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Light absorbing aerosols such as black carbon (BC) impact weather, climate, 

and human health. Several instruments have been developed to measure light 

absorbing aerosols. Filter-based techniques, due to the simplicity of operation, are 

used on airborne platforms and ground sites across the globe. One such instruments, 

the Aethalometer, determines the attenuation of light passing through a filter but is 

known to have inherent errors that need to be corrected. One part of this dissertation 

focuses on characterizing BC instruments in the laboratory using a well-studied BC 

surrogate and other atmospherically relevant aerosols. The second part focus on 

measurements of light absorbing, ambient aerosols to evaluate emissions inventories. 

I characterize BC instrumentation using a commercially available BC 

surrogate, Cab-O-Jet 200. This BC surrogate was first size selected at 300 nm  

mobility diameter, and then the particle mass, mp, was determined with an aerosol 

particle mass analyzer (APM). A condensation particle counter (CPC) served as a 



  

reference method for measurement of number concentration, Np; when multiplied by 

mp, Np gives the mass concentration.   I evaluated an Aethalometer (Model AE31) as 

a function of particle loading, size, wavelength, and coating.  Uncertainty in filter-

based BC measurements increases substantially for BC particles coated with 

minimally absorbing ammonium sulfate or with brown carbon (BrC).   A Thermal 

optical absorbance (TOA) instrument was also characterized with a binary, aqueous 

mixture consisting of the same BC surrogate plus sucrose to test separation of 

elemental carbon (EC) from organic carbon (OC). A Model AE33 Aethalometer was 

also successfully evaluated with particles from the BC surrogate, and it performed 

with good accuracy when compared to in-situ laboratory measurements. 

Ambient measurements of light absorbing aerosols from campaigns in 

Xingtai, China were used to determine the mass absorption cross section (MAC) – 

critical to understanding radiative forcing and climate.  Relatively high ambient MAC 

values in Xingtai, China were found by using airborne data from the single particle 

soot photometer (SP2) and the particle soot absorption photometer (PSAP).  Particles 

from Xingtai were also collected on filters and classified using Scanning electron 

microscopy and energy dispersive X-Ray (SEM-EDX); both BC and mineral dust 

were found. Using a well characterized Aethalometer for BC mass concentration, 

total BC emissions from the NYC region were calculated from ambient BC/CO ratios 

and emission inventories of CO.  Results indicate BC emissions are somewhat 

underestimated in existing inventories, suggesting issues of environmental health and 

justice. 
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Chapter 1: Introduction 

Atmospheric aerosols are an important component to the Earth’s climate 

system and a threat to human health. Aerosols, a suspension of particles or liquids 

within a gaseous medium, arise from anthropogenic and natural sources. Some of 

these natural sources include sea spray, volcanoes, and windborne/mineral dust, while 

the major anthropogenic source is fuel combustion.1 Aerosols can range in size from a 

few nanometers (nm) to tens of micrometers. Federal agencies often refer to these 

particles as particulate matter, PM2.5, or PM10, depending on the size. Particles 

classified as PM2.5, or particles of an aerodynamic diameter less than 2.5 μm, are 

called “fine,” while particles greater than 2.5 μm are generally referred to as “coarse” 

particles. Primary aerosols are emitted directly into the atmosphere as particles (dust, 

black carbon etc.) and secondary aerosols (sulfates, nitrates etc.) are formed through 

gas-to-particle conversions in the atmosphere over time.2, 3 Atmospheric particles can 

also impact precipitation patterns by serving as cloud condensation nuclei (CCN) and 

ice nuclei (IN) in supersaturated air.4, 5 Air particulate matter is comprised primarily 

of sulfate, ammonium, sea salt, nitrate, mineral dust, elemental carbon, and organic 

carbon.3 

Aerosols impact Earth’s radiative budget through several potential interactions 

with light. Figure 1.1 depicts the many ways a particle can interact with 

electromagnetic radiation.6 Refraction, diffraction and reflection comprise elastic 

scattering, while absorption of radiation can also occur. When particles absorb 

electromagnetic radiation, they fluoresce or re-radiate the absorbed energy as thermal 

emission.  
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 Figure 1.1 An illustration of the possible interactions between a particle and 

incident radiation.6 

The net radiative forcing of atmospheric aerosols is negative (or cooling) due to 

scattering aerosols. Radiative forcing, used to compare climate impacts, is defined as 

a change in Earth’s radiation balance. It is believed that aerosol radiative forcing 

ranges from -0.3 to -2.1 Wm-2 at the 90% confidence level.7, 8  

 Although the net aerosol radiative forcing is negative, there are aerosols that 

have a net radiative forcing that is positive (warming). These aerosols absorb light 

and convert electromagnetic energy into thermal energy, and thus heat up the 

atmosphere. Some of these light absorbing aerosols include mineral dust, black 

carbon (BC, commonly referred to as soot, or elemental carbon, EC), and brown 

carbon (BrC). BC is believed to be the second leading cause of global warming (on 

par with methane). Studies have shown that present day warming from BC is within 

the range of 0.3◦C-0.4◦C.9-11 BrC is a light-absorbing organic carbon that is comprised 

of humic-like substances and usually appearing yellowish brown in color. BrC 

strongly absorbs in the ultraviolet, and has a strong wavelength dependence for 
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absorption. The magnitude of radiative forcing of BrC is approximately 25% 

(0.1−0.25 W m−2) the radiative forcing of BC (1.07 W m-2).9, 12 Both light absorbing 

carbonaceous particles are known to affect the formation of clouds and reduce surface 

albedo on snow and ice.13, 14 Figure 1.2 shows the aerosol optical thickness globally 

using the Moderate Resolution Imaging Spectroradiometer (MODIS). Aerosol optical 

thickness measures extinction (absorption + scattering) within a vertical column of 

the atmosphere. 

 

Figure 2.2 An image of aerosol optical thickness using MODIS data. The red color 

represents fine or small particles from pollution, and smoke. The yellow color 

represents coarse or large particles typically associated with desert dust (source 

Robert Simmon, NASA Earth Observations). 

 Several techniques are used to quantify light absorption by aerosols. The most 

frequently used techniques include the filter-based methods such as the Aethalometer 

(Magee Scientific, Berkeley, CA)15, 16 Particle Soot Absorption Photometer (PSAP, 

Radiance Research, Seattle, WA),17 and Multi-Angle Absorption Photometer 

(MAAP).18 With these techniques, aerosol is deposited onto a filter by pulling a 
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known flow rate of air through it. The change in attenuation of light through the filter 

is then interpreted as light absorption. However, because a filter substrate is involved 

in the measurements, there are known artefacts associated with these instruments, and 

they need to be addressed. Systematic errors include: 1) an enhancement of 

attenuation from multiple scattering from the filter fibers and non-absorbing particles 

(multiple scattering correction) and 2) a non-linear response of attenuation with an 

increase of aerosols loading (shadow effect).17, 19-21 Concomitant nephelometer 

scattering measurements are sometimes necessary. My research focused first is 

developing calibration procedures for these filter-based instruments, and the 

characterization of light absorbing aerosols. 

 BC is known to have a variety of names within the aerosol community. The 

different terminology is based on the method of measurement or characterization.  BC 

is commonly referred to as elemental carbon (EC), when using thermal optical 

analysis (TOA) for measurement.22-24 This technique differentiates EC from OC, 

however, different temperature protocols of TOA produce inconsistent EC and OC. 

BC is a refractory material where vaporization temperatures are as high as 4000K. 

Depending on the method of measurement, BC can also be referred to as refractory 

black carbon (rBC). The single particle soot photometer (or the SP2, Droplet 

Measurement Technologies, Longmont, CO) retrieves rBC mass concentrations 

through laser incandescence. There has been major development in instrumentation 

for measuring properties of these carbonaceous particles (i.e., light-scattering and 

absorption etc.), but obstacles remain for these techniques. To solve these issues, 

there needs to be a certified reference material that would allow for comparison of 
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different measurement techniques. This reference material would have to mimic 

atmospherically relevant BC with properties specific to that instrument’s 

measurement technique. 

 In the following sections of this Introduction, I will first review the 

background of BC and other light absorbing aerosols. Then, I will discuss the theory 

behind aerosol light absorption. I will provide an overview of the filter-based and 

other instruments involved in the measurement and characterization of light absorbing 

particles. Lastly, the direction and scope of the dissertation will be discussed. 

1.1 Light Absorbing Aerosols 

1.1.1 BC and Terminology 

Aerosols BC is a common term used to describe the portion of particulate 

matter that strongly absorbs across the visible portion of the spectrum. BC is 

commonly quoted as having a mass specific absorption cross section (MAC) of 7.5 ± 

1.2 m2 g-1 at a wavelength of 550 nm25 and an absorption spectral power law 

dependence of nearly unity.17 The MAC value may be reduced if the particles 

collapse into more compact forms, or it may be enhanced if the particle contains a 

coating. This enhancement of absorption will be further explored in Chapter 2 of this 

dissertation. Fresh BC has been reported as to having a single scattering albedo (SSA) 

within the range of 0.1-0.28.25-27 SSA is the measurement of light extinction of 

aerosols due to scattering. Model studies have shown the BC SSA was within a 

similar range of 0.1-0.2.28 More details about SSA can be found in Section 1.3 of this 

Introduction. These highly absorbing particles are considered refractory where they 

have a very high vaporization temperature of 4000 K. BC typically exists in the 



 

 
 
 

6 
 

atmosphere as aggregates and is insoluble in water and organic solvents. The small 

individual spheres are initially formed in the flame and later coagulate to form 

aggregates. The aggregates consist of spherules with diameters of approximately 20–

40 nm.1, 5, 26 As water and other gaseous materials condense onto the lacey 

aggregates, they collapse into dense clusters. These particles are produced from the 

incomplete combustion (when oxygen is insufficient) of carbon-based fuels. 

Reactions involving polycyclic aromatic hydrocarbons (PAHS) are known to be 

precursors to BC formation.29 BC is primarily removed from the atmosphere through 

wet deposition and has a typical lifetime of a week. Fresh BC is hydrophobic and thus 

acts as poor CCN and IN. Figure 1.3 from Bond et al. (2013) clearly depicts the role 

of BC in the climate system and shows its sources and sinks. 

 

Figure 3.3 BC’s role in the climate system. Also shown are the major sources and 

sinks of BC.  From Bond et al. (2013).  
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Of all forms of particulate matter, BC is the most effective in absorbing solar 

radiation. However, BC has a complex role in climate change because of the direct 

and indirect effects it has on the climate. Although these light absorbing particles are 

known to absorb solar light, they can influence cloud formation that can either cool or 

warm the atmosphere. BC is also known to promote the melting of ice and snow 

when deposited on it. Researchers estimate the total climate forcing of BC is +1.1 W 

m-2 (with 90% uncertainty bounds of +0.17 to +2.1 W m−2).5 According to the EPA, 

the United States contributes approximately 8% of the total black carbon around the 

globe. Bond et al. (2013) estimated a total global BC emissions value of 7500 Gg yr-

1(using bottom up inventory methods).5 According to the Intergovernmental Panel on 

Climate Change (IPCC), “Combustion processes are the dominant source for black 

carbon; recent estimates place the global emissions from biomass burning at 6 to 9 Tg 

yr-1 and from fossil fuel burning at 6 to 8 Tg yr-1.” Within the United States alone, 

major sources of BC are from transport and biomass burning.30 Models31 have 

predicted that black carbon contributes up to 0.3◦C-0.4◦C in warming, globally. 

However, there is great uncertainty with this prediction and accurate measurements of 

BC sources are essential.  

The many different terms used to determine the complexity of BC are based 

on its thermochemical and optical properties. The terms associated with these 

properties can be alluded to in Figure 1.4.  
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Figure 4.4 Carbonaceous aerosol classified according to their thermochemical and 

optical properties.9 

Some of these terms include EC, soot, refractory black carbon (rBC) and light 

absorbing carbon (LAC, which includes BC and BrC).32-34  Soot is often used 

interchangeably with BC, however the two definitions are not equivalent. Soot is 

formed from combustion processes (primarily diesel) and consists mostly of carbon 

atoms with traces of other elements. Organic vapors from the combustion process 

usually accumulate on the soot particle once it cools. Soot formation heavily depends 

on the carbon to oxygen ratio. When the hydrocarbon-air mixture has insufficient 

oxygen to form CO2, the products will contain CO and soot. The stoichiometric 

equation is shown below.1 

��� � ��� → 2�� � 0.5��� � �� � 2��� 

The carbon to oxygen ratio is m/2a and Cs is the soot formed from the combustion 

reaction. 

Soot is also formed from the incomplete combustion of organic matter, and it 

is comprised of black carbon and organic carbon. Thus, it is often called “BC-

containing” particles. Particles of soot are thought to be insoluble in water and 
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organic solvents, but this is only true for pure graphite and other allotropes of carbon. 

Ambient soot behaves differently due to aging and coating. Depending on the source, 

soot can be composed of purely BC or a mixture of BC, organic carbon (OC), trace 

metals etc.9, 31, 35, 36  

EC is often used interchangeably with BC in the literature. However, the term 

EC represents the operational definition for refractory thermal techniques such as 

thermal optical analysis (TOA).37 A greater discussion on TOA can be found in 

Section 1.3.5 and Chapter 3 of this dissertation.  The thermodynamically stable form 

of elemental carbon is graphite, an allotrope of carbon, composed of sheets of 

graphene. Graphene has a 6-carbon ring structure that allows for great electron 

mobility. It is oxidized in air at temperatures over 600oC in air. The structure of 

graphene is shown in Figure 1.5 below. 

 

Figure 5.5 The Structure of Graphene. It has a honeycomb lattice with sp2 carbons.38 

Concentrations of EC found in urban areas are within the range of 1.5 to 20 μg m-3. 

Over the remote oceans, the EC concentration is within the range of only 5-20 ng    

m-3.1  Within the United States, the highest concentrations of EC are found in the 

Northwest, southern California, and on the east coast.  
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1.1.2 BrC and Mineral Dust 

The BrC is an absorbing organic aerosol (OA) that absorbs from the mid-

visible to the near ultraviolet wavelengths. Strongest absorption occurs at the lower 

wavelengths. This colored organic carbon is comprised of a variable mixture organic 

compounds that cannot be formally defined. The mass absorption efficiency increases 

greatly at the lower wavelengths where UV absorption is significant. Instead of 

looking black, this property makes the particles appear brown due to the spectral 

dependence. Due to the high absorption at lower wavelengths, the Absorption 

Ångström Exponent (AAE) of BrC is generally higher than the value of 1 for BC. 

Hoffer et. al. 2006 determined the AAE of extracted humic-like substances (HULIS) 

from biomass burning to be within the range of 6-7.39 The MAC was less than 1 m2
 g-

1 at 550 nm. Unlike BC, BrC particles are soluble in some organic solvents, and both 

light absorbers are approximately the same in size. There is still great uncertainty 

concerning the actual sources for this BrC. Smoldering combustion and residential 

coal combustion were seen to act as large sources of BrC .9  

Dust particles are known to be absorbers of light as well. Mineral dust absorbs 

little in the solar spectrum, with iron oxides being an exception. Asian dust particles 

are far weaker absorbers per mass then both BC and BrC. Clarke et. al. (2004) 

reported a MAC value of 0.009 m2 g-1 for Asian dust particles at 550 nm,40 and Lack 

et al. (2009) reported a MAC of 0.04 m2 g-1 for long range Saharan dust.41 Saharan 

dust has the ability to absorb 1-10% of the radiation it encounters.41 As with BrC, 

dust absorption decreases substantially as the wavelength increases.42 Ferric iron 

oxides (such as hematite and goethite) resulted in dust absorption when internally 
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mixed with clay minerals.43 Dust from the Sahara, Gobi and Niger deserts had MAC 

values between 0.01-0.02 m2 g-1 at 660 nm and 0.06-0.12 m2 g-1 at 325 nm.44 

Typically dust particles (> 2 μm in diameter), are larger than BC particles, contain 

crustal/mineral elements (aluminum, silicon, iron and calcium), and are crystalline in 

structure.5, 45 

 

1.2 Background of Light Absorption by aerosols 

1.2.1 Basic theory of absorption 

Aerosols have the ability to scatter and absorb solar radiation that result in 

warming or cooling of the Earth. BC is a major absorber and can lead to warming of 

the planet. The classic Beer Lambert law can be used to represent aerosol absorption: 

I = "#$%&'( (1.1) 

where α is the absorption cross section, c is the concentration and l is the path length. 

The absorption coefficient (σabs, m-1) is the product of α and c.42 The absorption 

coefficient also commonly described as the absorption by suspended particles within 

a certain volume. In other words, it describes the loss of light intensity due to 

absorption per unit volume of particles. The equation below described the absorption 

coefficient’s relationship to number density (N, n m-3) and absorption cross section 

(Cabs, m2). 

)*+� = , ∗ *+� (1.2) 

Cabs represents the absorption per individual particle. The determination of the 

scattering coefficient (σsca) is analogous to equation 1.2 with scattering particles. 
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 The mass absorption cross section (MAC, m2 g-1) value is used to convert σabs
 

to mass concentration (unit: g m-3). This value is also defined as the aerosol 

absorption per unit mass: 

./ = 0123
�4

= 5123
�46 (1.3) 

where mp is the particle mass. 

