl) trifluoroacetamide(BSTFA) and then measured 

using a gas chromatograph/ion trap mass spectrometer (GC-ITMS) (CP-3800 GC, 

Saturn 2200 MS, Varian Inc.).  The fluorescence spectra of extract of the filter sample 

with dichloromethane were measured by a fluorescence spectrophotometer (F-2500, 

Hitachi, Ltd.).  The chemical functional group of particles impacted on a silicon disk was 

characterized using Fourier transform infrared spectroscopy (FTIR) (Nicolet Magna 560, 

SpectraLab Scientific Inc).  To determine the water content of aerosols, the sampled 

silicon disk was installed in a miniature flow chamber which was located in the FTIR 

optical beam path.  The relative humidity inside the flow chamber was controlled by 

passing wet air through the chamber.  FTIR spectra of aerosols on the disk were 

obtained under varying relative humidity from 10% to 85%.  Detailed descriptions of the 

methods can be found in the previous study by Jang et al. (2010).  Particle 

concentrations and particle size distributions were monitored continuously using a 

scanning mobility particle sizer (Model 3080, TSI Inc.), together with a condensation 

nuclei counter (Model 3025A, TSI Inc.).  Ozone was monitored using a photometric 

ozone analyzer (model 400E, Teledyne Instruments), and NOx concentrations were 
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measured using a chemiluminescence NO/NOx analyzer (model 200E, Teledyne 

Instruments).   

Light Absorption of Ambient Organic Carbon 

In April 2012, the County Line Fire located in Pinhook Swamp, Florida, 90 miles 

north of UF, burned more than ten thousand acres.  Biomass burning aerosol was 

collected at the UF sampling site on April 9 -10, 2012.  During the sampling day, the OC 

concentration in the morning was as high as 92 ug m-3 (measured at the sampling site) 

compared to a normal day in which the OC value is 2 to 4 ug m-3.  Thus, wildfire 

emission is the main source of the ambient aerosols in UF area during this episode.   

Fine particulate matter (PM2.5) passing through a cyclone were collected on a 13mm 

diameter filter at a flow rate of 16.7 L/min.  Light absorption spectra of the filter sample 

were directly measured using a UV-visible spectrometer equipped with an integrating 

sphere. 

Results and Discussion 

Light Absorption of OC 

A wood burning particle contains a mixture of BC and OC.  BC and elemental 

carbon (EC) are treated as equivalent.  Due to its strong light absorption capacity, a 

small amount of BC may contribute significant spectral absorption depending upon 

wavelength.  Hence, burning conditions were controlled as smoldering to generate less 

BC.  The percentage of element carbon in smoldering smoke particles was near or less 

than 5% as shown in Table 1.  A method introduced by Kirchstetter and Thatcher (2012) 

was used to separate light absorption by OC from the absorption of the smoke aerosol 

mixture (OC and BC).  Light absorption of OC, AbsOC, is obtained by subtracting the 

absorption of BC, AbsBC from the mixture’s absorption Abs: 
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BCOC AbsAbsAbs       (4-1) 

Abs is directly measured from the filter sample.  AbsBC is estimated as: 
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where AAE is the Absorption Angstrom Exponent and defined as : 
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For AbsBC estimation, the measured AAE value was 1.03 for wavelengths between 360 

and 900nm.  

Figure 4-1a shows absorption spectra of the fresh smoke aerosol, the decoupled 

OC and the decoupled BC.  Over the wavelength range of 280nm to 600nm, OC 

contributes 60~98% of the total sample absorption, while BC is dominate for longer 

wavelengths (>700nm).  Light absorption of OC exhibits no distinct peaks, exponentially 

decreasing with increasing wavelength.  In the visible range (400-700nm), the average 

AAE of OC is 4.74.  This value accords with the AAE of ambient biomass burning OC 

(an average value of 5) reported by Kirchstetter and Thatcher (2012).   

All samples were analyzed in a similar manner as described above.  The main 

data reported here are mass absorption cross-section of OC (MACOC, m2g-1), which is 

wavelength (λ) dependent and determined by normalizing the absorption coefficient of 

OC (babs(OC), m
-1) with thermal OC mass concentration, MOC (g m-3)： 

OC

OCabs
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In equation 4-4, babs(OC) can be calculated from the measured absorbance of filter 

sample(abs): 

 10ln
C

1
)( OCOCabs Abs

V

A
b       (4-5) 

where C is the correction factor with a value of 1.4845 obtained from our previous 

study(Zhong and Jang, 2011), A is the filter surface area sampled (7.85×10-5 m2 in this 

study), and V is the volume (m3) of air passing through the filter during a given sampling 

time.  AbsOC is obtained from equation 4-1. 

Effect of Photochemical Aging on Light Absorption of OC 

Our chamber experimental data showed that light absorption of wood burning OC 

was significantly modified due to photochemical aging.  Figure 4-1b shows the typical 

MACOC of wood smoke exposed to sunlight using the outdoor chamber at different 

daytime hours.  Overall, MACOC increased with aging time in the morning.  The total 

MACOC, which is estimated as the area under the MACOC spectrum curve between 

280nm and 600nm, increased by 11% ~54% (26% on average) except data from the 

high RH condition (West chamber on Oct. 24, 2012).  Saleh et al., (2013) have 

explained that the increment in aged OA absorption is caused by the formation of SOA, 

which absorbs more than fresh POA in the short wavelength visible and near-UV 

regions.  Schauer et al.,(2001) reported that about 34% of identified organic compounds 

in the gas phase and 41% of organic compounds identified in POA were phenols, 

syringols and guaiacols.  These phenols and methoxylated phenols in the gas phase or 

in the particle can rapidly react with atmospheric oxidants to form light brown 

substances (Gelencser et al., 2003;Chang and Thompson, 2010;Ofner et al., 2011).  
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Thus, the enhancement in light absorption would be caused by either oxidized POA or 

the SOA produced from oxidation of primary phenolic compounds.   

However, the light absorption of OC in both the UV and visible ranges began to 

decrease with aging time.  The total MACOC decreased by 19% ~ 68% (41% on average) 

compared to the fresh POA.  The possible explanation for the decreases in MACOC is 

bleaching of colorant in POA and SOA by sunlight.  The previous study by Zhong and 

Jang (2012) reported the bleaching effect of light on light absorption of SOA.  In wood 

smoke POA and SOA, there are abundant of chromophores, such as conjugated 

aromatic rings and phenols, as well as nitro and hydroxyl groups.  High energy photons 

in sunlight can excite electrons in colored molecules through π-π* or n-π* transitions 

and disrupt the conjugated structure of chromophores, resulting in the gradual fading of 

wood smoke color.   

Effect of RH on Light Absorption of OC 

In order to investigate the effect of humidity on MACOC, two sets of wet-dry dual 

chamber experiments were conducted: high RH (80-87%) vs low RH (11-27%) on 

Oct.24, 2012, and middle RH (56-75%) vs low RH (12-24%) on Nov.01, 2012.  Figure 4-

2 illustrates the time profile of the relative MACOC and MACOC at 550 nm.  The relative 

MACOC was obtained by normalizing the total MACOC at a certain time by the initial total 

MACOC.  As photooxidation progressed in the afternoon, the absorption decay at wet 

conditions became more rapid than the decay at dry conditions.  For example, at the 

end of the experiment, the relative MACOC and MACOC at 550nm at the low RH were 

higher by 43% and 45% compared to those at the high RH.  Unlike MACOC values in the 

middle or the low RHs, no increase appeared for MACOC values for the experiments at 

high RH in the morning.  Elevated values of relative humidity can increase the water 
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content of wood smoke particles.  Anastasio et al.(1996) reported that illumination of 

aqueous phase non-phenolic aromatic carbonyls in the presence of phenols can destroy 

phenols.  In addition, this aqueous phase photooxidation produces a significant amount 

of H2O2, since both the aromatic carbonyls and phenols are major products from the 

combustion of wood (Rogge et al., 1998).  In wet aerosols, H2O2 can photodisssociate 

to produce OH radicals (Zellner et al., 1990;Faust, 1994), which could decompose 

chromophores and lead to bleaching of wood OA.  

Effect of NOX on Light Absorption of OC 

Controlled dual chamber experiments were also conducted to study the influence of 

NOx on MACOC of wood aerosols, high NOx (108 ppb) vs low NOx (16 ppb) on Oct.30, 

2012 and middle NOx (43 ppb) vs low NOx (16 ppb) on Oct. 11, 2012.  Figure 4-3 shows 

the time profiles of the relative MACOC values and MACOC at 550nm under different NOx 

concentrations.  In the presence of high NOx, the MACOC values are slightly higher than 

those at low NOx concentration.  NOx is able to modify the reaction pathway for organic 

compounds in the gas phase.  Nitro-phenols (e.g., nitrocatechols) and nitro compounds 

can be produced through the photooxidation of phenolic organic compounds and 

contribute SOA.  Nitrophenols have been suggested to be strong candidates to 

represent light absorbing toluene SOA (Nakayama et al., 2010b;Zhong et al., 

2012;Zhang et al., 2013).  A higher NOx level, the concentration of these chromophoric 

nitro-phenols can be greater, decelerating the decay of MACOC of wood smoke OA.   