 The single scattering albedo (�0, SSA) is the fraction of light extinction 

(scattering + absorption) due to scattering: 

�# =  5391
5123: 5391

 (1.4) 

SSA is an intensive property determined by particle composition, and it is an 

important factor when determining whether an aerosol layer has a cooling or warming 

effect. Non-absorbing particles such as ammonium sulfate have an SSA near unity, 

while highly absorbing particles have a far lower value.42 

 The AAE is an optical property that defines the wavelength dependence of 

absorption as follows: 

//; = �<=> �5123,?@
5123,?A

�/log �DE
D��, (1.5) 

where λ is wavelength (pairwise). The AAE of BC is generally near unity, while the 

AAEs of BrC and dust are higher. 
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1.3 BC instrumentation 

1.3.1 Need for a reference material 

Scientists have developed several pieces of instrumentation to quantify the source 

emissions, absorbance, and mass concentration of BC. However, there is currently no 

established reference material for calibrating and validating the instruments used to 

characterize BC. The properties of BC (or commonly referred to as soot) are highly 

complex and can differ greatly upon several environmental factors. The lack of BC  

reference materials creates a challenge when comparing different instruments and 

methods.33  

1.3.2  Aethalometer 

BC is often measured by commercial, filter-based instruments. One of these is Magee 

Scientific’s Aethalometer.15 The name Aethalometer is derived from the Greek word 

‘aethaloun’, which means to blacken with soot. The Aethalometer (Model AE31) 

measures light absorbing aerosols at multiple wavelengths in real time. This robust 

instrument is user friendly and widely used because it provides unattended and 

automatic operation. However, this measurement technique suffers from several 

systematic errors as addressed in Chapter 2 of this dissertation. The range of 

wavelengths stretches from the ultra-violet (UV) to the near-infrared (IR) region of 

the electromagnetic spectrum, specifically: 370, 470, 520, 590, 660, 880 and 950 nm. 

 Air is sampled using a small internal pump and the air stream passes through a 

filter tape. The filter tape is composed of a quartz layer and a cellulose layer. As the 

stream passes through the filter, suspended particles are deposited onto the surface. 
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The filter tape does not move until the filter tape reaches a maximum attenuation 

(ATN). ATN is the reduction of light intensity as the light passes through the filter.  

The attenuation of the sample collected on the filter is calculated by the following 

equation: 

/F, = 100 ∗ ln �IJ
I )   (1.6) 

"# is equal to the intensity of light through the original filter and " is the portion of 

filter where the aerosol is deposited. The light detectors of the Aethalometer serve to 

measure transmission of light through an aerosol laden filter and a pristine portion of 

the filter. Figure 1.6 below depicts how the Aethalometer works. 

 

 

 

 

 

 

 

Figure 6.6 Aerosol laden air is deposited on the filter with a certain spot area. The 

light detectors are meant to measure the transmission of light through the filter.46 

The time-based of the Aethalometer is the time at which measurements take place 

during that specific period. Data are output once every time-based period, usually set 

to 1-5 minutes. There are some tradeoffs; a shorter time-based should be used in areas 

of higher BC concentration (urban) while a longer time-based should be used for 

measurements in rural or remote areas.  
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 Instead of measuring the actual absorption coefficient for ambient aerosols, 

the Aethalometer measures the attenuation coefficient (σATN) because it monitors the 

attenuation of light through a filter. The equation below shows the calculation of the 

attenuation coefficient. 

)KL6��M�. N=$OOPNP$�M� = ∆KL6
∆R �K

S�  (1.7)   

A is the surface area where the particles are being collected on the filter, V is the 

volumetric flow rate and ∆M is the timebase. The attenuation coefficient is given in 

units of m-1.  

The Aethalometer determines the mass of black carbon by using a single value 

for the MAC. The manufacturer refers to this MAC value as SG or the “specific 

attenuation cross-section for the particle black carbon deposit on this filter, using the 

optical components of this instrument.”46 Magee Scientific provides values to 

compute the SG by using the following equation. 

TU ��A

V � = 14625/Y  (1.8) 

At 880nm, the SG value for AE31 is 16.6 m2 g-1. This SG is used to convert 

attenuation coefficient into the mass concentration.  

Filter-based instruments must be corrected for errors such as multiple light 

scattering within the filter. The filter matrix will increase the path length of the 

incident light due to scattering events taking place by the filter medium. Another 

correction needed is for the filter loading. As particles accumulate on the filter, the 

path length for light to travel is decreased. At low ATN values, the relationship 

between attenuation and BC surface loading is linear However, as the attenuation 

values rise, this relationship becomes nonlinear due to the shadowing effect, and the 
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BC mass concentration is underestimated.16 The correction for this nonlinear artefact 

depends on the amount of absorbing particles and other optical properties. Lastly, the 

amount of scattering from the particles will influence the attenuation. When scattering 

particles such as ammonium sulfate are deposited on the filter, the light is scattered in 

multiple directions. When scattered in multiple directions, more particles already 

collected on the filter have the opportunity to absorb this light.32 

There have been many Aethalometer algorithms developed to correct the 

absorption coefficient values. However, all the correction algorithms generate 

different results. Weingartner et al. (2003) developed a correction that takes into 

account the attenuation effect for filter loading and a calibration constant for different 

aerosol types.21 Arnott et al. (2005) developed a correction that corrects for scattering 

aerosol46 and Schmid et al. (2006) developed a scattering correction utilizing the 

single scattering albedo.19, 47 

 In this dissertation I also characterized the newer, 7-wavelength AE33 model 

of the Aethalometer (See Chapter 4). This version of the Aethalometer follows the 

same measurement principle of older models from Magee Scientific. The ATN is 

measured on two sample spots of different sample flows, and a reference spot.48 The 

results of both spots are combined mathematically to remove any nonlinearities As 

with older models, BC is measured at λ = 880 nm. However, the SG value (referred to 

as mass absorption cross-section in the manual) is reduced from the previous value of 

16.6 to 7.77 m2 g-1. The filter tape automatically advances when the ATN reaches a 

certain threshold so that readings can take place on a pristine spot. 
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 A series of equations are used to convert ATN into BC mass concentration 

and to correct for the non-linearity caused by the filter-loading effect. Firstly, the 

lateral airflow is accounted for by the following equation: 

 Z[�  =  Z\]R  · �1 �  _ �, (1.9) 

where Fin is the input flow and Fout is the output flow (or measured flow). The _ is 

equivalent to the leakage factor, where values range from 0.02 to 0.07. The 

attenuation coefficient measured by the AE33 (σATN_A33) is determined by: 

)KL6_Kabb =  c∗�dKL6⁄E##� 
fghdR , (1.10) 

where S is the spot area, and t is the time. The absorption coefficient is then 

calculated as the following: 

)Kic_Kabb = 5jkl_jmnn
0 ,  (1.11) 

where C is the multiple scattering parameter and it strongly depends on the filter 

material.16, 21 The BC mass concentration (BCmass) is equivalent to: 

o�*�� = 5jpq_jmnn
cr ,  (1.12) 

and the compensated BC mass concentration (BCmass_comp) is determined by the 

following equation:  

o�*��_(\�s = i0t133
�E % u ∗ KL6�   (1.13) 

with k being the compensation parameter. The final equation is: 

o�*��_(\�s  =  c∗�dKL6@⁄E##� 
fE �E%v�∗cr∗0∗�E%u∗KL6@ �∗dR.  �1.14� 

The dual spot algorithm used in the AE33 successfully compensates for the loading 

effect and does not require the knowledge of the origin of the aerosol collected on the 
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filter. The BC mass concentrations determined by the AE33 compared well to the 

compensated BC mass concentrations from legacy Aethalometers in various studies.16  

48 

1.3.3 Particle Soot Absorption Photometer 

The Particle Soot Absorption Photometer (PSAP), manufactured by Radiance 

Research (Seattle, WA), is used to measure the light absorption coefficient (σabs) of 

aerosols in real time. This filter-based instrument collects aerosol particles on a 

glass/cellulose filter and measures the decrease in transmittance over time. The PSAP 

operates at λ=565 nm, and the change in the intensity of the transmitted light 

correlates to the absorption coefficient. It consists of two spots, where the first spot is 

for particle collection and the second spot serves as a reference to monitor the 

changes in the LED light source. The primary spot collects particles from the air 

stream, while a clean airstream passes through the second reference spot. Figure 1.7 

below depicts the operating principle of the PSAP. 

 

Figure 7.7 Schematic diagram of the PSAP.49 

The relationship between the absorption coefficient and change in the light intensity 

is given by the equation below. 
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)*+� = K
S∆R w<� IJ

I x  (1.15) 

A is the collection area of the filter, V is the volumetric flow rate of the air sample, ∆t 

is the time-based, I is the transmitted intensity after the time period, while I0 is the 

transmitted intensity from the previous time period. Because this measurement of 

absorption involves a filter medium (like the Aethalometer), there needs to be 

solutions to correct for the multiple artefacts associated with this instrument.  

1.3.4 Single Particle Soot Photometer  

The Single Particle Soot Photometer (SP2, Droplet Measurement Technologies, Inc., 

Boulder, CO) is used for quantitative measurements of rBC mass in real time using 

laser incandescence.  The SP2 indirectly quantifies the refractory BC by measuring 

the peak intensity by thermal emission. 50 Particles flow into a chamber through a 

cavity with particle free sheath air and they pass through a Gaussian shaped laser 

beam operating at 1060 nm.  Particle size is determined by the scattered light as 

particles pass through the laser’s pathway. The radiation of the beam heats up the 

absorbing particle to incandescence at approximately 4000 K.51 Due to the high 

temperatures from the beam, quantitative measurements of scattering aerosols are not 

possible. The SP2 is able to provide information about the mixing state of rBC 

containing particles with non-refractory materials. Accuracy is <10% and uncertainty 

is ~25%.52 

Four optical detectors are focused on a precise position in which the aerosol 

sample interacts with the laser beam.53, 54 Two of the detectors detect visible light 

within different wavelength bands (350-800 and 630-800 nm).53 The other detectors 
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are used for quantifying the scattering component and to determine the position of the 

particle in the laser beam. Calibrations of this instrument are generally conducted 

with atomizing aqueous solutions of size selected fullerene soot, Aquadag55 or glassy 

carbon.33 Figure 1.8 presents a schematic diagram of the SP2 instrument. 

 

 

 

Figure 8.8 Schematic of the SP2 instrument. Shown are the optics, incandescence 

and scattering detectors of the instrument.54 

1.3.5 Thermal Optical Analysis  

TOA is a thermal optical technique used to determine the amount of EC and OC 

collected on a refractory quartz filter that can withstand the high temperatures used in 

the protocols. Problems arise when classifying the carbon as either organic or 

elemental, and different temperature programs generate different ratios.  

 In an oxygen-free environment, the sample is heated in four temperature steps 

with He used as the inert carrier gas. Examples of temperature steps using different 

protocols that are meant to remove all organic carbon are provided in Chapter 3 of 
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this dissertation.  The transmission of the laser through the sample matrix is meant to 

monitor OC converted pyrolytically to elemental carbon. During this step, the organic 

compounds are oxidized to CO2 in an oxidizing oven. With the flow of He, the 

sample then passes through the methanator oven. The methanator oven is a bed of 

Raney nickel particles heated to 500oC. While passing through the methanator, the 

CO2 reduces to methane. The methane produced is then measured by flame ionization 

detection (FID). 

 To determine the amount of EC, the carrier gas is switched to a 2% oxygen 

and helium mixture. During the temperature steps, the original elemental carbon and 

the organic carbon pyrolytically converted to elemental carbon are then oxidized to 

CO2 due to the presence of the oxygen in the carrier gas. The CO2 is then reduced to 

methane by passing through the methanator oven and detected by FID. EC is 

quantitatively determined when the laser signal returns to the initial level prior to OC 

pyrolysis. Lastly, methane is injected into the sampling oven so that the FID can be 

calibrated. A schematic diagram of the Thermal Optical Analysis technique is shown 

in Figure 1.9. More information about this technique can be found in Chapter 3 of this 

dissertation. 
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Figure 9.9 Schematic Diagram of the Sunset Thermal Optical Carbon Analyzer. 

Filter samples can be either 1.0 cm2 or 1.5 cm2.56 

1.4 Instrumentation used for characterization 

1.4.1 Differential Mobility Analyzer 

The Differential Mobility Analyzer (DMA) size selects particles based on electrical 

mobility. It is one of the most widely used instruments for generating monodisperse 

aerosols. Particle size is determined from the mobility distribution. When in a gas 

medium, the charged particle experiences a force dependent on the electric field and 

the charge of the particle. The acceleration of the particle goes against the viscous 

forces within the fluid. The terminal velocity of the particle is reached when the 

viscous forces and the electrical forces are balanced. The electrical mobility of a 

particle is dependent on Stokes’ law shown in the following equation.57 

y = z{0�|t�}
b~�|t

 (1.16) 

Z is equal to the electrical mobility, q is the number of elementary charges on 

the particle, and e is the elementary charge of an electron with a value of 1.60 x 10-19 
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C. Viscosity is shown as μ and Dm is equivalent to the mobility diameter. In this 

equation, x, is the dynamic shape factor, equal to unity for spheres, but it depends on 

aerodynamic drag due to difference in shape. It is essentially a ratio of the drag force 

of the particle to the drag force of a spherical particle having the equivalent volume. 

C(Dm) is the Cunningham slip correction factor (of a specific mobility diameter), and 

this takes into account the impact of the drag force on smaller particles. Particles may 

settle more rapidly than previously noted with Stokes’ Law. The equation for the 

Cunningham slip correction factor is shown below in equation 1.17. 

 = 1 � �D
� ∗ �/E � /� ∗ $

�jn∗�
? � (1.17) 

The mean free path is shown as λ, d is the particle diameter, A1 is equal to 1.257, A2 is 

0.400 and A3 is equal to 0.55. These coefficients were experimentally derived. This 

slip correction factor is meant to modify Stokes’ law for particle diameters that are on 

the order of the gas free mean path and smaller. 

The DMA consists of a cylinder with a charged central rod. Figure 1.10 below 

depicts the mechanism of the DMA. 
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Figure 10.10 The Differential Mobility Analyzer. This instrument size selects based 

on electrical mobility. (www.cac.yorku.ca) 

   

The space between the charged rod and the cylinder has an electric field in which the 

particle flows through. Particle-free sheath air is the main flow through the DMA. 

Particles are injected into the DMA where they move to the charged rod at a velocity 

corresponding to their electrical mobility. Particles of a given mobility will exit 

through a slit at the far end of the central rod, while the rest will exit through the 

exhaust.  Because the DMA separates based on electrical mobility, there are some 

larger particles that have higher order charges and the same mobility diameter. 

However, these particles will not be separated out. To remove this uncertainty, a 

charge neutralizer, a second DMA or an aerosol particle mass analyzer (APM) could 

be used.57 
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1.4.2 Aerosol Particle Mass Analyzer 

The aerosol particle mass analyzer (APM) is used to classify particles 

according to their mass-to-charge ratio by balancing electrostatic with centrifugal 

radial forces. The instrument contains two cylindrical electrodes that rotate around a 

common axis. There is an annular gap region where the charged particles enter and 

the inner electrode has a certain voltage. The outer electrode, on the other hand, is 

grounded and both electrodes rotate at an angular velocity. The particles of the chosen 

mass experience balanced centrifugal and electrostatic forces when passing through 

the APM. Unlike the DMA, the APM is not dependent on the orientation, size and 

shape factor of the particle. The particles passing through the APM satisfy the 

following equation: 

�s��� = z{S
�'���@

�A
�.  (1.18)  

The angular velocity is represented by �, V is the voltage of the inner 

electrode and mp is the particle mass. The variables q and e are the number of unit 

charges, and the elementary unit of charge (1.61×10-19 C), respectively. The terms r1 

and r2 are the radii of the inner and outer electrode (respectively) where mass 

selection is taking place. 

1.4.3 Condensation Particle Counter 

The condensation particle counter (CPC) is used to determine the number 

concentration of ultra-fine particles within a sample. Condensation particle counters 

detect particles by laser scattering. First, the particles are grown by condensation so 

that they are easily detected. The aerosol sample passes through a heated saturator 
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where butanol enters the aerosol sample stream. Next, the aerosol and butanol stream 

pass through a cooled condenser, and the butanol vapor condenses. The particles from 

the aerosol stream behave as condensation nuclei where they eventually grow into 

large droplets in a supersaturated vapor. This is referred to heterogeneous nucleation. 

Supersaturation is the actual vapor mixing ratio divided by the saturation vapor 

mixing ratio at that specific temperature. The size of the particle will affect the rate of 

supersaturation. The Kelvin diameter is the smallest size of the particle at which 

condensation will occur. Then the droplets are counted as they pass through an optical 

detector with a laser beam. At high concentrations, the CPC will count the amount of 

light scattered from the particle converted droplets. Thus, particle count is directly 

related to scattered light. Figure 1.11 shows a schematic diagram of the condensation 

particle counter. 

 

 

Figure 11.11 Schematic diagram of the Condensation Particle Counter 

(Condensation Particle Counters. Centre For Atmospheric Science). The CPC 

determines total number concentration. 
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1.4.4 Scanning Electron Microscopy 

A Scanning Electron Microscope (SEM) is a powerful magnification tool used to 

characterize different materials. It uses a focused beam of high-energy electrons to 

interact with the atoms of a solid sample to produce signals that provide information 

about the composition and topography of the surface.  The technique provides 

superior resolution compared to an optical microscope due to electrons having a 

smaller wavelength than visible light. 

A general layout of the SEM is shown in Figure 1.12. The electron beam is 

generated by an electron source and the entire column is held under vacuum. 

Electromagnetic lenses are used to control the path of the beam. These lenses consist 

of wires within a metal pole and generate a magnetic field as current passes through. 

The lenses can be categorized into two types (e.g. condenser lens and objective lens). 

The condenser lens is meant to determine the size of the electron beam and the 

objective lens focuses the beam onto the sample being analyzed. Scanning coils are 

lenses that move or raster the beam.  

 

Figure 12.12 Schematic diagram of the components of the SEM instrument. 
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Two forms of electrons are generated when the high energy electrons come 

into contact with the sample’s surface. These include backscattered electrons (BSE) 

and secondary electrons (SE).  Backscattered electrons are a beam of electrons that 

are reflected backwards when hit with an electron beam after penetrating the sample 

close to the surface. They result from the elastic scattering events from the 

interactions of the beam with the sample. BSE are very sensitive to atomic number. 

Elastic scattering is a process where energy is not loss from the incident primary 

electrons. SE are generated from the inelastic interaction between the beam and the 

surface of the sample. SE have lower energies than BSE, and as SE reach a depth 

within the sample, they lose a lot of energy from the inelastic process. SE emission 

reveals fine surface features that give SEM its high lateral spatial resolution. Figure 

1.12 also displays secondary electron detection. 

Energy-dispersive X-ray Spectroscopy (EDX) is a non-destructive analytical 

technique that provides information on elemental composition of different samples. 

When coupled with SEM, the electron beam produces x-rays. With EDX, the electron 

beam ejects an electron from the inner shell. The energy difference is released in the 

form of an X-ray and different elements have unique X-ray emissions. EDX is 

commonly used for elemental mapping and can give quantitative information about 

the sample’s elemental makeup.  

1.4.5 Aerosol Aerodynamic Classifier 

The Aerodynamic Aerosol Classifier (AAC, Cambustion) is a commercial instrument 

used to produce a monodisperse aerosol of a specific aerodynamic diameter.58 The 

aerodynamic diameter is the equivalent diameter of a spherical particle with a density 
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of 1000 kg m-3 that has the same terminal settling velocity as the actual particle.59 

Unlike the DMA, APM and Centrifugal Particle Mass Analyzer (CPMA), particle 

charging is not required for particle classification. However, when combined in 

tandem with the DMA and CPMA, more particle properties (such as mobility 

diameter, particle mass, effective density, mass-mobility exponent, and dynamic 

shape factor) can be found. The AAC classifies the aerodynamic diameter of particles 

according to their relaxation time, τ, on the basis of the following equation: 

� =  09��1���J�1�A  
E�� ,  (1.19) 

where Cc is the Cunningham slip correction factor, dae is the aerodynamic diameter, μ 

is the viscosity of the gas and ρ0 is the standard density.59 

  This instrument consists of two concentric cylinders rotating in the same 

direction at the same speed. The particles are carried through the instrument by the 

aerosol flow, Qa, and enter the spacing between the two cylinders through a slit in the 

wall of the inner cylinder. The particle-free sheath air, Qsh, flows within the spacing 

of the two cylinders. As the cylinders rotate the particles experience centrifugal and 

drag forces. Particles of a narrow relaxation time exit the classifier, while those with 

larger relaxation times impact the outer cylinder. Particles experiencing a shorter 

relaxation time exit with the exhaust. A schematic diagram of the AAC is provided in 

Figure 1.13 
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Figure 13.13 Schematic diagram of the components of the AAC instrument. Qa is the 

aerosol flow, Qsh is the sheath flow rate,  Qexh is the exhaust flow rate, Qs is the 

sample flow rate and � is the rotational speed.59 

1.5 Scope of this Dissertation 

This dissertation will focus on the measurement and characterization of light 

absorbing particulate matter and on using ambient measurements to evaluate emission 

inventories of BC for the New York City (NYC) area. All forms of instrumentation 

used in this dissertation are provided in Table 1.1. Firstly, the Aethalometer was 

evaluated using a well-characterized, size-selected BC surrogate. The work presented 

in this chapter was published in Zangmeister et al. 2019, and is currently in press in 

the journal of Aerosol Science and Technology. The output of BC mass concentration 

from the Aethalometer (Model AE31) was compared to in situ BC mass 

concentrations under controlled, laboratory conditions. To mimic ambient particles, I 

also created a BrC surrogate and coated BC particles, and evaluated the response of 

the Aethalometer to these internal mixtures (Chapter 2).  A similar study was 

performed with BC in ammonium sulfate. Using the same BC surrogate and sucrose, 

I evaluated a different instrument used for BC (often used interchangeably with EC) 

and OC measurements: Thermal Optical Analysis. This work can be found in Chapter 
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3 of this dissertation and is published in the journal of Atmospheric Environment.  

Lastly, the same BC surrogate from Chapters 2 and 3 was used to develop a 

calibration procedure for the updated model of the Aethalometer: AE33. Results can 

be found in the first half of Chapter 4. 

 In the last phase, involving part of Chapters 4, 5, and 6, I evaluate ambient, 

absorbing particulate matter in the US and across the globe in China. In Chapter 5 I 

used refractory BC (rBC, and commonly referred to as just BC in the literature) mass 

concentrations from the SP2, and absorption coefficients from the PSAP to evaluate 

the MAC of ambient light absorbing aerosols. Back trajectory analysis was also used 

to aid in source analysis. Lastly, the particles from China were characterized at a 

microscopic level with SEM-EDX. With the help from Bob Willis from the 

Environmental Protection Agency (EPA, Raleigh, North Carolina), we were able to 

identify possible sources through hierarchical cluster analysis, and TOA.   Finally, 

Chapter 7 will discuss the overall conclusions from this research and the future work 

ahead.  

  Once the AE33 was calibrated with the BC surrogate described in Chapter 4, 

that same instrument model was deployed on an aircraft and at roadside monitor in 

NYC. During the summers of 2018 and 2019, AE33 instruments were used to 

measure BC mass concentration within this metropolitan area both from the Cessna 

and on the ground. Using concurrent measurements of carbon monoxide (CO), I was 

able to determine the ∆BC/∆CO ratios for the weekday and weekend, and show how 

the differences related to highway traffic. With the ambient ∆BC/∆CO concentrations 

and ratios, I identified which of three published inventories is most consistent with 
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ambient measurements and used a combination of CO emissions and the ∆BC/∆CO 

ratio to quantify total BC emissions for the NYC metropolitan area.  

Table 1.1 Instrumentation used in this dissertation and brief description. 

Instrument name Brief description 

Aethalometer Filter-based instrument (Magee Scientific) that 

measures the mass concentration of BC. 

Particle Soot Absorption Photometer PSAP (Radiance Research); filter-based 

instrument that measures absorption coefficient. 

Single Particle Soot Photometer SP2 (Droplet Measurement Technologies); direct 

measurement of black carbon in individual 

aerosol particles using laser incandescence. 

Scanning Electron Microscopy Energy-dispersive 

X-ray Spectroscopy   

SEM-EDX; form of electron microscopy that 

provides elemental composition of samples 

Differential Mobility Analyzer DMA; size selects particles based on electrical 

mobility 

Aerosol Particle Mass Analyzer APM; classify particles according to their mass-

to-charge ratio to define particle mass, mp. 

Condensation Particle Counter CPC; counts the number of particles per unit 

volume (number concentration, Np) 

Aerodynamic Aerosol Classifier AAC (Cambustion); classifies particles according 

to their aerodynamic diameter using relaxation 

time. 

Thermal Optical Analysis  TOA; thermal optical technique used to determine 

the amount of EC and OC. 
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Chapter 2: Evaluation of a filter-based black carbon (BC) 
instrument using a brown carbon (BrC) surrogate as well as 
pure and coated BC surrogates  

Grimes, Courtney D., and Russell R. Dickerson. "Evaluation of a filter-based black 
carbon (BC) instrument using a brown carbon (BrC) surrogate as well as pure and 
coated BC surrogates." Aerosol Science and Technology (2021): 1-18. 

2.1 Introduction 

There currently exists substantial uncertainty in trends of the concentration of 

black carbon (BC) due to imprecise knowledge of sources, sinks, and of measurement 

accuracy.60  Radiative forcing due to BC is similar in magnitude to methane, although 

BC is known to have a shorter lifetime. The EPA characterizes BC as a component of 

particulate matter with an aerodynamic diameter under 2.5 μm (PM2.5) where the 

standard regulatory compliance annual average concentration is currently 12 μg m-3. 

BC is also known to have a significant effect on cloud formation, the cryosphere 

through reduced snow and ice albedo, and an adverse effect on human health 61,62.  

BC is comprised primarily of elemental, graphene-like carbon making it an effective 

material at absorbing solar radiation across the UV, visible, and near-IR.  Prior 

assessments have estimated that atmospheric BC has a mass specific absorption cross 

section (MAC) of 7.5 ± 1.2 m2 g-1 at λ=550 nm and a power law dependence near 

unity when particles are in the Rayleigh regime 5, 9, 25, 63. The power law dependence 

or absorption Ångström exponent (AAE) of aerosols provides important input for 

calculations of atmospheric heating as a function of wavelength.  Sun photometers 64, 

65 and photoacoustic methods have been used to study the optical properties of 

biomass burning smoke containing brown carbon (BrC)39.  Some models assume BrC 
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has optical properties of organic aerosol (OA) with only scattering 66; this could 

produce a bias in the direct radiative effects of smoke.  The wavelength dependent 

attenuation as measured by filter-based instruments has been used to approximate 

AAE 34, 67-69, but the optical properties of particles on a filter differ from those of 

particles suspended in air.  We distinguish AAE (referred to here as AbAE) from 

attenuation Ångström exponents (AtAE) measured by the Aethalometer.  As has been 

pointed out in Lewis et al. (2008),70 AtAE should not be used as AAE in radiative 

heating schemes, but it provides useful information on the optical properties and 

composition of aerosols.  The AbAE is fit using a single power law expression 

�K0?
�K0?J

= w D
DJ

x
%K2Ka

  (2.1) 

 

Where λ0 represents the reference wavelength of 550 nm. The AbAE of the mass 

absorption cross section (MAC) for size-and mass-selected with mobility diameter 

(Dm) of 300 nm BC surrogate has been measured using photoacoustic spectroscopy 

(PAS) spanning wavelengths of 405 nm ≤ λ ≤ 780 nm.  This MAC is size dependent; 

for Dm of 300 nm, Zangmeister et al. (2019) determined an AbAE of 0.76 71  and a 

refractive index (RI) at 550 nm of 1.77 (± 0.02) + 0.08(± 0.01)i 72 within the range of 

values for BC proposed by Bond and others49. The AbAE, also varies with particle 

size, measuring as high as 1.25 for Dm of 150 nm and as low as 0.428 for Dm of 500 

nm 71. 

Among the methods used to quantify BC mass concentration and particle 

absorption are continuous, laser-induced incandescence (SP2) of individual BC 

particles, and PAS. Other, simpler and less expensive techniques such as the 
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Aethalometer (Magee Scientific, Model AE 31) and the Particle Soot Absorption 

Photometer (PSAP) measure light transmittance through a filter to quantify light 

absorbing aerosols 9, 15, 25, 33, 63, 73.  Many of these filter-based instruments generate BC 

data (mass concentration or absorption coefficient) over a range of wavelengths that 

stretch from the ultra-violet (λ=370 nm) to the near-infrared (λ=950 nm) to provide 

information about the spectral contribution of absorbing aerosol, and distinguish BC 

from brown carbon (BrC). The attenuation (ATN) of the sample collected on the filter 

is defined by 

/F, = 100 ∗ ln �IJ
I )    (2.2) 

where "# is the intensity of light transmitted through a clean portion of the filter and " 

is the intensity of light transmitted through the particle-laden portion of the filter. The 

conversion of attenuation values recorded by the Aethalometer to attenuation 

coefficients is given by the following equation: 

�KL6��%E� =  /
�

∆/F,
∆M    �2.3� 

The terms �KL6, A, Q and ∆M are the attenuation coefficient (m-1), the spot area, 

volumetric flow rate, and the time interval, respectively 21.  

The filter-based Aethalometer uses wavelength-dependent, specific attenuation cross 

sections (constants called SG in units of m2 g-1) to determine BC equivalent mass 

concentration, eBC, in units of g m-3.  From bATN, mass concentrations are calculated 

as follows:  

$o�> �%b� = +jkl
cr       (2.4) 
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BC mass concentration is usually reported at λ=880 nm because of reduced effects of 

absorption from brown carbon, mineral dust, or other UV-active material 21, 46, 73-75.  

Many assumptions and instrumental artefacts must be accounted for in the 

measurements of BC mass concentrations with commercially available, filter-based 

instruments 74.  It is assumed, for the Aethalometer, that attenuation increases due 

only to light absorption as BC accumulates on the filter.75  However, BC aerosol 

absorption efficiency varies with composition, size, structure, and source.  Loading 

(or shadowing) effects have been observed when measuring eBC for soot 76, 77, and 

Arnott et al. 46 observed this phenomenon where the Aethalometer under predicted 

eBC on a heavily aerosol laden filter.  Use of the Aethalometer assumes the optical 

properties of the particles behave in the Rayleigh limit and that all light absorption is 

attributable to BC, as indicated by an AbAE of unity. There are multiple correction 

schemes published 21, 46, 20, 47 where each is appropriate for different conditions.  

Weingartner et al. (2003) proposed calibration constants for different types of 

aerosols including spark-generated soot, diesel soot, and coated soot to correct for the 

multiple scattering effects due to the filter matrix itself 21.  Corrections have also been 

developed that include a scattering component derived from multiple scattering 

theory for highly absorbing materials under laboratory and ambient conditions. Arnott 

et al. 2005 derived a scattering correction for when the filter-based instrument did not 

measure zero for a purely scattering material. They concluded that scattering 

measured concurrently improves accuracy. Other schemes only apply a filter-loading 

correction.  At high BC mass loadings, a shadowing effect occurs as the absorbing 

aerosol accumulates on the filter, and requires a correction 76, 77. Newer models of this 
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instrument use a second sample spot to compensate for this effect, but are not 

evaluated here. 

While in the atmosphere, BC is constantly modified (mixing, reactions, and 

coating) during the aging process.  An example of one of these coatings may be BrC, 

as from biomass burning. An outer coating (or shell) on a BC particle will alter its 

optical properties and create additional uncertainties in measurement. The core-shell 

model of coated BC has shown that coatings enhance absorption (in comparison to 

uncoated particles) due to what is commonly called the lensing effect, more 

accurately referred to absorption enhancement, as has been demonstrated through 

theoretical calculations, laboratory experiments, and field measurements 35, 78, 79. 

Evaluation of filter-based instruments requires use of a well characterized 

material to minimize measurement uncertainty and variability. This study uses a BC 

surrogate (Cab-O-Jet 200, Cabot Corp.), for evaluation of Aethalometers’ eBC 

measurements when compared to CPC’s in-situ measurements.  New specific 

attenuation cross section values were developed for this material as a way to correct 

for o{z at multiple wavelengths. This surrogate has a known elemental carbon 

composition, size dependent MAC values, refractive index, and AbAE, as determined 

in previous work 71, 72.  The optical properties of this substance, both pure and in 

mixtures, were evaluated by You et al. (2016) with PAS.  Here, we evaluate pure BC 

and BrC surrogates along with BC coated with AS and BrC with a filter-based 

technique. 

2.2 Materials and Methods 

For all experiments, BC aerosols were generated from aqueous colloid suspensions of 
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Cab-O-Jet 200 (Cabot Corp., 20.03 wt. % solids) with a liquid jet cross-flow 

atomizer; the particles were dried by passing through a pair of diffusion dryers.  BC 

aerosol concentrations were varied by adding deionized water.  

The aerosol flow was sent to a differential mobility analyzer (DMA) with a 

sheath:aerosol flow ratio of 10:1 to produce a steady air flow containing particles of 

known mobility. The particle mass was determined by doing a mass scan with an 

aerosol particle mass analyzer (APM) for size selected particles.  For Aethalometer 

(AE 31, Magee Scientific, Berkeley, CA) testing, the flow of size-selected aerosols 

was passed to the 7-wavelength Aethalometer and to a condensation particle counter 

(CPC) operated in parallel as depicted in Figure 2.1 below. 

 

Figure 2.1 Schematic diagram of the experimental setup for comparisons between the 

Aethalometer and the CPC. Aerosols were generated through liquid atomization 

before entering the DMA to select the mobility diameter (in this case 300 nm). Mass 

distributions were measured to determine particle mass with a removable APM in 

line. The CPC measured aerosol Np, while the filter-based instrument or 

Aethalometer measured BC mass concentration. 
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2.2.1 Aerosol Generation 

As mentioned in You et al. 2016, Cab-O-Jet consists of monomers that upon drying 

they have a morphology similar to collapsed BC.  Brown Carbon was generated from 

Ful-Humix (Faust BioAg Inc., 50 wt% humic acids) by the extraction procedure 

found in You et al. (2016). 