Chemical Evolution of Organic Carbon Aerosol  

To investigate how the chemical composition of wood smoke aerosol influences 

light absorption, the aerosol introduced into the chamber was characterized as 

photooxidation progressed.  In this study, levoglucosane, a major constituent in wood 
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smoke POA, was monitored by GC-ITMS.  The intensity of fluorescence, which is 

mainly due to PAHs, was measured for solvent extracted aerosol samples.  To study 

the alteration of the hygroscopic properties of wood smoke aerosol due to 

photooxidation, the aerosol water content was also measured by FTIR.   

Levoglucosan decay 

Levoglucosan is abundant in wood smoke POA, contributing 3~49% of total 

wood smoke aerosol carbon (Mazzoleni et al., 2007).  Figure 4-4a illustrates the rapid 

degradation of both pure levoglucosan and levoglucosan in wood smoke after wall-loss 

correction of aerosols.  The experiment method for the pure levoglucosan experiment is 

provided in the supplementary materials (Document C-1).  The decay rate of the 

levoglucosan associated with wood smoke aerosol is similar to that of pure 

levoglucosan within an error range.  The degradation of levoglucosan would be caused 

by wall loss of levoglucosan vapor and photochemical oxidation by OH radicals in the 

aerosol.  According to Booth et al. (2011), the sub-cooled liquid vapor of levoglucosan is 

1.9×10-4 pa at 298K, the wall loss of gas-phase levoglucosan is likely.  In order to 

identify the products produced from the photooxidation of levoglucosan in the presence 

of HONO, aerosol filter samples were analyzed using GC-ITMS after silylation of the 

products.  The mass fragments of the tentatively identified products are shown in Figure 

C-2 and the reaction pathways for the formation of the proposed products are illustrated 

in Figure C-3.  However, the low amount of O3 formation suggests that oxidation of 

levoglucosan occurred mainly via aerosol phase reaction.   
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PAHs decay 

Although the mass percentage of PAHs in wood smoke is less than 1% (Schauer 

et al., 2001), PAHs can contribute to the color of wood smoke OA.  The photooxidation 

of PAHs can therefore be examined by measuring the fluorescence as a function of time.  

The fluorescence spectra of OA (Figure 4-4b) show a rapid decrease in fluorescence 

emission when excited at 280 nm.  Similar to levoglucosan, such decline can be caused 

by both evaporation combined with increased temperature after sunrise (Figure C-1) 

and photochemical oxidation of PAHs.  PAHs can be transformed to oxy-PAHs via 

aerosol phase oxidation (e.g., reaction with singlet oxygen produced by a 

photosensitizing process or reaction with OH radicals and free radical reactions) (Jang 

and McDow, 1995).  These oxy-PAHs generally have much lower fluorescence 

quantum yield compared to unoxidized PAHs. 

FTIR spectra of wood burning aerosol  

Figure 4-5a compares the characteristic FTIR spectra of fresh and aged wood 

burning particles at RH of 45%.  For the fresh particles, the O-H stretching of alcohols is 

seen at 3500-3200cm-1.  The C=O stretching of carbonyls (e.g., aldehydes, ketones, 

and carboxylic acids) occurs at 1800-1680cm-1, and the aromatic C=C stretching bands 

appear at 1610, 1517 and 1458cm-1.  After photochemical aging of wood smoke OA for 

5 hours, the absorbance for both the O-H stretch of alcohols and the aromatic C=C 

stretch significantly decreased.  The FTIR spectrum of aged particles also shows the 

formation of carboxylic acids confirmed by the broad O-H stretch at 3300-2500cm-1 and 

the increased absorbance at the C=O stretching frequency, suggesting oxidation of 

wood constituents. 
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Hygroscopic properties of wood burning aerosol 

To investigate the hygroscopicity of wood smoke particles, the water content of 

wood burning OA was monitored using the FTIR equipped with a miniature flow 

chamber under varying RHs (Jang et al., 2010).  In brief, the absorbance at 1650cm-1, 

which is the characteristic frequency for O-H bending of water, was used to estimate the 

water content in the aerosol.  The peak at 1650cm-1 was calibrated with the NaCl 

particle, which has a known water content obtained by an inorganic thermodynamic 

model at a given RH (e.g., AIM-III model,  http://www.aim.env.uea.ac.uk/aim/aim.php) 

(Clegg et al., 1998).  As shown in Figure 4-5b, the fresh particles were much more 

hygroscopic than the aged particles.  The water content in fresh particles exponentially 

increased as a function of RH.  No water was detected when the RH was lower than 

25%.  In the morning, fresh wood smoke particles contain a high amount of the sugar 

compounds such as levoglucosan, which is very hydrophilic and easily absorbs water.  

As described in section 3.4.1, the amount of primary sugars rapidly decayed due to 

photooxidation.  Although the carboxylic acid content increased with aging, within aged 

wood aerosol (FTIR data in Figure 4-5a), the aerosol became less hygroscopic. 

Conclusion and Atmospheric Implication 

The dynamic changes in light absorption of biomass burning organic aerosol 

were investigated using the outdoor smog chamber under natural sunlight.  The diurnal 

change in absorption of wood smoke aerosol is governed by two mechanisms: 

chromophore formation and sunlight bleaching.  The colored products originating from 

photooxidation of phenolic SVOCs can increase wood smoke OA absorption in the 

morning while sunlight fades the color of both POA and SOA in the afternoon.  Higher 

concentrations of NOx help prolong the wood smoke aerosol color (Figure 4-3), but the 

http://www.aim.env.uea.ac.uk/aim/aim.php
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high RH accelerates the degradation of aerosol color (Figure 4-2).  The decay of both 

PAHs and levoglucosan indicated dynamic changes in chemical composition of primary 

OC due to aging.  The aged wood smoke OC became more oxidized but less 

hygroscopic as shown by FITR spectra measurement.    

The ambient data obtained during the County Line Wildfire event on April 09 and 

10, 2012, were analyzed using equation (4-5) with a measured AAE of 0.74 for ambient 

BC.  Figure 6 shows the light absorption of ambient biomass burning OC after 

subtracting background OC.  Compared to the MACOC sampled at 8:30am, the MACOC 

sampled at 9:36am on April 09 increased by 18%, but the MACOC decreased by 28% at 

11:30am.  The diurnal pattern in light absorption of the ambient biomass burning OA is 

consistent with the result obtained in the outdoor chamber.   

There is increased emphasis on research pertaining to the climate forcing of OA, 

including both experimental studies and model simulations.  Considering aerosol of 

lifetime (about six days), the results of both outdoor chamber studies (Figure 4-1) and 

ambient field data (Figure 4-6) suggest that biomass burning OA will absorb less light as 

photochemical reactions progress.  
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Table 4-1.  Summary of experimental conditions of fresh wood smoke for photochemical oxidation 

No Date Chamber 
RH Temp. NOx Initial OC EC/TC 

Comments 
% K ppb ug/m

3
 % 

1 Oct.11, 2012 E 39-95 291-312 43 56 4.76  middle NOx 

2 Oct.11, 2012 W 51-95 291-311 16 40 5.56   low NOx 

3 Oct.30, 2012 E 21-87 275-300 108 58 4.17  high NOx 

4 Oct.30, 2012 W 26-88 275-297 16 68 3.33   low NOx 

5 Oct.24, 2012 E 10-26 291-311 5 58 3.23  low RH 

6 Oct.24, 2012 W 80-87 291-310 6 58 3.57  high RH 

7 Nov.01, 2012 E 12-23 281-306 5 111 4.35  low RH 

8 Nov.01, 2012 W 56-75 283-304 6 77 2.78  middle RH 

9 Nov. 21, 2012 W 67-87 285-305 10 144 2.50  chemical analysis 
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Figure 4-1.  UV-visible light absorption spectra and MACOC of wood smoke OC.  A) The 
absorption spectrum of wood smoke OC obtained by subtracting the BC 
absorbance from the total absorbance of wood burning particles.  B) The 
diurnal pattern of MACOC of wood smoke OC photochemically aged under 
natural sunlight (Oct.11, 2012, middle NOx). 
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Figure 4-2.  Comparison of light absorption of wood OA photochemically oxidized at 
different humidity conditions:  A) low RH vs middle RH and B) low RH vs high 
RH.  The open symbols are for MACOC at 550nm.  The filled symbols are for 
the relative MACOC, which is expressed as the total MACOC divided by the 
initial total MACOC.  The error associated with MACOC was estimated based 
on the instrumental errors from OC/EC analyzer and UV-visible spectrometer 
as well as the uncertainty from the correction factor, C (see equation 5). 
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Figure 4-3.  Comparison of light absorption of wood OA photochemically oxidized at 
different NOx conditions: a) low NOx vs middle NOx and b) low NOx vs high 
NOx.  The open symbols are for MACOC at 550nm.  The filled symbols are for 
the relative MACOC, which is expressed as the total MACOC divided by initial 
total MACOC.  The error associated with MACOC was estimated based on the 
instrumental errors from OC/EC analyzer and UV-visible spectrometer as well 
as the uncertainty from the correction factor, C (see equation 5). 
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Figure 4-4. Decay of levoglucosan and PAHs. A) Time profile for the decay of pure 
levoglucosan (March 27, 2013) and levoglucosan in wood smoke OA (Nov. 
21, 2012).  The concentrations of levoglucosane (Ct) were corrected for wall-
loss of particles and then normalized by the initial leveglucosan concentration 
(C0). The associated error with the measured concentration of levoglucosan 
by GC-MS is ±20%.  B) Fluorescence emission spectra of wood smoke 
particles collected at different times on Nov. 21, 2012.  The excitation 
wavelength was 280nm.  The error associated with the concentration of 
levoglucosan was estimated based on GC-MS. 
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Figure 4-5.  FTIR spectra and hygroscopic growth profile of fresh and aged wood 