Different mass fractions of BC in nearly transparent (ammonium sulfate, AS) 

and weakly absorbing (BrC) components were created to mimic the BC mass 

fractions found in for example in India 80 from burning of biomass fuels.  We 

prepared a 5 mg ml-1 solution of BC and AS with BC mass fractions of 0.07, 0.14, 

and 0.205.  These internal mixtures of BC with AS were co-atomized. A 5 mg ml-1 

solution of 0.14 by mass BC mixed with the BrC surrogate, humic acid (HA), was 

also prepared and co-atomized. 

 

2.2.2 Thermal Optical Analysis and SEM 

The BC surrogate’s elemental carbon to total carbon ratio, EC/TC, was determined 

using thermal optical absorbance (TOA) (following a modified NIOSH method) in 

Zangmeister et al. (2019) and Grimes et al. (2020).  It was found to be 96 (+/- 2) % 

BC, with the remaining ~4% organic carbon and sulfur compounds. 

 SEM images have shown that the particles are composed of nearly spherical 

monomers aggregated into a larger spherical structure.72 This morphology is 

comparable to collapsed or aged soot.32, 81, 82 The mass-mobility exponent, Dfm, for 

this material is 2.83, proving a near spherical morphology.72 
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2.2.3 Determination of Particle mass 

Following Radney and Zangmeister (2016) 83, 84  average mass for the 300 nm size-

selected BC surrogate particles was determined by scanning an APM using a 

classification parameter of λc = 0.32; this parameter determines the aerosol 

penetration and mass resolution by using the ratio of axial and transversal times.  

Average particle mass was determined from a Gaussian fit of the resulting 

distributions with contributions of particles bearing a charge (q) = +1; see Radney, et 

al. 2013. 57 57 57 56 56  

2.2.4 Tandem DMA 

The DMA size selects particles based on their mobility within an electric 

field.  To account for multiple charges of the mobility selected particles 83, we 

performed tandem DMA measurements coupled with a CPC. After atomization and 

conditioning, the aerosol passed through two DMAs, one to size select the particles at 

300 nm, and the other to scan the particles at multiple diameters with a Scanning 

Mobility Particle Sizer (SMPS). 84  This was performed at multiple dilutions (see 

Appendix A) of varying dilutions to account for the fractional contributions of +1 and 

+2 charges.  The contribution of the +2 charge is dependent on the number 

concentration of this specific BC surrogate. Peaks of particles with a +1 and +2 

charged were integrated to account for the contribution of each charge.  Results 

indicate that for BC mass concentrations below 2.5 µg m-3 the contribution of 

particles with charge of +2 is minor, <3%, and reached as high as ≈16% for higher 

concentrations.  The multiple charges were accounted for in mp determination. 
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2.2.5 Comparison of CPC to Aethalometer 

The response of the filter-based attenuation measurement to a well-characterized 

aerosol at known mass concentrations (as determined by a CPC and known mp) was 

evaluated using the BC surrogate.  Aerosols were size selected using a DMA with 9.0 

L min-1 sheath flow and 0.9 L min-1 of aerosol flow.  Aerosols were not mass-selected 

by the APM.  After the DMA, the aerosol flow was split between the CPC (0.3 L min-

1) and the Aethalometer (0.6 L min-1) for determination of Np (m-3) and mass 

concentrations (MCPC, μg m-3). Aerosol flow entering the Aethalometer was 

monitored with a differential pressure monitor. To calculate MCPC, the Np was 

multiplied by the average mp determined by the APM from mass distribution analysis. 

The particle mass was later corrected for the contribution of particles possessing a q + 

2 charge using tandem DMA (See Appendix A). 

The instrument’s filter tape was advanced before each run of approximately 

fifty minutes. It automatically advances when the filter tape reaches an attenuation of 

75%. The filter-sampled aerosol was diluted with HEPA-filtered, dry air to 

compensate for the additional ≈ 5.4 L min-1 of volumetric flow required; this also 

prevented excessive attenuation. This dilution factor was included when scaling the 

concentrations measured by the CPC (MCPC) to those reported by the filter-based 

instrument. The volumetric flow rate of the Aethalometer was controlled by an 

external pump, and the HEPA filtered air dilution was controlled using a mass flow 

controller.  The flow for the air dilution and the Aethalometer’s volumetric flow rate 

were monitored for each run with a Bios Flow Calibrator. 
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2.2.6 Uncertainty Analysis (CPC) and Limit of Detection (Aethalometer) 

The manufacturer’s uncertainty for the CPC (TSI, Condensation Particle Counter 

3775) is quoted as ±10 %. The stability and response of the Aethalometer was tested 

by sampling HEPA filtered air for approximately 6 hours with readings every two 

minutes.  Due to instrument noise and drift, results showed an uncertainty (defined as 

three times the standard deviation, 3σ) of ±0.0802 μg m-3 at 880 nm (signal noise for 

every hour) and an average indicated concentration of -0.0023 μg m-3.  At 660 nm the 

average indicated equivalent mass concentration was -0.00074 μg m-3 with a 3σ 

uncertainty of ±0.054 μg m-3, while at 370 nm the average equivalent mass 

concentration was -0.00057 μg m-3 with a 3σ uncertainty of ±0.0299 μg m-3.  The 

uncertainty in measurements of BC in ambient air is greater due to filter loading, 

coating, and interference from other absorbing species, as described below.  Flows 

were measured using the Bios DryCal Definer 220 Flow Calibrator. The uncertainty 

associated with the flows for this experiment is approximately 2%.  

 

2.3 Results  

2.3.1 Evaluation of the performance of the Aethalometer: Low mass concentrations. 

 The BC surrogate was used to evaluate the performance of an Aethalometer by using 

particles with known size and mass.  The BC equivalent mass concentrations 

measured by the filter-based instrument were compared to those measured by the 

APM (for particle mass) and CPC (MCPC).  The contribution of multiply charged 

particles to the number concentration was determined with tandem DMA (q>+1 

particles were < 3%). The particle mass for Dm = 300 nm was 11.6 ±0.9 fg (1σ).    
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The eBC reported by the Aethalometer was compared to MCPC at low eBC (< 

2.5 μg m-3) using the manufacturer’s default parameters at λ = 880 nm, 660 nm and 

370 nm; see Figure 2a (dashed line represents 1:1).  This is the same Aethalometer 

data (for λ = 880 nm only) as presented by Zangmeister et al. 2019, 71 71 71, 70 where 

the fractional contribution of multiple charges was determined by a different set 

experiments involving tandem DMA and accounted for in mp. The mp values are 

within measurement uncertainty of each other.  This mass concentration range is 

comparable to ambient BC mass concentrations observed within the continental 

United States. 85  For 0 μg m-3 ≤ eBC ≤ 2.5 μg m-3 the liner regression of eBC versus 

MCPC at λ = 880 nm exhibited a slope of 0.951 ± 0.004; fit uncertainties represent the 

1σ standard errors of the residuals of the linear function. The slope at λ = 880 nm of 

eBC illustrates that over this concentration range, the BC surrogate is slightly 

underestimated by the Aethalometer in comparison to measurements by the APM and 

CPC.  At shorter wavelengths (Figure 2.2b), weaker agreement between the two 

techniques was observed.  At λ = 660 nm the slope was 0.919 ± 0.004 and at λ = 370 

nm was 0.654 ± 0.003.  The decreasing slope at decreasing wavelength (i.e. larger 

deviations from 1:1) and concomitant underestimation of eBC is attributed to size 

dependence, and the disagreement of the measured SG values compared to those 

recommended by the manufacturer. This disagreement is due to the assumption that 

all BC should have a wavelength dependence of unity, and the assumed SG size 

independence.  These results illustrate that at low eBC, corrections are necessary, but 

linear; the uncorrected Aethalometer’s BC mass concentration readings are 
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approximately 5% below the in-situ technique at λ = 880 nm and 35% below at λ = 

370 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.2 (a) Correlation of CPC mass concentration with eBC (BC equivalent mass 

concentration: μg m-3) at three different instrumental wavelengths: 370, 660 and 880 
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nm.  Observations are for low mass concentrations (< ≈2.5 μg m-3) for particles with 

a mobility diameter of 300 nm.   (b) Correlation at low mass concentrations with 

corrected SG values. Intercepts of best-fit lines were forced to zero. Less than a 1% 

impact was observed on the slope. 

2.3.2  Wavelength Response for the BC Surrogate & SG Correction Factors. 

The spectral response of the filter-based instrument was evaluated for BC surrogate 

particles. Previous studies have used the spectral response to infer the presence of BC 

and other light absorbing aerosols during ambient measurements 86-88.  For the 300 

nm mobility selected aerosol, the AtAE value 89 of the BC surrogate was calculated 

using the 7-wavelength Aethalometer and compared to the previously mentioned 

wavelength dependence determined by PAS. 71 The experimentally determined AtAE 

from the Aethalometer was 0.71 ±0.05 over 520-880 nm.  This data is representative 

of a run with a reported average eBC of 1.19 (±0.05) μg m-3; in a regime where the 

filter-loading correction is not required.  AtAE is different (by approximately 7%) 

from the AbAE (0.76) because attenuation measurements include absorption, 

scattering, and the filter substrate effects, while the AbAE is determined in-situ with 

PAS for pure absorption.   

Experimental SG values for Cab-O-Jet were determined by using the in-situ 

mass concentrations measured by the CPC, along with the mp from the APM mass 

distributions (i.e. MCPC) as the reference, and the calculated values of the filter-based 

attenuation coefficients (using Equations 2 and 3). This allowed us to define what the 

actual SG values should be for the Aethalometer at multiple wavelengths for this 

specific BC material (mobility diameter of 300 nm); see Table 2.1. There is greater 
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deviation from the manufacturer’s recommendation for shorter wavelengths, as 

shown below. 

 

 
Table 2.2 Calculated SG values (and standard deviations) for three separate runs 

with 300 nm Cab-O-Jet particles for mass concentration up to ≈2.5 μg m-3.  Also 

shown is the percent deviation from the manufacturer’s constant values for SG at 

multiple wavelengths. 

 
 
 

 

 

 

 

The newly determined SG values for the BC surrogate (mobility diameter of 

300 nm) were used to correct for the low and high mass concentration ranges of data 

as shown in Figures 2.2b and 2.3b for each individual data point. When the corrected 

SG values were applied for the lower mass concentration range correlation, the slope 

for all wavelengths moved closer to unity (Table 2). Slope values are not exactly 

1.00, but are within 3% of unity because each individual mass concentration reading 

was corrected by the average SG values. 

Table 2.2 Best fit slope (where the y-intercept is forced through zero) values for BC 

up to 2.5 μg m-3 for the raw data and the data corrected for the newly determined SG 

values. 

Wavelength (nm) Calculated Avg. 

SG (m2 g-1) 

(+/-1σ) 

Deviation from 

manufacturer 

(%) (+/-1σ) 

370 25.2 ± 1.4 -36 ±6 

470 24.0 ± 1.3 -23 ±5 

520 22.7 ± 1.1 -19 ±5 

590 20.6 ± 1.4 -17 ±7  

660 20.0± 0.9 -9.8 ±5 

880 15.6± 0.6 -6.3±4 

950 14.5 ± 0.5 -6.0±3 
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2.3.3 Evaluation of the performance of the Aethalometer: Larger range of BC mass 

concentrations. 

Higher eBC, representative of ambient BC concentrations found near sources or in 

more polluted environments such as cities in China 90 and India,80 can lead to 

different results.  Shown in Figure 2.3a are results for BC surrogate mass 

concentrations between 0 and ≈20 μg m-3.  At this higher mass concentration range, 

the slope of eBC relative to MCPC at all wavelengths decreased and deviations from 

unity increased.  At λ = 880 nm, 660 nm and 370 nm the slopes were 0.728 ± 0.006, 

0.656 ± 0.006 and 0.426 ± 0.005, respectively.  When the wavelength decreases, the 

underestimation of eBC increases, and this is consistent with the low mass 

concentration study presented earlier. This is consistent with previous reports 

showing loading and shadowing effects.21, 76 

 

Wavelength (nm) Slope w/out 
correction 

(+/-1σ) 

Slope with SG 
corrections 

(+/-1σ) 

R2 

370 0.654 (±0.003) 1.025 (±0.005) 0.99 

660 0.919 (±0.004) 1.019 (±0.004) 0.99 

880 0.951 (±0.004) 1.018 (±0.004) 0.99 
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Figure 2.3 Results for eBC up to ≈20 μg m-3 (a) Correlation of CPC-determined mass 

concentration with uncorrected filter-based eBC.  (b) Correlation of CPC mass 

concentration eBC up to 20 μg m-3 with only the loading correction (described in 

Appendix A) applied.  (c) Correlation of CPC mass concentration with eBC with both 

the loading correction and corrected SG applied.  

With the BC surrogate measured in this work, the Aethalometer signal 

decreased monotonically in time, as shown by the black diamonds in Figure S3 

(Appendix A) (λ = 880 nm) due to shadowing.  After 50 min, the indicated eBC was ~ 

40% lower than at the onset of measurements as seen in Figure A3 in Appendix A.  

The CPC measured mass concentration indicated that the measured mass 

concentration (blue circles) remained constant within 3%.  To correct for the 

nonlinear attenuation response as a function of filter loading at a constant loading rate 

(i.e., constant particle mass concentration), the loading correction technique described 
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in Jimenez et al. 2007 76,75 was applied. More information on how this correction was 

applied can be found in Appendix A. 

As depicted in Figure 3b above (and Table 2.3), for the larger range in mass 

concentrations, the slope of the MCPC mass versus eBC at λ = 880 nm improves (from 

0.728) to 0.881 (±0.005) (R2=0.97) when just the loading correction is applied.  The 

slope at λ = 660 nm and 370 nm also improve to 0.812 (±0.005) and 0.543 (±0.004), 

respectively, moving closer to unity, and showing the importance of a loading 

correction when operating at higher mass concentrations. However, the continued 

underestimation of eBC relative to MCPC suggests that we examine the SG values for 

this surrogate at high concentrations. 

 
Table 2.3 Best-fit slope (where the y-intercept is forced through zero) values up to 20 

μg m3 for the raw data and the data corrected for the shadowing effect and newly 

determined SG values. 

 
 

 

 
 

 

After the loading correction was applied, our larger ranged BC mass 

concentration data (0-20 μg m-3) was also adjusted with our newly determined SG 

values found in Table 3.3.  At λ = 880 nm, 660 nm and 370 nm the slopes were 0.943 

± 0.005 (R2=0.97), 0.900 ± 0.006 (R2=0.97) and 0.851 ± 0.007 (R2=0.95), 

respectively.  Overall, the usage of the loading correction and the new, adjusted SG 

values are necessary to correct for BC mass concentration as observed in Figure 3c. 

Wavelength (nm) Slope w/out 
correction 

(+/-1σ) 

Slope with 
loading and SG 

corrections 
(+/-1σ) 

R2 

370 0.426 (±0.005) 0.851 (±0.007) 0.95 

660 0.656 (±0.006) 0.900 (±0.006) 0.97 

880 0.728 (±0.006) 0.943 (±0.005) 0.97 
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2.3.4 BC Coating with Ammonium Sulfate 

To evaluate the Aethalometer’s response to the BC surrogate for internally mixed 

particles, BC was co-atomized with AS.  These coated particles (diameter = 300 nm), 

where the BC was embedded in an AS shell, were first used to evaluate the 

performance of the Aethalometer at BC mass fractions of 7%, 14%, and 20.5%, using 

the manufacturer’s pre-programmed SG values. Upon atomization and drying, these 

internally mixed particles with differing amounts of BC exhibited similar total 

particle masses of 25.8 ± 0.2, 25.3 ±0.4 and 24.3 ±0.5 fg, respectively. All particles 

exhibited a q+2 < 4% by number.  The greater the coating, the greater the deviation 

from values for pure BC. Table 2.4 provides best fit slope values when the y-intercept 

is forced through zero. 

Table 2.4 Values of the slope and 1σ when the y-intercept is forced through zero for 

the multiple mass fractions of BC with AS. Best fit correction factors are the inverse 

of these slope values. 

 

 

 
 
 
 

For internal mixtures of BC with non-absorbing materials, the absorption as 

measured by the Aethalometer was enhanced, consistent with core-shell Mie 

calculations and laboratory experiments 78. This absorption enhancement is most 

prominent at the lowest (7%) BC mass fraction internal mixture.  The Aethalometer 

exhibits the strongest absorption enhancement at λ = 660 nm for an internal mixture 

Mass Fraction 

of BC with AS 

mixtures 

Slope (±1σ)  

880 nm 

Slope (±1σ)  

660 nm 

Slope (±1σ)   

370 nm 

0.07 1.456 (± 0.008) 1.594 (± 0.008) 1.545 (± 0.009) 

0.14 1.185 (± 0.006) 1.286 (± 0.006) 1.168 (± 0.009) 

0.205 1.183 (± 0.007) 1.246 (± 0.008) 1.018 (± 0.009) 
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consisting of BC and AS. This artefact of the Aethalometer needs to be accounted for 

because ambient measurements often contain coated particles.   

For internal BC and AS mixtures, the Aethalometer’s wavelength dependence 

(or Attenuation Ångström Exponent, AtAE, wavelength range 520-880 nm) using 

preprogramed SG values increases with a decrease in BC, climbing from 1.03 for 

20.5%, to 1.21 for 14% and 1.31 for 7% BC.  Retrieving spectral data may help 

approximate BC mass fraction in ambient particles, although spectral data also 

depends on particle size distribution. 

2.3.5 Brown Carbon Absorptivity 

We seek to determine the response and level of interference that brown carbon (BrC) 

causes in BC measurements with this attenuation-based instrument. Aerosols 

composed of organic brown carbon (BrC) absorb radiation at visible, and with 

increasing strength into near ultra-violet wavelengths. 78 It is imperative to properly 

quantify the absorptivity of BrC for its contribution to the radiative forcing budget. 

BrC is chemically distinct from BC, but generates a signal in absorption-based 

instruments.  We generated 300 nm BrC aerosol using the HA surrogate as described 

above.  All BrC particles exhibited a q+2 < 2% by number.  Results, Table 5, depict a 

greater sensitivity at shorter wavelengths as indicated by the slope. 

 
 
 
Table 2.5 Response of the Aethalometer to pure BrC surrogate.  The second column 

is the slope of Aethalometer signal vs. BrC mass concentration with the y-intercept 
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forced through zero. Response of BrC decreases as the detection wavelength 

increases. 

 

 
 
 
 

At the shortest wavelength reported, BrC attenuates radiation with 

approximately 20% of the efficiency of BC.  However, at λ = 880 nm, this falls to 

2%, and BC readings of the Aethalometer were near the limit of detection for up to 

4.0 µg m-3 BrC. These results indicate that BC measured at 880 nm shows little 

interference from unmixed BrC particles.    

The results presented in here indicate an AtAE of 3.7 (± 0.2) for HA at λ = 520 

nm and 880 nm.  Prior work determined the AbAE of this BrC surrogate as 5.31 ± 0.14 

for particles with a smaller mobility diameter of 250 nm 72. This large wavelength 

dependence is consistent with previous studies of organic aerosol 67.  Using a BrC 

surrogate to evaluate the wavelength dependence of the Aethalometer will help with 

aerosol classification when sampling ambient particles. 

2.3.6 Coated with a BrC surrogate 

BC absorption is also amplified when internally mixed with organics 72, 91; see Bueno 

et al. 201135 and review by Bond and Bergstrom 2006. 25 25  Here, we evaluated a 14% 

BC (mass fraction) internally mixed with the BrC surrogate and compared the 

Aethalometer to an in-situ technique.  These experiments are meant to simulate 

internally mixed BC particles as seen in biomass burning 86,64. 

Wavelength (nm) Slope (±1σ) 
880 0.020 (±0.007) 
660 0.058 (± 0.007) 
370 0.200 (±0.020) 
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  Multiple charging effects are assumed to be negligible (q+2 ≤ 2%) due to 

previous results of multiple charging from BrC particles at similar number 

concentrations.  The response of the Aethalometer using the default SG (Figure 4) at 

λ = 880 nm is about 12% greater than unity, (1.12 ± 0.01) increases to 1.47 ± 0.01 at 

660 nm, and reaches a maximum of 1.68 ± 0.01 at 370 nm.  Even at the long 

wavelength of 880 nm and low mass concentrations, the signal is enhanced 

substantially when the BC is internally mixed with BrC. 

 

Figure 2.1 Response of Aethalometer at 370 nm (blue diamonds), 660 nm (red 

squares) and 880 nm (black circles) to the CPC-derived BC using a 14% BC mass 

fraction solution with BrC.  The coating causes a positive interference that increases 

at shorter wavelengths. 

These mass concentration values can also be used to measure the AtAE from the 

Aethalometer.  For this internal mixture of a low absorbing material embedding a 

highly absorbing material, the AtAE was 1.7 ± 0.1 (λ = 520-880 nm).  This is in rough 



 

 
 
 

55 
 

agreement with the value of 1.91 ± 0.05 derived for 250 nm particles at 13% BC in 

BrC, although different mobility diameters 72.  Our AtAE value from the Aethalometer 

for the internally mixed particle of BrC with BC is more than double the AtAE 

reported for the uncoated BC particle and sufficient to distinguish pure BC from such 

mixtures. Understanding the wavelength response of these internally mixed particles 

with the Aethalometer can provide more information about the composition of 

atmospheric particles in existing data sets. 

2.4 Discussion 

The BC surrogate Cab-O-Jet with high elemental carbon content and nearly spherical 

morphology appears a suitable material for the evaluation and calibration of the filter-

based attenuation instruments. For pure BC and mass concentrations below 2.5 μg m-

3, the Aethalometer (with default values at 880 nm) responds linearly and with good 

precision, ~5%, when compared to a reference method.  Greater corrections are 

needed at shorter wavelengths, nearing 35% at 370 nm. 

The Aethalometer was also evaluated for high mass concentrations of nearly 

pure BC (up to 20 μg m-3).  This instrument showed a greater need for correction at 

higher loadings, with an underestimation of approximately 30% at 880 nm, increasing 

to 57% at the shortest wavelength of 370 nm.  Each individual run accounted for this 

shadowing effect and loading correction. When the newly-derived SG values were 

applied, the indicated BC mass concentrations at multiple wavelengths improved, and 

were closer to unity.   

BC particles coated with a non-absorbing material (AS) were generated to 

determine the response of the Aethalometer to internally mixed aerosols, common in 
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ambient air. In 2004 and 2005, for example, BC accounted for approximately 15-20% 

of PM 2.5 mass in NYC and 7-10% in Rochester, NY 92 suggesting that the 

Aethalometer would overestimate BC mass concentrations unless corrected for the 

absorption enhancement effect. Using at λ = 880 nm, the Aethalometer overestimated 

the reported BC mass concentrations by 46%, 19% and 18% for BC mass fractions of 

7%, 14% and 20.5%, respectively.  This indicates that ambient data where BC is a 

minor component of the total aerosol mass, may need large corrections to retrieve true 

BC mass concentration. The wavelength response (AtAEs) to particles with 7%, 14% 

and 20.5% BC mass fraction are approximately 85% (1.31), 70% (1.21) and 45% 

(1.03) higher than for uncoated BC particles.  Deriving the wavelength response does 

provide information about the mixing state and composition of sample aerosol.  

Speciation of aerosols (or knowledge of the bulk composition) will help with source 

identification for reduction purposes.  For a given air parcel, the response at multiple 

wavelengths, can better characterize the nature and concentration of absorbing 

aerosols.   

Our BrC surrogate generated a slight interference with BC measurement at 

880 nm that gradually increased at shorter wavelengths.  When using the default 

wavelength of 880 nm, the BrC surrogate showed a small SG of 0.332 m2 g-1 and the 

rejection ratios are approximately 50:1, 17:1 and 5:1 at wavelengths of 880 nm, 660 

nm and 370 nm, respectively.  In other words, 50 μg of this particular BrC surrogate 

generates a signal (λ= 880 nm) equivalent to 1 μg of BC. Although this instrument is 

meant to measure BC, BrC shows a strong wavelength response as denoted by its 

relatively high AtAE value of 3.7.  The wavelength response for this BrC surrogate 
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provides semi-quantitative information that will help distinguish mixtures of BC and 

BrC for ambient sampling. 

To mimic possible conditions in the atmosphere, BC was also internally 

mixed with BrC (14% BC by mass). The wavelength response for this internally 

mixed material is approximately 2.4 times greater than the wavelength response of 

BC alone. The Aethalometer’s AtAE and its sensitivity to BrC coating will aid in 

aerosol classification for ambient measurements taken with this filter-based 

instrument.     

      .  Having the ability to correct for the instrumental artefacts will allow for better 

understanding of light-absorbing aerosol.  Knowledge of the bulk composition of the 

aerosol through complementary measurements with supplementary instrumentation 

may help improve quantification of this filter-based instrument.   

2.5 Conclusions 

The commercial filter-based instrument, the Model AE31 Aethalometer, was 

successfully evaluated using a well characterized BC surrogate under laboratory 

conditions. From this study we were able to make several conclusions in regard to 

using this specific light absorbing surrogate.  The results and recommendations are 

summarized as follows: 

• At lower mass concentrations (<2.5 μg m-3), the Aethalometer responds with 

good accuracy at λ = 880 nm.  eBC measurements at lower wavelengths 

require a greater correction for SG. 

• Higher mass concentrations of BC require a correction that accounts for the 

loading effect. 
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• Internally mixed BC particles with AS overestimate (18-46%) reported BC 

mass concentration from the Aethalometer. The AtAEs are higher for coated 

BC particles than for uncoated BC particles. 

• The wavelength response from the Aethalometer provides information on the 

mixing state and may aid in source apportionment. 

• The BrC surrogate showed strong wavelength dependence where the reported 

mass concentration peaked at the lower wavelengths, and generally decreased 

at longer wavelengths. 

• BC internally mixed with BrC showed an absorption enhancement and a 

greater wavelength response than unmixed BC particles. 

• Corrections presented in this work are applicable to this BC mimic. 
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Chapter 3: Evaluation of Thermal Optical Analysis (TOA) using 
an aqueous binary mixture   

Grimes, C.D., Conny, J.M. and Dickerson, R.R., 2020. Evaluation of thermal optical 
analysis (TOA) using an aqueous binary mixture. Atmospheric Environment, 241, 
p.117647. 
 

3.1 Introduction 

Black carbon (BC), a form of atmospheric particulate matter (PM), influences Earth’s 

radiative budget, local visibility, and adversely impacts human health 5. BC is a 

component of soot with graphite-like structures, where the particles are chemically 

inert. As a refractory material, BC is also known as elemental carbon (EC). Due to 

different combustion conditions, atmospheric mixing and aging, these light absorbing 

particles often are combined with organic carbon (OC), mineral dust, and nitrates 93. 

There is much discrepancy associated with the quantification of BC among different 

techniques. Some of the filter-based techniques include optical methods such as 

aethalometry 15 and the combination of optical and thermal based characterization 94 

such as thermal-optical analysis (TOA). Since TOA functions optically as well as 

thermally, it is an appropriate method for determining the mass of BC as a light-

absorbing material in the atmosphere. TOA is known to be problematic because 

different temperature protocols provide inconsistent results for BC, and 

measurements can disagree greatly with other BC quantification techniques 24, 95-97. 

This study presents a new technique incorporating a binary solution of known 

concentrations of OC and BC to evaluate TOA methods involving different 
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temperature protocols. The technique presented here could serve as a calibration 

method for characterizing TOA. 

A Sunset Thermal-Optical Carbon Aerosol Analyzer* was used in this work 

(Sunset Lab, Tigard, OR). A section from a quartz-fiber filter is placed on a quartz 

boat in the path of a 670 nm laser beam to monitor the change in transmittance 

through the filter as the sample is heated. The technique is known as thermal-optical 

transmission analysis when laser transmission is used and thermal-optical reflection 

analysis when reflection is utilized. Carbon species are evolved from the quartz filter 

in the front oven upon heating and converted to carbon dioxide in a MnO2 oxidation 

back oven at 870oC. The first phase of the analysis occurs in an oxygen-free helium 

environment, where some organic compounds are pyrolytically converted to EC in 

the front oven. As OC pyrolyzes and becomes darker, laser transmittance through the 

filter decreases. The second phase occurs in an oxygen/helium environment where the 

pyrolyzed OC and EC are oxidized to carbon dioxide and laser transmittance through 

the filter increases. This CO2 is reduced to methane in a 500oC Raney nickel catalyst 

oven before passing into a flame ionization detector. The instrument distinguishes the 

OC from EC when the transmittance of the filter returns to its original value – the 

split point. Carbon detected after the split point is measured as BC that was native to 

the sample. Following the detection of carbon, a known amount of methane is 

injected into the sample oven, then oxidized and reduced back to methane, which is 

the method’s internal standard 22, 98-100.  
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3.2 Materials & Methods 

A 1 mg/mL suspension of Cab-o-Jet 200 (19.92 % mass fraction, Cabot Corp.) was 

prepared with deionized water. 101 The carbon black material acts as an EC surrogate 

and has been well characterized.71, 72  Prior research with TOA showed that this 

material is comprised of approximately 96 % EC and 4 % OC.  A separate 4.0 mg/mL 

solution of sucrose was prepared to act as an OC surrogate. Sucrose is a suitable 

material for OC for ambient air organic aerosol because a substantial amount of its 

carbon pyrolyzes (chars) when heated in an inert atmosphere. From the two separate 

EC and OC preparations, a 10.0 mL binary mixture was prepared, where 7.0 mL was 

the OC solution and 3.0 mL was the EC suspension. A syringe was used to deposit 

10.0 μL aliquots onto a 1.00 cm2 quartz filter. The filter remained in the front oven 

until it was dry. Measurements of the binary mixture were taken with different 

temperature protocols. The concentrations of EC, OC, TC and EC/TC ratios were 

recorded. Details concerning the parameters of the different protocols are provided in 

Results/Discussion. 

3.3 Results and Discussion 

Tables 3.1 and 3.2 provide the temperature steps and residence times for the protocols 

developed between the National Institute of Standards and Technology (NIST) and 

the Environmental Protection Agency (EPA), and are modified versions of the 

NIOSH method. The temperature protocols include NIST-EPA-A, NIST-EPA-B, 

NIST-EPA-C and Quartz. The Quartz protocol (Table 2) was developed by the 

manufacturer early on and is based, in part, on work by Birch and Cary 100 which has 
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also led to the NIOSH 5040 method 102. Background research for the NIST-EPA-A, 

NIST-EPA-B and NIST-EPA-C methods is given in Conny et al. 2007 23. The well-

known Interagency Monitoring of Protected Visual Environments (IMPROVE) 

protocol is utilized primarily for thermal optical reflectance, and is not appropriate for 

the thermal optical transmittance instrument used in this work. The temperature steps 

for the IMPROVE protocol are significantly lower than the protocols used in this 

work, and may not evolve all of the OC 103. 

Table 3.1 Temperature steps and residence times for the NIST-EPA-A,-B and -C 

protocols. 

Carrier Gas 
(step) 

Temperature (oC) Residence Time (s) 
A B C A B C 

He (1) 200 200 200 60 60 60 

He (2) 400 400 400 60 60 60 
He (3) 600 600 600 60 60 60 
He (4) 830 830 785 150 73 150 
He+O2 (1) 550 380 550 60 60 60 
He+O2 (2) 620 484 620 60 60 60 
He+O2 (3) 690 588 690 45 45 45 
He+O2 (4) 760 692 760 45 45 45 
He+O2 (5) 830 796 830 45 45 45 
He+O2 (6) 900 900 900 180 90 90 
 

Table 3.2 Temperature steps and residence times of the Quartz protocol. 

Carrier Gas 
(step) 

Temperature (oC) Residence Time (s) 

He (1) 315 60 
He (2) 475 60 
He (3) 615 60 
He (4) 870 90 
He+O2 (1) 550 45 
He+O2 (2) 625 45 
He+O2 (3) 700 45 
He+O2 (4) 775 45 
He+O2 (5) 850 45 
He+O2 (6) 910 120 
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The NIST-EPA methods were derived from response surface models created 

from a factorial experimental design involving temperature, duration of the high 

temperature step, and the increase in heat in the He-Ox phase 24. These protocols were 

designed to deal with the split point for differing sample types. Response surface 

models were calculated for absorption cross sections of pyrolyzed OC and EC. The 

models revealed the step temperatures and durations, and in the case of step 4 (final 

helium step), a range of possible step temperatures that ensures OC charring is 

minimized to avoid OC being measured as EC by the instrument after the split point. 

The primary differences between NIST-EPA-A and NIST-EPA-B are the step 4 

duration times and first step in the He-Ox phase. In comparison to NIST-EPA-A, the 

NIST-EPA-C protocol has a relatively low temperature for step 4 in helium. The 

NIST-EPA-C protocol is considered suitable protocol for a variety of sample types 

(high-charring and low-charring) 23. Examples of temperature profiles, split points 

and FID responses are shown in Figures 1a-d. 
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Figure 3.2 Thermograms produced in response to the binary solution with a 

reference TC value of 15.03 μg/cm2 and EC/TC ratio 0.213. The red solid line is the 

split point, the blue dashed lines are the temperature steps. The black solid line is the 

FID response. Thermograms using (a) NIST-EPA-A (reported values of TC=15.19 

μg/cm2 and EC/TC=0.215); (b) NIST-EPA-B (reported TC=14.89 μg/cm2 and 

EC/TC=0.209); (c) NIST-EPA-C (reported values of TC=15.17 μg/cm2 and 

EC/TC=0.222); (d) Quartz (reported values of TC=15.51 μg/cm2 and EC/TC=0.218).   

Per 10 μL aliquot of the binary mixture, 11.86 ± 0.21 (�̅ � �� μg of OC and 

3.18 ± 0.17 μg of EC were deposited onto the 1.00 cm2 quartz filters, with a total 
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carbon of 15.04 ± 0.83 μg. The calculated EC/TC ratio was 0.211 ± 0.012. This ratio 

allows for simple numerical comparison amongst the different protocols, and it is 

important for the determination of optical properties of ambient aerosols. These are 

the calculated reference values with propagated error.  The reference values consider 

the 96 % EC composition of the surrogate material determined with prior research 71. 

Multiple runs and blanks of deionized water were performed for each temperature 

protocol. Averages and standard deviations of OC, EC, TC and EC/TC for the 

different temperature protocols and number of replicates are presented in Table 3. 

Reference values in Table 3 are amounts in the 10 μL aliquot from the binary 

mixture.  