burning particles.  A) FTIR spectra of fresh and aged wood burning particles 
sampled on Nov.21, 2012.  The spectra were recorded at RH of 45%.  B) The 
water content of fresh particles and aged particles as a function of RH.  The 
water content was measured with decreasing RH.  The error associated with 
the water fraction in aerosol was estimated based on aerosol mass and FTIR 
absorbance at 1650cm-1. 
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Figure 4-6.  Light absorption of ambient biomass burning OA sampled during the 
country line wildfire event at different date: A) April 09, 2012 and B) April 09, 
2012  
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CHAPTER 5 
RADIATIVE IMPACT OF ORGANIC CARBON AEROSOL  

Background 

There are few studies available for the climate forcing of organic aerosols.  Hoyle 

et al. (2009) calculated the climate forcing of SOA using the off-line aerosol chemistry 

transport model Oslo CTM2 and suggested a global average radiative forcing of -0.09~-

0.06 w/m2.  This value was similar to that of POA.  This study provides the first 

information about the anthropogenic influence of SOA climate impact.  However, in their 

study, optical properties of SOA were taken to be similar to POA (Myhre et al., 2009).  

And the optical properties of POA were treated as same as those of sulfates. 

What is the uncertainty caused by using sulfates as the surrogate of SOA?  Is 

POA a good surrogate for SOA?  The recent studies show that alpha-pinene SOA 

slightly absorbs UV light (Zhong and Jang, 2011), while POA from wood burning has 

much stronger absorption capability (Chen and Bond, 2010).  The objective of this study 

is to calculate the radiative forcing of SOA and POA using the latest available measured 

optical data for the purpose of reducing uncertainties related to organic aerosol in the 

current climate model.  To achieve the objective, the following steps will be followed: 1. 

calculate the single particle optical parameters of POA and SOA using Mie scattering 

model;  2. compute and compare radiative forcing of POA and SOA using a radiative 

transfer model. 

Method 

Optical parameters such as extinction cross-section area (Ext., σext.), single 

scattering albedo (SSA, ω) and aerosol asymmetry factor(asym, g) were calculated 

using Mie scattering model with input of refractive index and particle size at certain RH.  
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A simple equation was then used to estimate the radiative forcing of organic carbon 

aerosol.  The following section will describe the detailed procedure for each step. 

Mie Scattering Model 

The Lorenz -Mie solution to Maxwell’s equation describes the scattering of 

electromagnetic radiation by a sphere.  The Lorenz-Mie code from Dr. Tami Bond’s 

research website (http://www.hiwater.org/), calculates absorption, scattering and 

backscattering for spherical, coated or uncoated particles of lognormal or measured 

size distributions.  The only required input parameters are particle size and complex 

refractive index (RI, n + ki).  In this study, the dry particle size is assumed to be 

lognormal distributed with count median diameter of 138 nm, geometric standard 

deviation of 2. The size parameter is taken from a study for ambient organic 

aerosol (Kaul et al., 2012). 

The measured real part of RI (Kim and Paulson, 2013) is used for both SOA and 

POA. It is known that real RI is a function of wavelength.  Since the measurement is 

only available at 550 nm, the fixed value (1.44) is used for the UV and visible 

wavelength range.  The imaginary RI data of SOA and POA are from laboratory 

measurement in this work.  Here SOA is represented by alpha-pinene SOA and POA by 

wood burning organic aerosol.  In addition, sulfate droplet was simulated as reference 

for comparison purpose.  The refractive index of sulfate droplet is taken from OPAC 

data base (http://ether.ipsl.jussieu.fr/etherTypo/?id=1058).  Using the above input 

parameters, the Mie calculation was performed every 10 nm between 280 and 800 nm 

to provide scattering, absorption, and extinction cross section area.  Table D-1 to D-5 

summarizes the model experiments which were carried out. 

http://www.hiwater.org/
http://ether.ipsl.jussieu.fr/etherTypo/?id=1058
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Effect of RH on Particle Size 

SOA can absorb water vapor at certain relative humidity.  Consequently, the 

diameter of particle will depend on the relative humidity.  The hygroscopic growth has 

immediate influence on the scattering of solar radiation.  An empirical model (Birmili et 

al., 2009) was adopted to calculate the particle size change due to RH.  The 

model is derived from ambient aerosols from a Finnish forest with OC fraction of 30% 

to 50%.  It is used here for 100% organic aerosol since no better model is available. 

Growth factor (GF) is defined as follows: 
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where Dp is particle diameter. GF can be estimate using an empirical equation: 
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where α(Dp) is a function of dry particle diameter and estimated by: 
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According to the model developer, this empirical model can safely be applied for all 

particle size although the fit is only supported by data points between 60 nm and 

350 nm. 

Simple Radiative Efficiency Estimation 

A simple forcing efficiency (SFE, W/cm3 aerosol) was used here to provide a first 

estimate of climate impact of organic aerosols.  The calculation was originated from 

Chylek and Wong (1995) equation that normalizes impact by particle volume.  The 

wavelength dependent SFE is calculated as: 
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S
-SFE

22  ,  (5-4) 

where S(λ) is the solar irradiance, τatm is the atmospheric transmission (0.79), FC is the 

cloud fraction(0.6), ωS is the surface albedo(0.19), β is the backscatter fraction.  σscat and 

σabs are the scattering and absorption cross sections per cm3,respectively.  The matlab 

code for this calculation is available on the website (http://www.hiwater.org/). 

Results and Discussion 

Optical Parameters 

Figure 5-1 compares three optical parameters of SOA, POA and sulfates, 

extinction cross section area, aerosol asymmetry factor and single scattering albedo.  

The extinction cross section area is a measure of how strongly the aerosol absorbs and 

scatters light.  The simulation result shows that extinction cross section area of the three 

types of aerosol is similar, decreasing with wavelength (Figure 5-1a).  Aerosol 

asymmetry factor is a measure of the preferred scattering direction, forward or 

backward.  In Figure 5-1b, the aerosol asymmetry factor is positive, indicating scattering 

is mainly in the forward direction.  POA asymmetry factor is a little bit larger than SOA 

and sulfate in the UV range, but all are almost same in the visible range.  Single 

scattering albedo (SSA) is the ratio of scattering to the extinction, ranging from 0 to 1.  

Values of SSA below 0.8 indicate that the aerosol could have a warming effect.  Figure 

5-1c shows SSA of SOA is near to 1 in the wavelength range between 280 nm and 

800nm indicating SOA is mainly scattering, not active in absorbing light.  SSA of POA 

gradually increases from 0.7 to 1, indicating the absorption of POA decrease with 

wavelength.  This trend matches well with the trend of imaginary refractive index of POA. 
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Effect of RH on Optical Parameters 

Relative humidity affects the optical properties of aerosol by changing particle 

size and adding water into particle.  Figure 5-2 compares the dry SOA and wet SOA at 

RH of 50%.  For Mie calculation, the water can be assumed to externally coat on the 

surface of aerosol.  The simulation results show that higher humidity increases both 

extinction cross section area and aerosol asymmetry factor, but has little influence on 

aerosol single scattering albedo.  Similar tread is also observed for POA, but not shown 

here. 

Radiative Impact 

Figure 5-3 shows forcing of SOA, POA and sulfate as a function of wavelength.  

The forcing of SOA is below zero in the studied wavelength, while that of POA is 

positive in the short UV range and negative in the visible range.  Due to the significant 

difference in forcing of SOA and POA, it should be very cautious to replace POA and 

SOA with each other.  The forcing of SOA is very similar to that of sulfate.  Thus sulfate 

is a reasonable surrogate for SOA in terms of optical parameters.  High RH increases 

the negative forcing for SOA and POA by adding non absorbing water.  A full radiative 

transfer model would be necessary to determine the actual forcing of SOA. 

Conclusion 

The optical parameters of POA and SOA were estimated using measured 

refractive index by running the Mie scattering model.  RH could change the particle size 

and thus the optical properties of organic aerosols.  A simple estimation of radiative 

efficiency shows that POA has warming effect in the UV range, while SOA is a 

cooling aerosol, with similar radiative forcing to sulfate. 
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The estimation of the actual forcing of OC requires a full radiative transfer model 

with OC burden and meteorological data.  OC burden can be estimated using a global 

model such as GEOS-Chem.  A radiative transfer model such as Fu-Liou-Gu model (Gu 

et al., 2006) can be tested to produce the radiative forcing of OC. 
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Figure 5-1.  Optical parameters of SOA, POA and sulfate estimated using Mie code: (a) 

extinction cross section area, (b) aerosol asymmetry factor, and (c) single 
scattering albedo. 
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Figure 5-2.  Effect of RH on optical parameters: (a) extinction cross section area, (b) 

aerosol asymmetry factor, and (c) single scattering albedo. 
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Figure 5-3.  Comparison of radiative efficiency of SOA, POA and sulfate as a function of 

wavelength. 
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CHAPTER 6 
CONCLUSIONS 

A method for measuring the mass absorption cross section (MAC) of organic 

aerosol has been developed using a conventional UV-visible spectrometer equipped 

with an integrating sphere covering a wide range of wavelengths (280-800nm).  The 

feasibility of the proposed method was evaluated using reference aerosols with known 

absorption cross section.  This method directly measures MAC of organic aerosol on a 

conventional filter without solvent extraction. 

The resulting method was applied to measure MAC of secondary organic aerosol 

(SOA) which was produced through photooxidation of different precursor hydrocarbons 

such as toluene, d-limonene and α-pinene using a 2 m3 indoor Teflon film chamber.  

MAC value of toluene SOA (0.574 m2g-1 at 350 nm) was the highest compared with 

MAC values for α-pinene SOA (0.029 m2g-1) and d-limonene SOA (0.038 m2g-1).  When 

d-limonene SOA or toluene SOA was internally mixed with neutral [(NH4)2SO4] or acidic 

inorganic seed (NH4HSO4:H2SO4 = 1:1 by mole), the SOA showed 2~3 times greater 

MAC values at 350 nm than the SOA with no seed.  Aerosol aging with a light source for 

this study reduced MAC values of SOA (e.g., on average 10% for toluene SOA and 

30% for d-limonene SOA within 4 hours).   

The new model for UV-visible absorption spectrum of SOA in this work predicted 

that the light absorption of toluene SOA would increase with higher NOx concentration, 

and that of alpha-pinene SOA is not affected by NOx.  The model results were in 

reasonably good agreement with the measurements.  The model also predicted that the 

main light absorbing materials in toluene SOA were nitro-phenols and those in alph-

pinene SOA were pinonaldehydes. 
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The method was also used to quantify MAC of primary organic aerosols (POA).   

POA produced under smoldering conditions was photochemically aged under different 

relative humidity and NOx conditions using an outdoor chamber under natural sunlight.  

The measurement results suggest that MAC of POA changed under atmospheric 

conditions, increasing in the morning and decreasing in the afternoon, due to the 

competition between chromophore formation and sunlight bleaching.  A similar trend in 

light absorption changes was observed in ambient smoke aerosol originating from the 

2012 County Line Wildfire in Florida.  We conclude that the biomass burning POA 

becomes less light absorbing after 8~9 hours sunlight exposure.   

The simple estimation of radiative efficiency suggests that SOA is a cooling 

aerosol, having a similar value of radiative forcing to sulfate.  Fresh POA has positive 

radiative forcing in the UV wavelength rang and negative forcing in the visible range.  

The net forcing is positive, thus fresh POA is warming aerosol.  
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CHAPTER 7 
FUTURE STUDIES 

The current study provides the experimental measured optical properties of 

organic carbon aerosols, contributing to reduce the uncertainties organic carbon 

aerosols in climate change.  There are several directions for further study of the climate 

impact of aerosols: 

1. Effect of high humidity on light absorption of SOA and POA   This study 

has shown that RH at 85% will accelerate the decay of MAC.  In the upper troposphere, 

RH usually reaches up to 100%.  The study of optical properties of OC at high RH will 

benefit the modeling of OC which travel to the upper level of troposphere.  

2. Light absorption of mixed aerosols.  In atmosphere, organic aerosols 

usually mixed with other types of aerosols.  For example, POA are always emitted 

together with black carbon.  SOA can mix with dust or black carbon.  Anthropogenic 

SOA may mix with biogenic SOA.  Understanding the mixing rule in light absorption of 

different aerosols will make it possible to predict light absorption of aerosol mixture in 

atmosphere. 

3. Identification of light absorbing materials  This work suggests possible light 

absorbing materials in SOA and POA, such as nitrophenols.  However, chemical 

analysis for these compounds has not been conducted.  GC-MS or LCMS analysis is 

necessary in the future to identify these light absorbing chemicals in laboratory 

generated aerosols and field sampled ambient aerosols.  

4. Hygroscopic properties of SOA and POA  Hygroscopic growth of aerosol is 

directly related to cloud condensation nuclei. The indirect climate effect of organic 

aerosols associated with cloud formation is among the least understood factors in 
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climate system.  The study of hygroscopic properties of fresh and aged organic aerosols 

is necessary to provide fundamental parameters for cloud formation.  

5. Evaluate the radiative forcing of OC using radiative transfer model  The 

current study uses a simple equation to estimate the radiative efficiency of OC without 

considering the mass budget of OC.  As a further study of this research, the calculation 

of radiative forcing of OC using radiative transfer model and global chemical transport 

model needs to be achieved to have better evaluation of the role of OC in climate 

system. 
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APPENDIX A 
SUPPLEMENTARY METERIALS FOR CHAPTER 2 

Table A-1.  Indoor Teflon film chamber experiments a involving the aerosol of known composition 

No. Aerosol  f 
b
 

Sample volume 
 (m

3
)  

L
c
 

(m) 

Aerosol 
vol. 

conc. 
(nL/m

3
) 

Density
d
 

(μg/nl) 
Mass

e
MY

 

(μg) 
n

f
 

 (#/m
3
) 

ln(1/T)
g
λ=434 

Predicted 
ln(1/T)

h
λ=422 

Measured 

M1 MY 1.0 0.002 19.10 67 1.47 0.15 1.59E+17 0.034 0.036 

M2 MY 1.0 0.003 38.20 69 1.47 0.30 1.63E+17 0.069 0.077 

M3 MY 1.0 0.005 66.85 50 1.47 0.39 1.19E+17 0.088 0.173 

M4 MY 1.0 0.010 127.32 49 1.47 0.71 1.14E+17 0.162 0.217 

M5 MY 1.0 0.015 188.21 44 1.47 0.96 1.04E+17 0.217 0.363 

M6 MY 1.0 0.015 190.99 70 1.47 1.54 1.65E+17 0.350 0.607 

M7 MY-NaCl 0.0533 0.014 178.25 238 2.11 0.38 4.30E+16 0.085 0.158 

M8 MY-NaCl 0.0533 0.028 358.29 244 2.11 0.77 4.41E+16 0.175 0.291 

M9 MY-NaCl 0.0533 0.058 742.17 237 2.11 1.56 4.28E+16 0.352 0.518 

M10 MY-NaCl 0.0533 0.083 1058.83 238 2.11 2.23 4.30E+16 0.506 0.665 

M11 MY-NaCl 0.0533 0.112 1421.78 240 2.11 3.01 4.33E+16 0.682 0.783 

M12 MY-NaCl 0.0533 0.160 2041.26 233 2.11 4.20 4.21E+16 0.952 0.869 

a:Temperature and humidity are in the ranges of 294–298 K and 30.5-36.8%, respectively 
b:F is the mass fraction of MY aerosol to total sampled aerosol  
c:Length is obtained by sample air volume divided by the sample area of filter.  
d:Density of MY aerosol is calculated by using molar weight divided by molar volume. 
e:The estimated MY aerosol mass for each aerosol filter sample is obtained by multiplying sample volume to vol. conc., 
density and f. 
f: n is estimated by equation (7).   
g: Predicted ln(1/T) based on Equation (2-6) has a maximum value at λ=434 nm. Absorption cross section of MY at λ=434 
nm is 1.12×10-20 m2 
h: Measured ln(1/T) is maximum at λ=422 nm 
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Figure A-1.  Measured molar absorptivity of metanil yellow as a function of wavelength 

(280-680 nm).  
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Figure A-2.  UV-visible absorption spectra of d-limonene SOA collected on the filter at 
different exposure time in air.  The SOA samples were stored in open air. 
SOA color turned to orange yellow in three hours corresponding to the growth 
of two absorption peaks at 428 nm and 505 nm. 
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APPENDIX B 
SUPPLEMENTARY METERIALS FOR CHAPTER 3 