 When compared to the reference values, the NIST-EPA-C protocol produced 

results for OC, EC, TC and EC/TC which had an error of less than 2 % for all 

measurements. However, the standard deviations are relatively high for EC but low 

for TC. NIST-EPA-C reported the highest coefficient of variation for the OC 

component while NIST-EPA-B reported the largest coefficient of variation for the EC 

component. All protocols reported average TC values within 0.5 µg (< 3 %) of the 

calculated reference TC value. 

Table 3.3 Averages and standard deviations of OC, EC, TC and EC/TC for different 

temperature protocols compared to the calculated reference values. Uncertainties of 

the reference values are propagated errors from glassware and the balance used for 

volume and mass measurements. The numbers of replicates are given by n. 
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 NISTEPA-A 
(n = 6) 

NISTEPA-B 
(n = 3) 

NISTEPA-C 
(n = 6) 

Quartz 
(n = 5) 

Reference 

OC 
(μg/cm2) 

11.51 ± 0.72 11.57 ± 0.52 11.85 ± 1.04 11.29 ± 0.74 11.86 ± 
0.21 

EC 
(μg/cm2) 

3.04 ± 0.36 3.36 ± 0.58 3.15 ± 0.23 3.24 ± 0.25 3.18 ± 0.17 

TC 
(μg/cm2) 

14.55 ± 0.68 14.93 ± 1.02 15.00 ± 1.09 14.54 ± 0.70 15.04 ± 
0.83 

EC/TC 0.21± 0.03 0.22 ± 0.02 0.21 ± 0.02 0.22 ± 0.02 0.21 ± 0.01 

 

3.4 Results and Discussion 

This novel procedure characterizes the thermal-optical transmission instrument with a 

binary mixture consisting of elemental carbon and sucrose. The approach 

incorporates a colloidal suspension of carbon black that can easily be deposited onto 

quartz filters. As reported in Lack et al. 2014 32, there is a need for an EC surrogate 

for TOA, which may be fulfilled with a well-characterized carbon black suspension 

with properties similar to Cab-O-Jet 200. All 4 methods provided adequate results of 

EC, OC, EC/TC ratios, and indicated components were within the combined 

uncertainty of measurements and reference values. The work presented here also 

proves the instrument’s determination of the split point can be reasonably obtained 

for this binary mixture of OC and EC. 

 A one-way analysis of variance (ANOVA) performed among the four 

temperature protocols (treatments) showed no difference in the protocols for OC, EC, 

TC, or EC/TC at a significance level of 0.1. For example, the within-treatment mean 

squares for EC were larger than the between-treatment mean squares by a factor of 
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1.43. However, the ANOVA was based on data from only a single instrument. Other 

thermal-optical transmission instruments may have better measurement precision and 

thus lower within-treatment mean squares, which might reveal significant differences 

among the protocols. In addition, other formulations of the binary mixture or 

expanding the mixture to three or more components (e.g., EC, OC, and a metal oxide 

component) may result in significant differences among the protocols. Nevertheless, a 

water-based mixture, such as the one presented here, serves as a possible material to 

optimize the step temperatures and durations in TOA for correctly determining the 

split point, and thus to improve the quantification of BC. Additional TOA calibration 

mixtures with a water-soluble carbon black material should be investigated in the 

future. 
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Chapter 4:  Ground and aircraft-based measurements of black 
carbon (BC) and carbon monoxide (CO) in the New York City 
(NYC) metropolitan area: Comparison to emissions inventories. 
*This chapter is an advanced copy of a paper to be submitted to Environmental 
Science and Technology. 

4.1 Introduction 

  Black carbon (BC), a component of particulate matter (PM) emitted from 

incomplete combustion, absorbs radiation from the near UV to the near infrared (IR).  

It consists of carbon in chain links and aggregates. BC is an important driver of global 

warming with climate forcing similar in magnitude to methane.  Estimates have 

shown that BC aerosol has a global radiative forcing of approximately +0.9 Wm-2 

(range of +0.4 to +1.2 Wm-2).5, 104 Using bottom up inventories, the total global 

emission of BC in the year 2000 was approximately 7500 Gg yr-1 with a relatively 

large uncertainty range of 2000 to 29000 Gg yr-1 BC.5  This form of particulate matter 

is also known to play a role in cloud properties.  BC is also associated with cancer, 

respiratory, and cardiovascular diseases (US EPA, 

https://www3.epa.gov/airquality/blackcarbon/). Proper and accurate quantification of 

its concentrations and emissions is necessary for curtailing the negative effects of BC 

on human health and climate.9 

Several optical methods have been used to determine in real-time the absorption 

coefficient and mass concentration of BC.  Filter-based instruments draw an air 

stream onto a filter for transmittance measurements. The attenuation (ATN) 

coefficient is determined and then converted to an absorption coefficient.  Instruments 

such as the Aethalometer (Magee Scientific, Berkeley, CA) convert absorption 
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coefficient to mass concentration by using a predetermined factor called the mass 

absorption cross section (MAC).15, 16, 105  This instrument measures at seven 

wavelengths: 370, 470, 520, 590, 660, 880, and 950 nm with 880 nm as the default.46 

Robust and relatively inexpensive, filter-based instruments unfortunately exhibit an 

inherent error known as the loading effect.19, 76  BC loading and ATN are linear for 

low loadings, but as the ATN values become saturated, the relationship between BC 

loading and ATN becomes non-linear. 106-109 This artifact leads to the underestimation 

of BC mass concentration and needs to be corrected for. There have been multiple 

studies on this correction to compensate for the underestimation of BC mass 

concentration for various filter-based instruments. The Magee AE33 model of the 

Aethalometer compensates for this artifact in real time by measuring the ATN on two 

sample spots with different loadings. Two measurements are taken simultaneously 

with differing accumulation rates to account for the non-linearity of the aerosol of the 

same physical characteristics. Unlike previous Aethalometers with a pre-determined 

mass absorption cross section of 16.6 m2 g-1 at λ=880 nm, this new model (with a 

different filter medium) converts ATN to BC mass concentration using a MAC factor 

of 7.77 m2 g-1. More information about the measurement principle of the AE33 model 

can be found in Drinovec et al. 2015.16 

In an urban environment, the New York City (NYC) area, BC is primarily emitted 

by diesel engines while gasoline on-road and off-road vehicles and other internal 

combustion engines such as generators, and VOC oxidation dominate carbon 

monoxide (CO) emissions.110 According to the EPA inventory, biomass burning is 

another large source of BC on a national scale, but probably not in NYC in summer.  
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In urban areas with heavy vehicular traffic, combustion is a dominant source for both 

BC and CO. CO has a lifetime of a few weeks to a few months110, 111 which makes it a 

good candidate to trace anthropogenic sources.112 The correlation of BC and CO is a 

useful way to understand combustion efficiency and to distinguish the different types 

of combustion sources; emission ratios tend to vary greatly from source to source.  

Previous studies have shown that the higher the ∆BC/∆CO ratio, the greater the 

probability of diesel engine emission sources.113 Recent studies have shown the 

importance of considering BC emissions from off-road sources because on-road 

engine sources are becoming better controlled over time.114  The positive correlation 

of CO with BC allows for the usage of CO as a reference to calculate the total 

emissions of BC (EBC) in urban areas like NYC.115 

The primary source of carbonaceous PM in major cities such as NYC is vehicular 

emissions and diesel exhaust.116  NYC is the largest city in the United States (U.S.) 

with a population of nearly 8.5 million inhabitants in 2014117 and encompasses five 

boroughs (Queens, Kings, Richmond, Manhattan and Bronx counties). The NYC 

metropolitan area also includes Long Island, and northern New Jersey.  Previous field 

work has shown that BC at a NYC site in the South Bronx had an annual mean within 

the range of 1.4 to 2.0 μg m-3.92 Approximately 15-20% of the particulate matter with 

the mobility diameter less than 2.5 μm (PM2.5) was reported as BC in NYC.  

Average BC mass concentrations were reported statistically higher during the 

weekdays (Monday-Friday) than the weekends (Saturday-Sunday).92 A short winter 

study (25 days) conducted in 2004 found that the hourly averaged BC mass 

concentrations at a Queens site ranged from 0.23 to 5.87 μg m-3  and the mean was 
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1.03 μg m-3 and at the Bronx site the range was 0.47 to 7.67 μg m-3  with a mean of 

1.38 μg m-3.116  In a one-year (June 2009-July 2010) study of major air pollutants in 

Queens and Long Island, carbonaceous particles, commonly referred to as elemental 

carbon (EC), were quantified using a different measurement technique; thermal 

optical analysis (TOA). Results from this campaign indicated the EC originates from 

road traffic, and that weekdays exhibited higher concentrations.117  BC measurements 

at the Queens near road site also showed a slight negative correlation with 

temperature during the summer months, but were weakly positively correlated with 

temperature for all other months.92 

In this study, an AE33 Aethalometer was characterized with a BC surrogate and 

then used for BC measurements during the Long Island Sound Tropospheric Ozone 

Study (LISTOS). Data shown here is from the summers of 2018 and 2019.  In 

conjunction with CO total emissions from multiple emissions models, the observed 

ratio of ∆BC/∆CO in the planetary boundary layer (PBL) was used to estimate total 

EBC in the NYC metropolitan area. These models include National Emissions 

Inventory (NEI), the Emissions Database for Global Atmospheric Research 

(EDGAR) and Fuel-based Inventory of motor-Vehicle Emissions (FIVE). 

Information on these models is provided in the methods section. The ∆BC/∆CO ratios 

taken from an aircraft were compared to the ratios at a near road site in the borough 

of Queens, NYC for the summer seasons of 2018 and 2019. The difference between 

aircraft and ground measurements of ∆BC/∆CO during the weekday and weekend 

provides insight into the relative contribution of compression ignited (diesel) and 

spark ignited (gasoline) engines.     
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4.2 Materials & Methods  

4.2.1 Laboratory Evaluations of the Aethalometer using a BC surrogate 

For all experiments, BC aerosols were generated from aqueous solutions containing 

the well suspended, dispersible material Cab-O-Jet 200, or CB, (Cabot Corp., 20.03 

wt % solids) using a liquid jet cross-flow atomizer (TSI, Model 3076) and dried by 

passing through a heated copper coil and diffusion dryer (TSI Diffusion Dryer 3062).  

This material has been characterized as BC previously in Grimes et al. 2020 (under 

review), You et al. 201672 and Zangmeister et al. 2019.107 The heated copper coil was 

maintained at 100◦C to evaporate water, and then the diffusion dryer removes excess 

water in the air stream. BC aerosol concentrations were controlled by varying the 

solution concentration and via dilution with ultra-purified water. 

An Aerodynamic Aerosol Classifier (AAC, Cambustion, Cambridge, UK), 

Differential Mobility Analyzer (DMA, TSI, Shoreview, Minnesota), and 

condensation particle counter (CPC) were used in tandem to determine the mass of a 

BC particle with an aerodynamic diameter (Dae) of 200 nm and 300 nm (Figure 1).  

The AAC was set to the selected Dae while the Scanning Mobility Particle Sizer 

(SMPS) was used downstream for monitoring aerosol mobility size distribution.  The 

air flow through the system was maintained at 0.30 standard liters per minute (slpm) 

by the CPC; the DMA sheath flow was set at 3 slpm. The resolution of the AAC was 

set to 10 throughout the entire experiment.  Each experiment has three replicates. The 

geometric mean mobility diameter from the mobility size distribution was used to 

calculate the particle mass in the series of equations given in Tavakoli et al. 2014.59  
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An aerosol flow was sent through the AAC to produce a steady air flow 

containing particles of specific aerodynamic diameter.  The sheath flows were 

approximately 6.17 slpm and 6.72 slpm with the speeds set to 338 rad/sec and 236 

rad/sec for 200 nm and 300 nm particles, respectively.  After passing through the 

AAC, the particles then entered the Aethalometer (flow ~2 slpm) and a CPC (~1.5 

slpm) in parallel for mass concentration testing of 200 nm and 300 nm BC Dae-

selected particles.  The manufacturer of the CPC quotes an uncertainty of ±10%. All 

flows were monitored with a Defender 220 series calibrator (DryCal, Mesa 

Laboratories, Butler, NJ) with an accuracy of ±1%.  Background on the theory of the 

AAC and calculations regarding particle mass and results for the 300 nm particles are 

given in the Appendix B and Yao et al. 2020.58 

 

 

 

 

 

Figure 4.1 Schematic diagram of the experimental setup for comparisons between the 

AE33 and the CPC.  Aerosols were generated through liquid atomization and 

conditioned by a heater (100 °C) and diffusion dryer.  The AAC generated 

monodisperse aerosol with aerodynamic diameters of 200 nm and 300 nm. The 

condensation particle counter (CPC) measured aerosol number density, while the 

AE33 measured BC equivalent mass concentration at multiple wavelengths. The 
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DMA (component of SMPS) was used in tandem with the AAC for particle mass 

determination. 

4.2.2 Ambient Measurements in the NYC Area 

Aircraft observations were performed to understand emission and the complex 

chemistry of air pollutants in the NYC metropolitan area and greater Long Island 

Sound region. The LISTOS field campaign is a multi-agency investigation to 

understand the sources, photochemistry, and meteorology that impact trace gases and 

harmful PM. Flights were conducted on forecasted ozone events during July and 

August 2018, and July 2019.  This paper will focus on the nine days of flights in the 

NYC metropolitan and Long Island area.  Multiple horizontal transects and vertical 

profiles were flown upwind and downwind of NYC. Altitude profiles were performed 

above water and land to understand boundary layer behavior.  The surface 

temperatures for all flights were over 26oC with very little precipitation.  

Well characterized instruments were used on these research flights. 

Concentrations of CO, as well as CH4, CO2, and H2O were measured with a Picarro 

cavity ring down (CRD) analyzer (Model G2401-m, Picarro Inc., Santa Clara, CA).   

Other trace gas analyzers were also installed on the aircraft; see Wu et al. (in press) 

and Ren et al. (2019) for details.  BC mass concentrations were measured using the 

filter-based instrument Aethalometer (Model AE33, Magee Scientific), the same 

Aethalometer model characterized in the lab, but with a flow rate of ~7 slpm. 

Simultaneous, continuous measurements of BC and CO were carried out at the 

Queens near road site with the coordinates of 40.739264° (latitude), -73.817694° 

(longitude). This roadside site is located 30 m from the Long Island Expressway 



 

 
 
 

75 
 

(LIE, I-495).   Data presented in this manuscript are from 1 June 2018 thru 31 August 

2018 and 1 June 2019 thru 31 August 2019.  At different periods, a TAPI model 

T300EU analyzer or a Thermo 48i-TLE analyzer was used to measure CO 

concentrations. These instruments operate on the method of non-dispersive infrared 

(NDIR) detection. A beam of IR radiation passes through a spinning wheel that has 

two chambers. One of these chambers has non-absorbing N2 gas, while the other has a 

high concentration of CO e.g., Dickerson and Delany (1988).126 The signal ratios of 

the two chambers are taken and ambient temperature and pressure are compensated 

for in order to determine the amount of CO.92  BC is also measured at the ground site 

through optical absorption with an AE33 model Aethalometer. PM2.5 particles were 

selected using a BGI model SCC1.829 sharp cut cyclone at 5 LPM.127   

4.2.3 Model Inventories 

The NEI is a detailed estimate of air emissions of criteria pollutants in the U.S..118, 

119 Annual emissions of EC and CO are reported publicly at a county-level basis and 

by sector (https://www.epa.gov/air-emissions-inventories/2017-national-emissions-

inventory-nei-data). Sectors within the categories of mobile, fuel combustion, and 

commercial cooking were used in this calculation. The listed sectors are provided in 

Appendix B. The counties include Bergen, Hudson, Union, Middlesex, Monmouth, 

and Essex counties in New Jersey. The NY counties included in these calculations are 

Manhattan, Bronx, Queens, Kings, Richmond, Nassau, and Suffolk.   EDGAR 

provides past and present “bottom up” global emissions of different air pollutants and 

greenhouse gases on a spatial grid (0.1° x 0.1°).120, 121 Data used in this manuscript 

can be found at the EDGARv5.0 air pollutant website: 
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https://edgar.jrc.ec.europa.eu/overview.php?v=50_AP.128 FIVE is a gridded mobile 

source inventory (4 km x 4 km) that estimates on-road and off-road activity using 

reported state-level fuel sales, and downscales on-road emissions using traffic count 

datasets. Off-road emissions are spatially and temporally allocated using surrogates 

from the NEI.  On-road emission factors of BC and CO (in g/kg fuel) have been 

characterized previously,114, 123 and updated here to more recent years based on more 

recent roadside measurements of vehicular exhaust.125 More recent measurements 

account for the increased utilization of diesel particle filters (DPFs) on heavy-duty 

trucks. Off-road diesel emission factors are taken from the EPA MOVES model 

(https://19january2017snapshot.epa.gov/moves/moves2014a-latest-version-motor-

vehicle-emission-simulator-moves_.html.). Here, we present total BC and CO 

emissions for an entire day, and emissions during the daytime (7:00 am to 7:00 pm 

EDT). The FIVE mobile source inventory is publicly available from the NOAA 

Chemical Sciences Laboratory, including for 2019 and 2020 at: 

https://csl.noaa.gov/groups/csl7/measurements/2020covid-aqs/emissions.php. All 

other point and area source emissions are taken from the NEI 2017 and combined 

with the FIVE mobile source inventory. The BC/CO ratios are compared to ambient 

ratios, and other inventories.  