Table B-1.  Chemical structure of toluene SOA products 

MCM name IUPAC name Structure 

MNCATECH   
3-methyl-6-nitrobenzene-1,2-
diol 

 

MNNCATCOOH 

(2R)-2-hydroperoxy-2,3-
dihydroxy-1- 
methyl-4-nitro-6,7-
dioxabicyclo[3.2.1]oct- 
3-en-8-yl nitrate 

 

DNCRES 2-methyl-4,6-dinitro-phenol 

 

TLEMUCOOH 
3-(2-hydroperoxy-1-hydroxy-
3-oxo-butyl)-oxirane-2-
carbaldehyde 

 

TLEMUCNO3 
1-(3-formyloxiran-2-yl)-1-
hydroxy-3-oxobutan-2-yl 
nitrate 

 

TLBIPEROOH  

(1S,4S,5S)-4-hydroperoxy-1-
methyl-6,7-
dioxabicyclo[3.2.1]oct-2-en-8-
ol 
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Table B-1.  Continued 

MCM name IUPAC name Structure 

TLBIPERNO3 

(1S,2S,5S)-8-hydroxy-5-
methyl-6,7-
dioxabicyclo[3.2.1]oct-3-en-2-
yl nitrate 

 

NC4MDCO2H 
(Z)-2-methyl-3-nitro-4-oxobut-
2-enoic acid 

 

TLEMUCCO 
3-(1-hydroxy-2,3-
dioxobutyl)oxirane-2-
carbaldehyde 

 

TOL1OHNO2 2-methyl-6-nitrophenol 

 

ACCOMEPAN 
3-acetoxy-3-oxopropanoic 
nitric peroxyanhydride 

 

MALDIALPAN 
nitric (E)-4-oxobut-2-enoic 
peroxyanhydride 

 

C5COO2NO2 
nitric (E)-4-oxopent-2-enoic  
peroxyanhydride 
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Table B-1.  Continued 

MCM name IUPAC name Structure 

MALANHY  furan-2,5-dione 

 

 C5DICARB  4-Oxo-pent-2-enal 

 

MGLYOX  2-oxopropanal 

 

GLYPAN 
nitric 2-oxoacetic 
peroxyanhydride 

 

GLYOX oxalaldehyde 

 

GLYOX 
oligomer 

2-Dihydroxymethyl-
[1,3]dioxolane-4,5-diol 

 

MGLYOX 
oligomer 

2-Dihydroxymethyl-2,4-
dimethyl-[1,3]dioxolane-4,5-

diol 
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Table B-2.  Representative products of toluene SOA and their mass percentages at different NOx conditions 

Group 
(i, j) 

k Products name
a
 MWk 

λmax
b

 

(nm) 
f
b
 

Fk 
c
 (%) 

H NOx  
(T1) 

M NOx  
(T2) 

L NOx  
(T3) 

1, PO 

1 MNCATECH   169 330, 228 0.05, 0.40 26.27  30.48  26.14  

2 MNNCATCOOH 281 270, 199, 189, 188 0.3, 0.15, 0.31, 0.03 2.95  6.36  6.47  

3 DNCRES 191 321, 229, 227, 222, 203 0.04, 0.17, 0.40, 0.82, 0.08 2.00  0.88  0.32  

1, H-m 
4 TLEMUCOOH 190 177, 165, 161 0.04, 0.05, 0.03 1.04  3.04  4.41  

5 TLEMUCNO3 190 177, 165, 161 0.04, 0.05, 0.03 2.40  1.57  1.10  

2, PO 
6 TLBIPEROOH  174 216, 213, 163, 153, 143 0.19, 0.11, 0.13, 0.10, 0.05 2.13  8.68  14.00  

7 TLBIPERNO3 174 415, 233 0.06, 0.07 3.85  3.46  2.78  

2, H-s 8 NC4MDCO2H 159 228, 226, 221, 202, 177, 172, 168 0.15, 0.08, 0.21, 0.26, 0.22, 0.19, 0.05 6.71  3.19  1.38  

2, H-f 9 TLEMUCCO 156 202, 148 0.35, 0.03 0.53  0.81  1.09  

3, PO 10 TOL1OHNO2 153 316, 222 0.04, 0.17 0.77  0.51  0.23  

3, H-f 11 ACCOMEPAN 207 206, 187, 174 0.08, 0.26, 0.25 2.29  10.34  7.67  

4, H-m 
12 MALDIALPAN 161 208, 190, 176, 158 0.07, 0.27, 0.26, 0.05 0.59  0.48  0.41  

13 C5COO2NO2 175 227, 184, 176 0.59, 0.22, 0.26 0.99  1.03  1.17  

5, H-m 

14 MALANHY  98 230 0.17 2.26  1.00  1.01  

15  C5DICARB 98 223, 166, 162, 155 0.65, 0.06, 0.09, 0.42 0.55  0.21  0.14  

16 MGLYOX (oligomer) 72 193, 171, 160, 155 0.20, 0.34 4.98  2.55  2.16  

17 GLYPAN 135 213, 189, 183, 168 0.13, 0.04, 0.47, 0.53 1.12  0.53  0.33  

5, H-f 18 GLYOX (oligomer) 58 196, 182, 163, 160 0.14, 0.06, 0.39, 0.11 37.17  23.26  27.30  

 

a: The names of chemicals are from MCM mechanism;  b: λmax and f are calculated using NDDO based AM1 
semiempirical quantum chemistry method; c: Fk is the mass percentage of the kth species, obtained by the mass 
balance of chemical compounds in toluene SOA. 
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Table B-3.  Chemical structure of α-pinene SOA from MCM mechnism 

MCM name IUPAC name Structure 

C811PAN 

2,2-dimethyl-3-(2-(nitroperoxy)- 
2-
oxoethyl)cyclobutanecarboxylic 
acid 

 

PINIC 
3-(carboxymethyl)-2,2- 
dimethylcyclobutanecarboxylic 
acid 

 

C921OOH 

1-(1-hydroperoxy-3-
(hydroxymethyl) 
-2,2-dimethylcyclobutyl)-2-
hydroxyethanone 

 

C812OOH 

1-hydroperoxy-3-
(hydroxymethyl)- 
2,2-
dimethylcyclobutanecarboxylic 
acid 

 

HOPINONIC 
2-(3-(2-hydroxyacetyl)-2,2-
dimethylcyclobutyl) 
acetic acid 

 

C920PAN 
2-(3-(2-hydroxyacetyl)-2,2- 
dimethylcyclobutyl)acetic nitric 
peroxyanhydride 
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Table B-3.  Continued.  

MCM name IUPAC name Structure 

C98OOH     
6-hydroperoxy-5-

(hydroxymethyl)-6-
methylheptane-2,3-dione 

 

 C98NO3 
3-(hydroxymethyl)-2-methyl- 
5,6-dioxoheptan-2-yl nitrate 

 

C922OOH 
6-hydroperoxy-1-hydroxy- 

5-(hydroxymethyl)-6-
methylheptane-2,3-dione 

 

C7PAN3 
nitric 3,5,6-trioxoheptanoic  

peroxyanhydride 

 

C10PAN2 
2-(3-acetyl-2,2-

dimethylcyclobutyl)acetic 
 nitric peroxyanhydride 

 

C97OOH 
1-(1-hydroperoxy-3- 
(hydroxymethyl)-2,2-

dimethylcyclobutyl)ethanone 

 

C717NO3 1,5,6-trioxoheptan-3-yl nitrate 
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Table B-3.  Continued.  

MCM name IUPAC name Structure 

C108OOH 
3-(2-hydroperoxypropan-2-yl)- 

5,6-dioxoheptanal 

 

APINAOOH 
2-hydroperoxy-2,6,6- 

trimethylbicyclo[3.1.1]heptan-
3-ol 

 

APINANO3 
3-hydroxy-2,6,6- 

trimethylbicyclo[3.1.1]heptan-
2-yl nitrate 

 

APINBNO3 
2-hydroxy-2,6,6- 

trimethylbicyclo[3.1.1]heptan-
3-yl nitrate 

 

PINONIC 
2-(3-acetyl-2,2-

dimethylcyclobutyl)acetic acid 

 

C89PAN 

2,2-dimethyl-3- 
(2-

oxoethyl)cyclobutanecarboxylic 
nitric peroxyanhydride 

 

C107OH 
2-(3-acetyl-3-hydroxy-2,2-

dimethylcyclobutyl)acetaldehyd
e 

 

O

O

O

OH

O

O
OH

OH

O

OH

N O

O

OH

O
N

O

O

O OH

O

O

O

O
O

N
O

O

O

HO

O



 

115 

Table B-3.  Continued. 

MCM name IUPAC name Structure 

C109OH 
2-(3-(2-hydroxyacetyl)-2,2-

dimethylcyclobutyl)acetaldehyd
e 

 

C5PAN9 
nitric 3,4-dioxopentanoic 

peroxyanhydride 

 

CO235C6CHO 3,5,6-trioxoheptanal 

 

C109CO 
2-(2,2-dimethyl-3- 

(2-oxoethyl)cyclobutyl)-2-
oxoacetaldehyde 

 

PINAL 
2-(3-acetyl-2,2-

dimethylcyclobutyl) 
acetaldehyde 
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Table B-4.  Representative products of α-pinene SOA and their mass percentages in SOA at different NOx conditions 

Group 
(i, j) 

k Products name
a
 MWk 

λmax
b

 

(nm) 
f
b
 

Fk
c 
(%) 

H NOx 

 (A1) 
L NOx  

(A2) 

1, H-s 

1 C811PAN 247  183, 161 0.27, 0.11 4.59  3.98  

2 PINIC  186  181, 174, 164, 141, 135 
 

0.25, 0.06, 0.03, 0.05, 0.09 0.02  1.98  

3 C921OOH 204  192, 186, 178, 167, 160, 156 
0.09, 0.12,0.09, 0.08, 0.06, 

0.07 
0.09  1.30  

4 C812OOH 190  187, 186, 169, 164, 157 0.14, 0.10, 0.09, 0.05, 0.11 0.04  0.92  

5 HOPINONIC 200  176, 171, 169, 162, 139 0.25, 0.22, 0.12, 0.03, 0.07 0.04  1.19  

1, H-m 

6 C920PAN 261  196, 182, 171 0.07, 0.03, 0.06 8.40  3.91  

7 C98OOH  204  201, 167 0.29, 0.14 2.72  10.43  

8 C98NO3 233  188, 183 0.18, 0.03 6.46  2.62  

9 C922OOH 220  204, 177 0.32, 0.17 0.09  1.34  

1, H-f 10 C7PAN3 233  205,  192 0.08, 0.35 18.43  3.54  

2, H-s 

11 C10PAN2 245  187, 171, 167 0.04, 0.08, 0.04 16.30  5.97  

12 C97OOH 188  197, 186, 180, 157, 142, 135 
0.05, 0.05, 0.23, 0.05, 0.06, 

0.09 
0.49  6.13  

2, H-f 
13 C717NO3 

203  184, 182, 177, 174, 165, 155 
0.08, 0.19, 0.05, 0.06, 0.09, 

0.06 
5.28  3.12  

14 C108OOH 216  202  0.26  4.39  14.88  

3, PO 

15 APINAOOH 186  160, 158, 156, 153, 139, 137 
0.16, 0.13, 0.07, 0.17, 0.09, 

0.10 
0.07  2.32  

16 APINANO3 215  174, 162, 151, 147, 146 0.07, 0.06, 0.2, 0.06, 0.08 0.93  2.42  

17 APINBNO3 215  202, 168, 158, 153 0.05, 0.04, 0.06, 0.22 0.59  1.26  

3, H-s 18 PINONIC 184  173, 169, 165, 151 0.31, 0.04, 0.15, 0.08, 0.05 0.09  0.70  

3, H-m 

19 C89PAN 231  179, 169 0.05, 0.06 3.36  2.14  

20 C107OH 200  182, 175, 162, 145, 141 0.25, 0.06, 0.05, 0.06, 0.14 0.36  3.53  

21 C109OH 200  181, 173, 163, 140, 135 0.25, 0.06, 0.03, 0.05, 0.09 0.28  0.82  

22 C5PAN9 191  199, 184, 174, 168 0.05, 0.22, 0.25, 0.54 2.60  0.60  

4, H-f 
23 CO235C6CHO 156  159  0.01  2.88  2.85  

24 C109CO 182  200  0.25  0.09  0.42  

5, H-m 25 PINAL 168  168, 164, 163, 157, 156, 152 
0.03, 0.15, 0.06, 0.14, 0.05, 

0.06 
20.12  19.46  

a: The names of chemicals are from MCM mechanism;  b: λmax and f are calculated using NDDO based AM1 semiempirical quantum chemistry 
method; c: Fk is the mass percentage  of the kth species, obtained by the mass balance of chemical compounds in α-pinene SOA 
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Figure B-1.  Comparison of model simulated and measured concentrations of toluene, 

O3, NOx, and NO for experiments at different NOx levels: A) high NOx, B) 
middle NOx, and C) low NOx levels (T1, T2 and T3).  
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Figure B-2.  Comparison of model simulated and measured concentrations of α-pinene, 
O3, NOx, and NO for experiments at different NOx levels: A) high NOx and B) low NOx 

(A1and A2). 
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Figure B-3.  Comparison of the predicted OMT and the measured OMT for different 

systems: (a) TOL SOA and (b) AP SOA, under different NOx conditions.  T1-
T3 for TOL SOA and A1-A2for AP SOA (see Table 1) 
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APPENDIX C 
SUPPLEMENTARY METERIALS FOR CHAPTER 4 

Document C-1 Chamber operation and characterization of photooxidation of pure 

levoglucosan  

Levoglucosan ( 99% purity, Aldrich) solid particles was dissolved in HPLC grade 

water to make 0.02M aqueous solution.  Levoglucosan aerosol was generated from the 

aqueous solution using a constant output atomizer which is connected into the outdoor 

chamber.  After the injection of levoglucosan, chamber air was mixed for five minutes 

using a mixing fan.  HONO was introduced to the chamber by passing the clean air 

through a flask in which 10 mL of 0.1 M NaNO2 and 10 mL of 10 % H2SO4 reacted to 

produce HONO.  HONO was estimated as the difference in NOx concentration which 

were measured by a NOx analyzer with and without a base denuder (coated using 1% 

Na2CO3 + 1% glycerol in ethanol ) (Febo and Perrino, 1991).  The initial chamber 

concentration of levoglucosan was 121ug/m3, HONO 50ppb, and NOx 124ppb. 

A filter sample was collected using a 13mm Teflon-coated borosilicate filter.  For 

each filter sample, 5μL of bornyl acetate solution (2.4mg/mL in acetonitrile), an internal 

standard, was added.  Both Levoglucosan and oxidation products were extracted by 

sonicating the filter sample with 5mL acetonitrile for one hour.  The extracted solution 

was concentrated to 1ml and using a dry air stream and transferred to a GC vial.  In 

order to derivatize alcol, phonol, and carboxylic acid, 35mL of N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) solution and 15mL pyridine were added to 

the GC vial.  The solution was stood at 70℃ for 1 hour.  

Gaseous products from oxidation of levoglucosan were collected using a XAD-

coated denuder, which was located upstream the filter.  After the sample collection, the 
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denuder was extracted using 125mL of acetonitrile.  The extracted solution was 

concentrated to 1mL using a rotary evaporator, transferred to a GC vial, and 

derivertized with BSTFA as mentioned above.   

The derivatized products were analyzed using a gas chromatography ion trap 

mass spectrometer (GC-ITMS).  The GC temperature profile in this study was 80℃ for 

1minute ramp to 100℃ at 5℃ minute-1; ramp to 280℃ at 10℃minute-1 and hold for 8 

minutes.  For the identification of new products, samples were analyzed in both electron 

impact (EI) and chemical ionization (CI) modes.  Acetonitrile was used as the chemical 

ionization reagent. 
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Figure C-1.  Time profile of sunlight total ultra-violet radiation (TUVT), temperature and 
relative humidity measured in the UF-APHOR East chamber on October 30, 
2012.  
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Figure C-2.  Mass spectra of BSTFA-derivatives of levoglucosan oxidation products in 

EI mode. RT is retention time. 
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The mass peak at m/z = 217 and m/z=147 are the typical mass fragmentation pattern 

for sugar types of compounds.  All products show these two peaks in mass 

fragmentation patterns.  

 

P1. The molecular structure was tentatively identified based on the molecular ion peak 

shown in the CI spectrum in Figure S3.  

P2. The mass peak at m/z = 243 corresponds with M-45 (~COOH)   

P3. The mass peak at m/z = 306 and m/z = 288 originate from M-72 [~Si(CH3)3+1] and 

M-88(~OSi(CH3)3+1), respectively.  

P4. The molecular structure was tentatively identified based on the molecular ion peak 

shown in the CI spectrum in Figure S3.  

P 5. The mass peak at m/z = 262 is the molecular ion peak.  The mass peaks at 

m/z=247 and m/z=233 correspond with M-15 (~CH3) and M-29 (~CHO), respectively.   
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Figure C-3.  Mass spectra of BSTFA-derivatives of levoglucosan oxidation products in 

CI mode. RT is retention time. 
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P1. The mass peak at m/z = 303 corresponds with M-89 [(~OSi(CH3)3].   

P2. The mass peaks at m/z=289, m/z=245, and m/z=199 correspond with M-89 

[~OSi(CH3)3], M-89-44 [~OSi(CH3)3 and ~CO2] and M-89-90 [2 ~OSi(CH3)3-1], 

respectively.   