 

4.3 Results and Discussion 

4.3.1 Calibration and characterization with 200 nm BC particles  

The BC surrogate evaluated the response of the dual spot Aethalometer, AE33 

model.  The BC mass concentrations (MBC) measured by the Aethalometer were 



 

 
 
 

77 
 

compared to the mass concentration determined by the AAC and a CPC (MAAC-CPC).  

The data presented here for the Aethalometer is at λ=880 nm, using the default 

parameters for the mass absorption cross section.  The mass concentration range 

tested in this study is 0 μg m-3 to approximately 12 μg m-3.  Data presented in Figure 

4.2 is the average mass concentration of the entire run, and the error bars represent 

±1σ.  Within this range, the linear regression of MBC versus MAAC-CPC at λ= 880 nm 

exhibited a slope of 0.997± 0.056 showing that the commercially available, filter-

based instrument agrees linearly with the in situ reference method. The root mean 

squared error (RMSE) was approximately 8%. The total MBC uncertainty is 13% 

when taking into account the additional uncertainty of the CPC (10%) and adding the 

RMSE in quadrature. Included in this regression is the zero value from the blank run 

of HEPA-filtered air measured with the CPC and the AE33. The characterization of 

300 nm sized particles is similar and given in Appendix B. 
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Figure 4.2 Correlation of AAC-CPC mass concentration with the Aethalometer BC 

mass concentration (λ=880 nm). Particles had an aerodynamic diameter of 200 nm. 

Data points are averages of the entire run, and the error bars are 1σ. The dashed line 

shows 1:1. The root mean squared error is 0.48 μg m-3, or approximately 8%. 

 

4.3.2 Wavelength dependence of the Aethalometer 

The wavelength response of the filter-based instrument was evaluated for particles 

possessing aerodynamic diameters of 200 nm and 300 nm. Results of wavelength 

dependence for the 300 nm particles are given in Appendix B. The AE33 model 

operates at seven wavelengths, from 370 nm to 950 nm, to gather information about 

the presence of BC, brown carbon (BrC), and other light absorbing aerosols in the 

atmosphere.  BC is widely believed to have an Absorption Ångström Exponent 

(AAE) near unity, but there are uncertainties associated with that value.  It is expected 

that the mass concentrations are the same across all the wavelengths for BC particles 

in the absence of other light absorbing particles.  We observe a small wavelength 

dependence that varies with particle size. 

Figure 4.3 shows the multi-wavelength response of the Aethalometer to 200 

nm particles with an average BC mass concentration (as indicated by the 

Aethalometer at λ=880 nm) of 5.79 µg m-3. Mass concentrations reported at the seven 

different wavelengths are derived from different MAC values.  During this 45 min 

run, the average BC equivalent mass concentration for this BC surrogate was lowest 

at 370 nm (9% lower than the value at 880 nm and slightly outside the combined 

standard deviations). We observed a similar phenomenon for 300 nm sized particles, 
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but to a different magnitude at the lower wavelengths (see Appendix B). The 

equivalent BC mass concentration value at λ=370 nm reads 31% less than the BC 

mass concentration value at λ=880 nm. However, the mass concentration remained 

constant within uncertainty between 470 and 950 nm. The reported mass 

concentration at λ=950 nm is slightly higher (2%) than the value at λ = 880 nm.   

 

Figure 4.3 Wavelength response to 200 nm particles during one 45-minute run at 7 

different wavelengths. All error bars are 1σ. The red data point is representative of 

BC measured at 880 nm. 

The wavelength response profiles vary with particle size and this could aid in 

ambient particulate matter size determination.  For these 200 nm sized particles, the 

BC equivalent mass concentrations at λ=370 nm was 9% lower than the mass 

concentration values at λ=880 nm. BrC and most mineral dust particles show greater 

absorption at shorter wavelengths.  A similar Aethalometer (Model AE31) indicated 

an Attenuation Angstrom Exponent, AtAE, value reasonably near unity (0.71) for the 
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pure BC surrogate, but much larger (3.7) for a BrC surrogate (Grimes et al., 2020, in 

press).   Retrieving spectral data from the AE33 BC measurements may help 

approximate aerosol composition and size.  Deviations significantly greater than 10% 

suggest the presence of particles other than BC such as BrC.  

 

4.3.3 BC and CO concentrations in the NYC metropolitan region during LISTOS 

Flights 

The LISTOS airborne campaign was conducted during the summers of 2018 and 

2019. During the days of the flight campaign, the Cessna research aircraft flew spirals 

and east-west transects across the NYC metropolitan area.  All nine days of flights are 

presented here for analysis, and the flight paths are shown below in Figures 4.4a and 

4.4b for summer flights in 2018 and 2019, respectively. BC measurements were 

acquired with the calibrated AE33, as mentioned above. 

 

Figure 4.3 a) Flight tracks for the LISTOS flight campaign in 2018.  Green is 1 July 

2018, blue is 2 July 2018, yellow is 15 August 2018 and magenta is 16 August 2018 
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(b) Flight tracks for the LISTOS flight campaign in 2019. Red is 19 June 2019, green 

is 20 June 2019, blue is 21 June 2019, yellow is 22 June 2019 and magenta is 29 June 

2019.  

During the LISTOS flight campaign, the aircraft did multiple spirals down to 

approximately 200 m above the Earth’s surface to obtain profiles of trace gases and 

aerosols.  Transects were also performed to understand the evolution of polluted air 

masses downwind of the NYC metropolitan area.  Within the PBL at altitudes 

between 0.1 km and 1 km (the approximate top of the PBL) BC and CO were well 

correlated (Table 4.1) with an average r2 of 0.65.  BC mass concentrations were 

highest above Manhattan, the I-95 corridor, and downwind of NYC onto Long Island. 

The minimum flight-averaged BC mass concentration was 0.391 ± 0.141 μg m-3 (21 

July 2019) and the maximum average value was 1.30 ± 0.46 μg m-3 (19 July 2019). 

All data was averaged to 1 minute. 

Table 4.1 Measured BC and CO data from the LISTOS flights. The linear least-

squares regression fits are from the BC/CO correlations.  The CO concentrations are 

plotted as the independent variable and the BC mass concentrations are the dependent 

variable (see Figure 4.5) 

Day of Flight Mean [CO] 
±1σ (ppbv) 

Mean [BC] 
±1σ  

(µg m
-3

) 

Linear regression fit 

(slope: ng m-3 ppb-1) 

R
2
 

1 July 2018 (Sunday) 191.5 ±44.2 0.59 ±0.21 [BC]=4.04[CO] -0.197 0.72 

2 July 2018 (Monday) 251.6 ±60.1 1.025 ± 0.488 [BC]=7.34[CO] -0.847 0.77 

15 August 2018 
(Wednesday) 

190.5 ±12.6 0.702 ±0.118 [BC]=6.00[CO] -0.432 0.37 

16 August 2018 (Thursday) 206.9 ±22.3 0.947 ±0.274 [BC]=7.76[CO] -0.656 0.41 

19 July 2019 (Friday) 254.8 ±48.6 1.300 ±0.456 [BC]=8.76[CO] -0.938 0.86 
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20 July 2019 (Saturday) 151.6 ±31.6 0.459±0.176 [BC]=4.21[CO] -0.205 0.57 

21 July 2019 (Sunday) 150.1 ± 
24.8 

0.391 ±0.141 [BC]=4.31[CO] -0.257 0.57 

22 July 2019 (Monday) 141.5 ±35.2 0.549± 0.254 [BC]=6.73[CO] -0.440 0.79 

29 July 2019 (Monday) 220.6 ±26.1 0.810±0.270 [BC]=9.36[CO] -1.256 0.82 

 

 

Figure 4.1 Correlations of BC mass concentration (y-axis) and CO mixing ratio (x-

axis) for each flight during the LISTOS campaign. Circles are 1-minute averaged 

data below 1000 m. (a) 1 July 2018 (Sunday); (b) 2 July 2018 (Monday); (c) 15 

August 2018 (Wednesday); (d) 16 August 2018 (Thursday); (e) 19 July 2019 

(Friday); (f) 20 July 2019 (Saturday); (g) 21 July 2019 (Sunday); (h) 22 July 2019 
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(Monday); and (i) 29 July 2019 (Monday). The average weekend ∆BC/∆CO ratio is 

4.19 ± 0.14 and the average weekday ratio is 7.66 ± 1.25 ng m-3 ppb-1. 

 
The Model AE33 measures BC at multiple wavelengths; from the UV (370 nm) to the 

near-IR (950 nm) wavelengths. The portion that is measured in the UV portion of the 

spectrum is designated as BCUV and BC refers to the portion measured at 880 nm. 

BCUV provides qualitative measurements of carbon species that absorb at this 

wavelength.129, 130 An enhancement at this lower wavelength can be used to assess the 

impact of sources of brown carbon, and polycyclic aromatic hydrocarbons (PAHs). 

Some of these sources include biomass burning, tobacco smoke and fresh diesel 

exhaust.131, 132 To determine the impact from UV absorbing carbon species, we 

plotted BCUV versus BC for all nine flights within the PBL. The linear regression 

coefficients are provided in Table 4.2. The average slope or ∆BCUV/∆BC is 0.92 

±0.12, and this indicates little influence from biomass burning within the NYC 

region. The average value falls within the range of fossil fuel emissions presented in 

previous studies of source apportionment.129 In this work, we report BC from the 880 

nm channel.  

Table 4.4 Linear regression fits for BC equivalent mass concentrations at 370nm 

(BCUV, dependent variable) vs. BC mass concentrations at 880 nm (independent 

variable). 

Day of Flight Linear Regression 

Coefficients 

R2 

1 July 2018 (Sunday) [BCUV]=0.90[BC]+74 0.87 

2 July 2018 (Monday) [BCUV]=0.84[BC]+126 0.95 

15 August 2018 (Wednesday) [BCUV]=0.84[BC]+104 0.63 

16 August 2018 (Thursday) [BCUV]=0.73[BC]+266 0.66 

19 July 2019 (Friday) [BCUV]=0.94[BC]+48 0.98 
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20 July 2019 (Saturday) [BCUV]=1.05[BC]+22 0.93 

21 July 2019 (Sunday) [BCUV]=1.08[BC]+13 0.90 

22 July 2019 (Monday) [BCUV]=1.04[BC]+52 0.98 

29 July 2019 (Monday) [BCUV]=0.87[BC]+101 0.89 

 

BC and CO are strongly correlated because they share common or co-located 

sources.110, 112, 115, 133, 134 Both are products of incomplete combustion104, 135 and the 

emission ratios of ∆BC/∆CO vary according to combustion sources, fraction of 

source mix, age, and condition of the vehicle fleet.  Typically, the higher the 

∆BC/∆CO ratio, the more likely diesel engines are the prominent source.  CO is 

primarily emitted from both on-road and off-road gasoline-fueled engines124 while 

BC is primarily emitted from on-road and off-road diesel engines.114, 136 As shown in 

Dickerson et al. (2002)18, BC emissions can be estimated based on CO inventories 

and ∆BC/∆CO ratios17. In this study, data acquired between altitudes 100 m and 

~1000 m were selected because the air was recently impacted by emissions.  As 

depicted in Figures 4.6a and 4.6b below, the BC mass concentrations measured with 

the well characterized AE33, were strongly correlated with CO during all days except 

15 and 16 of August 2018. The relatively high correlations indicate a common source 

or collocated source. All regression coefficients and R2 values are provided in Table 

4.1 and were shown in Figure 4.5. The ∆BC/∆CO ratios calculated on multiple 

Saturdays and Sundays are representative of the weekend, and the ∆BC/∆CO ratios 

calculated on Monday through Friday are representative of weekdays.  

A prominent weekday and weekend pattern was observed.  The average 

∆BC/∆CO ratio for the weekdays was 0.00761 μg m-3 ppb-1 (6.65 gBC/kgCO at 

standard temperature of 25°C and pressure of 1 atm, or STP) while the average for the 
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weekend was 0.00419 μg m-3 ppb-1 (3.66 gBC/kgCO at STP).  Based on the summer 

flight data, the weighted average of a typical week was 0.00663 μg m-3 ppb-1 

∆BC/∆CO (5.79 gBC/kgCO). These values are comparable to measurements taken by 

roadside and urban sites in Mexico,135, 137 Beijing, China 136 and Fort Meade, 

Maryland.110   

 

4.3.4 Measured BC and CO at the Near Road (NR) site in Queens, Summers 2018 

and 2019 

Continuous measurements of BC and CO were taken at a near-road site in Queens, 

NY.  Data was recorded every hour, and the correlations of BC and CO for each 

summer were determined. Average concentrations, the standard deviations, standard 

deviations of the mean, maximum and minimum values of 1 hr averages of BC and 

CO for summers 2018 and 2019 are tabulated in Table 4.3. Appendix B provides a 

similar table for 24-hour (1 day) averages of BC and CO. Average BC mass 

concentrations were consistently higher on weekdays than during the weekends. This 

was not observed for CO.  BC and CO maximum hourly concentrations consistently 

show higher values during the weekdays versus the weekend. The weekend and 

weekday relationships of ∆BC/∆CO ratios were also compared. The weekday 

correlations for both years showed a higher ∆BC/∆CO ratio in comparison to the 

weekend correlations and is consistent with findings from the 2010 CalNex 

(California Research at the Nexus of Air Quality and Climate Change) field study.138 

This is further supported by the traffic count data presented below.  Figure 4.7 

presents these differences in correlations of BC and CO for summers 2018 and 2019 
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in Queens, NYC. During the summer of 2018, weekday ratio is approximately 63% 

higher than observed on the weekend. The weekday ratios for the summer of 2019 

were approximately double that of the weekend ratio. The weighted average 

∆BC/∆CO ratios for summers 2018 and 2019 were 0.00606 μg m-3 ppb-1 (5.29 

gBC/kgCO) and 0.00483 μg m-3 ppb-1 (4.22 gBC/kgCO), respectively. 

 

Table 4.5 The average, standard deviation (STD, 1σ), standard deviation of the mean, 

maximum and minimum values for 1-hour averages of BC and CO concentrations. All 

values are from the Queens NR site during the summers of 2018 and 2019.  
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Figure 4.1 Relationships between BC and CO for summers 2018 and 2019. Blue 

circles are 1-hour averaged data. (a) Weekday data for summer 2018 (b) Weekend 

data for summer 2018 (c) Weekday data for summer 2019 (d) Weekend data for 

summer 2019. The weighted average slope was 0.00606 μg m-3 ppb-1 (5.29 

gBC/kgCO) for 2018 and 0.00483 μg m-3 ppb-1 (4.22 gBC/kgCO) for 2019. The 

average of both years is 4.76 gBC/kgCO. 

The ∆BC/∆CO ratio is used to indicate the fraction of diesel vehicles 

compared to spark ignited engines. A higher ∆BC/∆CO ratio is the result of a higher 
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fraction of heavy-duty diesel vehicles (HDDVs) on the road.  The higher ∆BC/∆CO 

slopes measured on the weekdays indicates a larger contribution of diesel vehicles 

within that particular region of the NYC metropolitan area. Truck traffic is 

substantially higher during the weekdays than on the weekend (Figure 4.7). The New 

York State Department of Transportation Highway Data Services* (NYSDOT HDS) 

recorded the number of vehicles on the road per hour on the Long Island Expressway 

(LIE), and sorted them by car traffic and truck traffic (see caveat in 

acknowledgments).  The LIE (I-495) stretches approximately 110 km (70 miles) from 

the Queens-midtown tunnel to Riverhead in Suffolk County.  Traffic counts show the 

LIE has nearly three times the truck traffic on average during the weekday versus the 

weekend; daily total car traffic is indistinguishable from the weekday to weekend.  

For the summer 2018, the average total weekday counts for cars were 75,199 while 

the weekend was approximately 8% higher at 81,141 cars. Weekdays had an average 

of 4,885 trucks on the expressway, while the weekend number dropped to an average 

of 1,752 trucks per day. These traffic statistics from NYSDOT further confirm the 

reasoning behind the higher ∆BC/∆CO ratios observed on the weekdays than on the 

weekends.  The higher number of trucks on the road generates higher ∆BC/∆CO 

ratios. Figure 4.7 below shows the difference in number of trucks and cars for both 

the weekdays and weekend. 
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Figure 4.2 (a) Counts of cars on the Long Island Expressway (LIE) during weekdays 

and the weekend. (b) Counts of trucks on the LIE during the weekdays and weekends 

(NYSDOT). 

4.3.5 Emission values for BC and CO in the NYC metropolitan area 

The ECO from the 2017 NEI data for the NYC metropolitan area encompassing 

counties in New York, and New Jersey is approximately 0.713 Tg (713 Gg) of CO 

per year. ECO of mobile, commercial cooking and fuel combustion sectors were 

provided for each of the listed counties in their respective state.  The value presented 

here represents the total ECO for the listed counties. Therefore, the average EBC in the 

NYC metropolitan area is estimated at 0.713 x (0.00582) = 0.00415 Tg yr-1 (4.15 Gg 

yr-1) of BC (or 4.56x103 tons per year) based upon measured aircraft ratios, and the 

NEI ECO. This total emission value of BC is approximately 9% and 28% lower when 

using the Queens near road ∆BC/∆CO ratios for summers 2018 and 2019, 

respectively. NEI also reports emission values for elemental carbon (EC), per county 

and per sector. In this work, 2017 NEI EC emission (EEC) values are used 

interchangeably as BC.  We calculated EEC the same way as CO by using the exact 

same sectors.  For the NYC metropolitan area, estimated EEC totaled 3.03x103 short 

tons per year or 0.00275 Tg per year (2.75 Gg yr-1). This value is approximately 38% 

lower than the EBC value utilizing NEI ECO and flight ∆BC/∆CO ratios.  