P3. The mass peak at m/z = 289 and m/z=199 correspond with M-89 [~OSi(CH3)3] and 

M-89-90 [2 ~OSi(CH3)3-1], respectively.  P3 is isomer of P2.  

P4. The mass peak at m/z = 287 and m/z=197 correspond with M-89 [~OSi(CH3)3] and 

M-89-90 [2 ~OSi(CH3)3-1], respectively.   

P 5. The mass peak at m/z = 262 is the molecular ion peak. 
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Figure C-4.  Reaction pathways for levoglucosan decomposition in the presence of OH 
radical.   
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APPENDIX D 
SUPPLEMENTARY METERIALS FOR CHAPTER 5 

Table D-1.  Input parameters in Mie code for dry SOA aerosol. 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

1 280 138 2 1.44 6.36E-03 0.000 1.33 0.000001 

2 290 138 2 1.44 3.98E-03 0.000 1.33 0.000001 

3 300 138 2 1.44 3.81E-03 0.000 1.33 0.000001 

4 310 138 2 1.44 3.74E-03 0.000 1.33 0.000001 

5 320 138 2 1.44 2.96E-03 0.000 1.33 0.000001 

6 330 138 2 1.44 1.51E-03 0.000 1.33 0.000001 

7 340 138 2 1.44 1.33E-03 0.000 1.33 0.000001 

8 350 138 2 1.44 8.63E-04 0.000 1.33 0.000001 

9 360 138 2 1.44 4.68E-04 0.000 1.33 0.000001 

10 370 138 2 1.44 2.69E-04 0.000 1.33 0.000001 

11 380 138 2 1.44 3.47E-04 0.000 1.33 0.000001 

12 390 138 2 1.44 3.42E-04 0.000 1.33 0.000001 

13 400 138 2 1.44 2.79E-04 0.000 1.33 0.000001 

14 410 138 2 1.44 2.41E-04 0.000 1.33 0.000001 

15 420 138 2 1.44 2.74E-04 0.000 1.33 0.000001 

16 430 138 2 1.44 1.32E-04 0.000 1.33 0.000001 

17 440 138 2 1.44 1.59E-04 0.000 1.33 0.000001 

18 450 138 2 1.44 1.60E-04 0.000 1.33 0.000001 

19 460 138 2 1.44 1.07E-04 0.000 1.33 0.000001 

20 470 138 2 1.44 1.21E-05 0.000 1.33 0.000001 

21 480 138 2 1.44 7.29E-05 0.000 1.33 0.000001 

22 490 138 2 1.44 1.02E-04 0.000 1.33 0.000001 

23 500 138 2 1.44 1.08E-04 0.000 1.33 0.000001 

24 510 138 2 1.44 1.53E-04 0.000 1.33 0.000001 

25 520 138 2 1.44 1.62E-04 0.000 1.33 0.000001 

26 530 138 2 1.44 2.56E-04 0.000 1.33 0.000001 

27 540 138 2 1.44 2.36E-04 0.000 1.33 0.000001 

28 550 138 2 1.44 2.39E-04 0.000 1.33 0.000001 

29 560 138 2 1.44 3.78E-04 0.000 1.33 0.000001 

30 570 138 2 1.44 3.78E-04 0.000 1.33 0.000001 

31 580 138 2 1.44 3.11E-04 0.000 1.33 0.000001 

32 590 138 2 1.44 3.65E-04 0.000 1.33 0.000001 

33 600 138 2 1.44 3.47E-04 0.000 1.33 0.000001 

34 610 138 2 1.44 3.28E-04 0.000 1.33 0.000001 

35 620 138 2 1.44 3.72E-04 0.000 1.33 0.000001 

36 630 138 2 1.44 2.99E-04 0.000 1.33 0.000001 

37 640 138 2 1.44 3.04E-04 0.000 1.33 0.000001 

38 650 138 2 1.44 8.02E-05 0.000 1.33 0.000001 

39 660 138 2 1.44 2.45E-04 0.000 1.33 0.000001 

40 670 138 2 1.44 6.25E-05 0.000 1.33 0.000001 

41 680 138 2 1.44 8.52E-05 0.000 1.33 0.000001 

42 690 138 2 1.44 2.32E-04 0.000 1.33 0.000001 

43 700 138 2 1.44 1.34E-04 0.000 1.33 0.000001 
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Table D-1.  Continued 
run lambda cmd gsd ncore kcore fcoat nshell kshell 

44 710 138 2 1.44 1.74E-04 0.000 1.33 0.000001 

45 720 138 2 1.44 2.16E-04 0.000 1.33 0.000001 

46 730 138 2 1.44 1.53E-04 0.000 1.33 0.000001 

47 740 138 2 1.44 2.45E-04 0.000 1.33 0.000001 

48 750 138 2 1.44 1.10E-04 0.000 1.33 0.000001 

49 760 138 2 1.44 8.65E-05 0.000 1.33 0.000001 

50 770 138 2 1.44 1.51E-04 0.000 1.33 0.000001 

51 780 138 2 1.44 1.94E-04 0.000 1.33 0.000001 

52 790 138 2 1.44 7.15E-06 0.000 1.33 0.000001 

53 800 138 2 1.44 4.96E-05 0.000 1.33 0.000001 

 
 

Table D-2.  Input parameters in Mie code for SOA aerosol at RH of 50%. 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

1 280 150.872 2 1.44 0.0064 0.235 1.33 0.000001 

2 290 150.872 2 1.44 0.004 0.235 1.33 0.000001 

3 300 150.872 2 1.44 0.0038 0.235 1.33 0.000001 

4 310 150.872 2 1.44 0.0037 0.235 1.33 0.000001 

5 320 150.872 2 1.44 0.003 0.235 1.33 0.000001 

6 330 150.872 2 1.44 0.0015 0.235 1.33 0.000001 

7 340 150.872 2 1.44 0.0013 0.235 1.33 0.000001 

8 350 150.872 2 1.44 0.0009 0.235 1.33 0.000001 

9 360 150.872 2 1.44 0.0005 0.235 1.33 0.000001 

10 370 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

11 380 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

12 390 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

13 400 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

14 410 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

15 420 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

16 430 150.872 2 1.44 0.0001 0.235 1.33 0.000001 

17 440 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

18 450 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

19 460 150.872 2 1.44 0.0001 0.235 1.33 0.000001 

20 470 150.872 2 1.44 1E-05 0.235 1.33 0.000001 

21 480 150.872 2 1.44 7E-05 0.235 1.33 0.000001 

22 490 150.872 2 1.44 0.0001 0.235 1.33 0.000001 

23 500 150.872 2 1.44 0.0001 0.235 1.33 0.000001 

24 510 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

25 520 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

26 530 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

27 540 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

28 550 150.872 2 1.44 0.0002 0.235 1.33 0.000001 
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Table D-2.  Continued 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

29 560 150.872 2 1.44 0.0004 0.235 1.33 0.000001 

30 570 150.872 2 1.44 0.0004 0.235 1.33 0.000001 

31 580 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

32 590 150.872 2 1.44 0.0004 0.235 1.33 0.000001 

33 600 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

34 610 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

35 620 150.872 2 1.44 0.0004 0.235 1.33 0.000001 

36 630 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

37 640 150.872 2 1.44 0.0003 0.235 1.33 0.000001 

38 650 150.872 2 1.44 8E-05 0.235 1.33 0.000001 

39 660 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

40 670 150.872 2 1.44 6E-05 0.235 1.33 0.000001 

41 680 150.872 2 1.44 9E-05 0.235 1.33 0.000001 

42 690 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

43 700 150.872 2 1.44 0.0001 0.235 1.33 0.000001 

44 710 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

45 720 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

46 730 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

47 740 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

48 750 150.872 2 1.44 0.0001 0.235 1.33 0.000001 

49 760 150.872 2 1.44 9E-05 0.235 1.33 0.000001 

50 770 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

51 780 150.872 2 1.44 0.0002 0.235 1.33 0.000001 

52 790 150.872 2 1.44 7E-06 0.235 1.33 0.000001 

53 800 150.872 2 1.44 5E-05 0.235 1.33 0.000001 

 
 
Table D-3.  Input parameters in Mie code for dry POA. 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

1 280 138 2 1.44 0.0541 0.000 1.33 0.000001 

2 290 138 2 1.44 0.0554 0.000 1.33 0.000001 

3 300 138 2 1.44 0.0564 0.000 1.33 0.000001 

4 310 138 2 1.44 0.0597 0.000 1.33 0.000001 

5 320 138 2 1.44 0.0595 0.000 1.33 0.000001 

6 330 138 2 1.44 0.057 0.000 1.33 0.000001 

7 340 138 2 1.44 0.0537 0.000 1.33 0.000001 

8 350 138 2 1.44 0.0518 0.000 1.33 0.000001 

9 360 138 2 1.44 0.0485 0.000 1.33 0.000001 

10 370 138 2 1.44 0.0443 0.000 1.33 0.000001 

11 380 138 2 1.44 0.0425 0.000 1.33 0.000001 

12 390 138 2 1.44 0.0363 0.000 1.33 0.000001 
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Table D-3.  Continued 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

13 400 138 2 1.44 0.0333 0.000 1.33 0.000001 

14 410 138 2 1.44 0.0304 0.000 1.33 0.000001 

15 420 138 2 1.44 0.0282 0.000 1.33 0.000001 

16 430 138 2 1.44 0.0263 0.000 1.33 0.000001 

17 440 138 2 1.44 0.0246 0.000 1.33 0.000001 

18 450 138 2 1.44 0.0231 0.000 1.33 0.000001 

19 460 138 2 1.44 0.0218 0.000 1.33 0.000001 

20 470 138 2 1.44 0.0205 0.000 1.33 0.000001 

21 480 138 2 1.44 0.0194 0.000 1.33 0.000001 

22 490 138 2 1.44 0.0183 0.000 1.33 0.000001 

23 500 138 2 1.44 0.0174 0.000 1.33 0.000001 

24 510 138 2 1.44 0.0166 0.000 1.33 0.000001 

25 520 138 2 1.44 0.0156 0.000 1.33 0.000001 

26 530 138 2 1.44 0.0148 0.000 1.33 0.000001 

27 540 138 2 1.44 0.0139 0.000 1.33 0.000001 

28 550 138 2 1.44 0.013 0.000 1.33 0.000001 

29 560 138 2 1.44 0.0122 0.000 1.33 0.000001 

30 570 138 2 1.44 0.0115 0.000 1.33 0.000001 

31 580 138 2 1.44 0.0109 0.000 1.33 0.000001 

32 590 138 2 1.44 0.01 0.000 1.33 0.000001 

33 600 138 2 1.44 0.0093 0.000 1.33 0.000001 

34 610 138 2 1.44 0.0087 0.000 1.33 0.000001 

35 620 138 2 1.44 0.0081 0.000 1.33 0.000001 

36 630 138 2 1.44 0.0076 0.000 1.33 0.000001 

37 640 138 2 1.44 0.0071 0.000 1.33 0.000001 

38 650 138 2 1.44 0.0065 0.000 1.33 0.000001 

39 660 138 2 1.44 0.0061 0.000 1.33 0.000001 

40 670 138 2 1.44 0.0057 0.000 1.33 0.000001 

41 680 138 2 1.44 0.0054 0.000 1.33 0.000001 

42 690 138 2 1.44 0.005 0.000 1.33 0.000001 

43 700 138 2 1.44 0.0046 0.000 1.33 0.000001 

44 710 138 2 1.44 0.0042 0.000 1.33 0.000001 

45 720 138 2 1.44 0.004 0.000 1.33 0.000001 

46 730 138 2 1.44 0.0036 0.000 1.33 0.000001 

47 740 138 2 1.44 0.0033 0.000 1.33 0.000001 

48 750 138 2 1.44 0.003 0.000 1.33 0.000001 

49 760 138 2 1.44 0.0027 0.000 1.33 0.000001 

50 770 138 2 1.44 0.0024 0.000 1.33 0.000001 

51 780 138 2 1.44 0.0021 0.000 1.33 0.000001 

52 790 138 2 1.44 0.0019 0.000 1.33 0.000001 

53 800 138 2 1.44 0.0016 0.000 1.33 0.000001 
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Table D-4.  Input parameters in Mie code for POA at RH of 50%. 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

1 280 150.872 2 1.44 0.0541 0.235 1.33 0.000001 

2 290 150.872 2 1.44 0.0554 0.235 1.33 0.000001 

3 300 150.872 2 1.44 0.0564 0.235 1.33 0.000001 

4 310 150.872 2 1.44 0.0597 0.235 1.33 0.000001 

5 320 150.872 2 1.44 0.0595 0.235 1.33 0.000001 

6 330 150.872 2 1.44 0.057 0.235 1.33 0.000001 

7 340 150.872 2 1.44 0.0537 0.235 1.33 0.000001 

8 350 150.872 2 1.44 0.0518 0.235 1.33 0.000001 

9 360 150.872 2 1.44 0.0485 0.235 1.33 0.000001 

10 370 150.872 2 1.44 0.0443 0.235 1.33 0.000001 

11 380 150.872 2 1.44 0.0425 0.235 1.33 0.000001 

12 390 150.872 2 1.44 0.0363 0.235 1.33 0.000001 

13 400 150.872 2 1.44 0.0333 0.235 1.33 0.000001 

14 410 150.872 2 1.44 0.0304 0.235 1.33 0.000001 

15 420 150.872 2 1.44 0.0282 0.235 1.33 0.000001 

16 430 150.872 2 1.44 0.0263 0.235 1.33 0.000001 

17 440 150.872 2 1.44 0.0246 0.235 1.33 0.000001 

18 450 150.872 2 1.44 0.0231 0.235 1.33 0.000001 

19 460 150.872 2 1.44 0.0218 0.235 1.33 0.000001 

20 470 150.872 2 1.44 0.0205 0.235 1.33 0.000001 

21 480 150.872 2 1.44 0.0194 0.235 1.33 0.000001 

22 490 150.872 2 1.44 0.0183 0.235 1.33 0.000001 

23 500 150.872 2 1.44 0.0174 0.235 1.33 0.000001 

24 510 150.872 2 1.44 0.0166 0.235 1.33 0.000001 

25 520 150.872 2 1.44 0.0156 0.235 1.33 0.000001 

26 530 150.872 2 1.44 0.0148 0.235 1.33 0.000001 

27 540 150.872 2 1.44 0.0139 0.235 1.33 0.000001 

28 550 150.872 2 1.44 0.013 0.235 1.33 0.000001 

29 560 150.872 2 1.44 0.0122 0.235 1.33 0.000001 

30 570 150.872 2 1.44 0.0115 0.235 1.33 0.000001 

31 580 150.872 2 1.44 0.0109 0.235 1.33 0.000001 

32 590 150.872 2 1.44 0.01 0.235 1.33 0.000001 

33 600 150.872 2 1.44 0.0093 0.235 1.33 0.000001 

34 610 150.872 2 1.44 0.0087 0.235 1.33 0.000001 

35 620 150.872 2 1.44 0.0081 0.235 1.33 0.000001 

36 630 150.872 2 1.44 0.0076 0.235 1.33 0.000001 

37 640 150.872 2 1.44 0.0071 0.235 1.33 0.000001 

38 650 150.872 2 1.44 0.0065 0.235 1.33 0.000001 

39 660 150.872 2 1.44 0.0061 0.235 1.33 0.000001 

40 670 150.872 2 1.44 0.0057 0.235 1.33 0.000001 

41 680 150.872 2 1.44 0.0054 0.235 1.33 0.000001 



 

133 

Table D-4.  Continued 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

42 690 150.872 2 1.44 0.005 0.235 1.33 0.000001 

43 700 150.872 2 1.44 0.0046 0.235 1.33 0.000001 

44 710 150.872 2 1.44 0.0042 0.235 1.33 0.000001 

45 720 150.872 2 1.44 0.004 0.235 1.33 0.000001 

46 730 150.872 2 1.44 0.0036 0.235 1.33 0.000001 

47 740 150.872 2 1.44 0.0033 0.235 1.33 0.000001 

48 750 150.872 2 1.44 0.003 0.235 1.33 0.000001 

49 760 150.872 2 1.44 0.0027 0.235 1.33 0.000001 

50 770 150.872 2 1.44 0.0024 0.235 1.33 0.000001 

51 780 150.872 2 1.44 0.0021 0.235 1.33 0.000001 

52 790 150.872 2 1.44 0.0019 0.235 1.33 0.000001 

53 800 150.872 2 1.44 0.0016 0.235 1.33 0.000001 

 
 
Table D-5.  Input parameters in Mie code for dry sulfate. 

run lambda cmd gsd ncore kcore fcoat nshell kshell 

1 250 138 2 1.48 1E-08 0.000 1.33 0.000001 

2 300 138 2 1.47 1E-08 0.000 1.33 0.000001 

3 350 138 2 1.45 1E-08 0.000 1.33 0.000001 

4 400 138 2 1.44 1E-08 0.000 1.33 0.000001 

5 450 138 2 1.43 1E-08 0.000 1.33 0.000001 

6 500 138 2 1.43 1E-08 0.000 1.33 0.000001 

7 550 138 2 1.43 1E-08 0.000 1.33 0.000001 

8 600 138 2 1.43 1E-08 0.000 1.33 0.000001 

9 650 138 2 1.43 2E-08 0.000 1.33 0.000001 

10 700 138 2 1.43 2E-08 0.000 1.33 0.000001 

11 750 138 2 1.43 7E-08 0.000 1.33 0.000001 

12 800 138 2 1.43 9E-08 0.000 1.33 0.000001 
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