In this work we used FIVE 2019 to model the emissions of BC and CO within the 

metropolitan region of NYC. Mobile source emissions are taken from FIVE and all 

other point and area-wide sectors are from NEI 2017. Values of CO emissions from 

FIVE 2019 are lower than the NEI 2017 by ~30%, as seen in Table 4. The ∆BC/∆CO 
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ratio from the summer flights was ~11% higher than the FIVE BC/CO ratio for the 

entire day, and ~30% higher than the ratio from the FIVE daytime hours. However, 

the ∆BC/∆CO ratio from the summer 2019 Queens near-road site was nearly 19% 

lower than the ratio for the entire day of FIVE. The total EBC value from FIVE is 

~10% lower than the total emissions calculated from the 2018-2019 summer research 

flights conducted over the NYC region, and ~10% higher than the calculated average 

EBC from the Queens near road site for years 2018 and 2019. Maps of the total 

emissions within the region studied can be found in Appendix B (Figure B3). 

EDGAR emission rates were calculated for both BC and CO for the NYC 

metropolitan area latitudes and longitudes were adjusted to include each county 

mentioned previously.  For the year 2015, EBC was 3.82x103 short tons per year 

(0.00346 Tg yr-1 or 3.46 Gg yr-1) while ECO was 5.02x105 short tons per year (0.455 

Tg yr-1 or 455 Gg yr-1). Thus, the mass ratio of BC to CO for 2015 was 0.00760 and is 

~31% higher to the weighted weekly emission ratio average calculated in NYC from 

aircraft measurements in both 2018 and 2019. The total EBC value from EDGAR is ~ 

31% higher than the total BC emissions calculated from the 2018-2019 summer 

research flights conducted over the NYC region. Seasonal variability may be a factor 

in the difference. Due to the coarseness of the grid of this global model, EDGAR’s 

ECO value was excluded from the average ECO, and from the calculation of EBC in the 

NYC region. 

The uncertainty of BC measurements from the Aethalometer is ~±13% (1σ) and for 

CO from CRD measurements ~±2%139 and ±10% for NDIR.126  Weekday ∆BC/∆CO 

ratios from the Cessna have an uncertainty of ~±16% and ~±3% for the weekend. 
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When added in quadrature, the total weighted uncertainty in the ∆BC/∆CO ratio of a 

typical week is ~±11%.  Using the standard errors of the slopes for the weekday and 

weekend and adding them in quadrature, the weighted uncertainty of the 2018 

summer ∆BC/∆CO ratio at the Queens NR site is ~±3%.  This number is slightly 

lower at ±2% for summer 2019. The average ECO from the two inventories (full day) 

is ~646 Gg yr-1 with a ±1σ CI of 169 Gg yr-1. Thus, the 1σ uncertainty in ECO 

(ignoring the CO from VOC oxidation) is ±26%. If CO from oxidation of isoprene or 

other VOC’s creates a substantial amount of CO then the ∆BC/∆CO ratio detected 

from the Cessna will be lower than the emissions ratio, and ∆BC/∆CO*ECO will be 

lower than the actual EBC.  In this sense, the EBC calculated from the aircraft is a 

lower limit.  The composition of the air sampled by the near road monitors is 

dominated by highway emissions – VOC oxidation will have minimal impact.  Other 

sources, such as off-road diesel and shipping will not be sensed directly.  This may 

contribute to the lower average near road ∆BC/∆CO value compared to the aircraft 

value (5.82 vs 4.76 gBC/kgCO).  When considering the uncertainties of the 

∆BC/∆CO ratios from the Cessna and the Queens near-road site, the uncertainties 

from the BC and CO instrumentation, and the uncertainties from the CO inventories, 

the total uncertainty of EBC for the NYC region is ±39%. 

 

Table 4.6 Total emission values of CO and BC (or EC for NEI) in the NYC 

metropolitan area. BC emission values from the Cessna aircraft and Queens NR site 

were calculated using the CO emissions from the bottom-up inventories (NEI and 

FIVE) and the ambient ∆BC/∆CO ratios. 
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4.4 Conclusions 

A Model AE33 Aethalometer was evaluated and calibrated using a well-characterized 

BC surrogate.  For nearly pure BC, the Aethalometer responded linearly and with 

good accuracy (when using default settings at 880 nm), within ~13% when compared 

to an in-situ reference method. BC mass concentration readings were consistent 

within the wavelength range of 470-950 nm for aerodynamic diameters of 200 and 

300 nm. This filter-based method can properly measure ambient mass concentration 

of BC particles and is suitable for field deployment where BC dominates aerosol 

absorption.   

Ambient BC and CO are well correlated at the Queens near-road site and from the 

Cessna with a mean weighted average ∆BC/∆CO ratio of 5.3 ± 1.1 gBC/kgCO.  

Observed ∆BC/∆CO ratios were higher from the aircraft than the roadside monitor 

because of more sources being sampled. The EBC/ECO ratio of the FIVE inventory for 

all hours is 2% lower and the NEI inventory is 32% lower than the ambient weighted 

average ratio. Using the average of the observed ∆BC/∆CO ratios from the flights and 

near-road site and the average ECO inventory value from the two bottom-up 

inventories (646 ±169 Gg yr-1CO), we calculate the EBC to be 3.42 ± 1.33 Gg yr-1, 

~25% higher than both FIVE’s all hours inventory and NEI’s inventory. If ambient 
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CO concentrations are inflated by substantial VOC oxidation, then the EBC inferred 

from the BC/CO ratio would be even higher. The weekday weekend difference in EBC 

supports the contention that diesel vehicles are the dominant source. Higher emissions 

of BC lead to greater ailments, especially in neighborhoods near heavy diesel sources, 

and this leads to concerns of environmental justice. 

 From this study, we were able to characterize the total BC emissions, and the 

uncertainty, within the NYC geographical area. This method may prove useful to 

other urban regions struggling with high concentrations of BC. Emission estimates of 

BC in Beijing were 11.9 Gg in 2012,140 and 4.86 Gg in 2006 over New Delhi, 

India,141 although these cities experience much greater PM loads than does NYC. 

Direct in situ measurements, as shown in this work, are greatly needed to identify 

sources and to reduce the uncertainty of global BC emission estimates. Future work 

should include ambient mass balance experiments to evaluate CO emission 

inventories, and seasonal variability studies of BC and CO measurements. 
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Chapter 5:  Strong light absorption by atmospheric particles in 
the planetary boundary layer over Hebei, China derived from 
aircraft observations 

5.1 Introduction 

Black carbon (BC) is a light absorbing aerosol created by the incomplete combustion 

of carbonaceous aerosol. It is believed to be a leading cause of global warming and is 

known to reduce cloud albedo.142 High BC concentrations are known to impact 

human health by contributing to an increased level of cardiovascular and respiratory 

ailments.143 BC particles are usually mixed with small amounts of non-refractory 

materials when freshly emitted144 and usually accumulate more layers of coating 

during their atmospheric lifetimes.  BC can also adhere to the outside of minerals 

enhancing the absorptive properties of the aerosol.  

Among the many different techniques used to measure ambient light 

absorbing aerosols is the measurement of optical attenuation of light through a filter 

where particles are continuously collected. This is commonly called the integrating 

plate technique and is prone to artifacts. One of the filter-based instruments used to 

measure light absorption is the particle soot absorption photometer (PSAP, Radiance 

Research).  The single particle soot photometer (SP2, Droplet Measurement) is based 

on the principle of laser incandescence, another technique used to measure BC (mass 

concentration) based on refractory properties.  This is a more direct measurement and 

quantifies the mass of individual BC particles. 

The mass absorption cross section (MAC, m2g-1) is defined by the ratio of the 

absorption coefficient (m-1) to the mass concentration (g m-3) of light absorbing 
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aerosols.  Bond and Bergstrom (2007) reported a MAC value of 7.5 ±1.2 m2 g-1 for 

fresh, light-absorbing carbon. MAC value may decrease as particles aggregate, 

coagulate, bleach, or collapse. However, as particles age and accumulate a coating, 

the MAC may increase and cause an absorption enhancement.  Cui et al. (2016) 

reported an enhancement of the MAC value by a factor of 2, when mixing BC with 

sulfate,145 and Jacobson et al. (2000) used climate models to predict an enhancement 

by a factor of 2 when BC is coated with non-absorbing materials.31 Liousse et al. 

(1993) reported a MAC range of 5-20 m2 g-1 and attributed the variability to aerosol 

mixing and particle age.146 Urban aerosol from Atlanta, Georgia, MAC values ranged 

from 5.3-18.2 m2 g-1, and this variability was attributed to differences in aerosol 

properties, differences in the mass concentration techniques and uncertainties in the 

measurement of light absorption.147  Table 5.1 presents the MAC values from a 

variety of previous studies and their respective measurement techniques.148  
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Table 5.1 Experimental studies determining the MAC of BC. Taken from Nordmann 

et al. (2013). 

 

5.2 Materials & Methods  

During the months of May and June 2016, a ground and air-based experiment was 

conducted in the North China Plain (NCP). This experiment was conducted to 

compare surface-based measurements with airborne measurements and to examine 

the transport of pollutants vertically and horizontally. Trace gas and aerosols were 

measured from a Y12 twin-engine turboprop airplane.131, 149  Measurements were 
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taken in the lower atmosphere, along with ground-based in situ measurements at a 

supersite in Xingtai. Vertical profiles of trace gases, BC, and aerosol optical 

properties were obtained through ascents and descents of the airplane in the boundary 

layer. Airborne (0 to ~3 km altitude) measurements of BC mass concentration 

(measured by the SP2), and absorption coefficient (σabs; measured by the PSAP) are 

discussed in this manuscript. I calculate and compare MAC values for RF4 

(20160517), RF5 (20160519), RF7 (20160528) and RF11 (20160611). 

The Aerosol Atmosphere Boundary Layer Cloud campaign (A2BC) took place 

from May to December 2016 in the Hebei Province of the NCP. This manuscript will 

focus on four days in the months of May and June 2016, where airborne 

measurements were taken. The National Science Foundation supported the Air 

chemistry Research In Asia (ARIAs) project. This project’s goal was to integrate in 

situ measurements, satellite remote sensing and transport models for the 

quantification of tropospheric chemistry and composition. 

An instrumented turboprop airplane (Y12) was used to measure the aerosol 

properties and was flown to four different locations for spirals. The locations are 

Luangcheng Airport (LC; 114.59◦ E, 37.91◦ N), Xingtai (XT;114.36oE, 37.18oN), Julu 

(JL; 115.02oE, 37.22oN) and Quzhou (QZ; 114.96oE, 36.76oN). All sites are located 

east of the Taihang Mountains. The aircraft speed was between 60 and 70 m s-1 and 

ascent/descent speeds of 2-5 ms-1. Multiple instruments for gas and aerosol analysis 

were onboard the plane, and they were routinely calibrated for optimal performance 

(Wang et al. 2018, Benish et al 2020; 150).  
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The particle soot absorption photometer (PSAP, Radiance Research, 565 nm) 

is a filter-based instrument used for measurements of absorption coefficients. 

Particles are collected on a glass fiber filter (Pallflex E70-2075W, Pall, USA). This 

instrument operates at a flow rate of 2 L min-1 and data was averaged to 1 minute. 

The raw data was corrected for flow rate, spot area and adjusted to 550 nm. More 

information on the PSAP is given in the instrumentation section of this dissertation. 

The single particle soot photometer (SP2) (Droplet Measurement 

Technologies, SP2-D) was deployed (by Yafang Cheng, MPI) onboard the plane for 

measurements of BC mass concentration (MBC). Particulate matter (PM) containing 

BC passes through a continuous laser beam within a cavity. When the BC particles 

pass through the laser beam, laser energy is absorbed until the particle incandesces. 

The incandescence signal is proportional to the mass concentration of refractory BC. 

The instrument was operated at 0.12 L min-1 and was calibrated before and after the 

campaign. 

 

5.3 Results  

Simultaneous measurements of MBC by the SP2 together with the absorption 

measurements from the PSAP were made to evaluate the MAC during flights over the 

Hebei Province. Due to the high temperature and the incandescent nature of the SP2 

instrument, it is believed that the MBC has little interference from volatile compounds 

or mineral dust. However, absorption measurements from the PSAP are heavily 

influenced by the mixing state and coatings of BC particles.17, 20  Determining the 

MAC would allow insight into the mixing state of particulate matter (PM) and 
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presence of mineral dust. All measurements used to determine MAC were taken 

below an altitude of 2.0 km during different flight days. According to Wang et al., the 

range of the planetary boundary layer (PBL) heights was 0.9 to 2.0 km. The NOAA 

Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model151, 152 was 

also used to help understand the transport and sources of the light absorbing aerosols 

measured during the flights. All days of the flight experiments presented below had 

high pressure conditions; winds did not exceed 12 m s-1.  

A flight experiment was conducted on 20160517 at 01:21-03:13 UTC at 

altitudes of was 58-2924 m asl. The profile regions for this flight were JL and QZ. 

The average MBC for this flight (all altitude < 2.0 km) was 1.34 ± 0. 95 μg m-3.  The 

average absorption coefficient was 21 ± 15 Mm-1. MBC measurements were averaged 

to 1 minute for compatibility with the PSAP.  The MAC of BC was determined as the 

slope from a linear fit of the absorption coefficient as a function of MBC. The slope 

(MAC) of the linear regression is 14.80 ± 0.44 m2 g-1 and the y-intercept is 0.45 ± 

0.74 Mm-1 (R2=0.93).  Table 5.2 and Figure 5.1 below provides the averages of BC 

and CO, the correlation of the absorption coefficient from the PSAP (y-axis) and the 

BC mass concentration from the SP2 (x-axis). Back trajectory analysis (Figure 5.2) 

shows that the air mass during the flight on 20160517 was coming from the 

southwest, bypassing industrial cities.  
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Table 5.7 Average values of BC mass concentration from the SP2 and Absorption 

coefficients from the PSAP. The MAC values for each flight are also provided. 

Uncertainty is standard error of the slope of the linear regression. 

 

A second research flight took place on 20160519 during the times between 

7:42-9:09 UTC. The profiling region for this flight was at Luancheng airport where 

spirals were conducted within 0.058-3.7 km. The average BC mass concentration 

reported by the SP2 was 1.085 ± 0.65 μg m-3, and the average absorption coefficient 

was 19.27 ± 11.99 Mm-1 below 2.0 km a.s.l. The slope of the linear regression, or 

MAC, is 14.64 ± 1.90, and the y-intercept is 3.388 ±2.395 Mm-1 (R2=0.64). Back 

trajectory analysis shows that the air mass originated from the southeastern coastal 

region and passed over densely populated regions. 

Another flight was conducted on 20160528 between the times of 2:16-5:26 

UTC, and spirals were performed at JL and XT. The vertical height ranged from 

0.058 to 3.1 km (a.s.l.).  Within 2.0 km a.s.l., the average BC  mass concentration was 

0.803 ±0.362 μg m-3, whereas the average absorption coefficient was 9.71 ± 4.50 

Mm-1.  As was determined for the flight on 20160517, the MAC value was calculated 

by plotting the relationship of the absorption coefficient at 550 nm from the PSAP to 

the BC mass concentration as measured by the SP2 (Figure 1C). The MAC for this 

flight was 10.393 ± 0.548 m2 g-1 and the y-intercept was 1.17 ± 0.49 Mm-1 

DAY MBC (μg m-3) Bap (Mm-1) Slope (MAC, m2 g-1) R2 

20160517 1.34 ± 0.95 20.7 ±14.9 14.8 ± 0.4 0.93 
20160519 1.09 ± 0.65 19.3 ±12.0 14.6 ± 1.9 0.64 
20160528 0.80 ± 0.36 9.7 ±4.5 10.4 ± 0.5  0.72 
20160611 0.15 ± 0.06 5.3 ±1.8 22.1 ± 2.0 0.52 
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(R2=0.723). 24-hour back trajectory analysis showed that the air mass originated 

locally from the south east. 

Absorption and BC mass concentrations were collected from a flight 

conducted on 20160611 between the times of 2:52-5:45 UTC. Spirals were performed 

over LC and XT with a vertical height range of 0.058 – 3.2 km a.s.l. The average BC 

mass concentration below 2k m is 0.15 ± 0.06 μg m-3, and the average absorption 

coefficient for this flight was 5.29 ± 1.83 Mm-1. From these aircraft observations, the 

MAC was 22.11 ± 2.040 m2 g-1. Back trajectory analysis showed the air mass was 

coming from the northwestern region of China. There was specific influence from the 

Gobi Desert. 
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Figure 5.2 Scatterplots of the absorption coefficient from the PSAP on the y-axis, and 

BC mass concentration from the SP2 on the x-axis for the research flights conducted 

on (a) 20160517 (b) 20160519 (c) 20160528 (d) 20160611. Slopes determined by 

linear regression analysis are equivalent to the MAC.   
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Figure 5.3 Back trajectories during the flights on (a) 20160517 (b) 20160519 (c) 

20160528 (d) 20160611.  These back trajectories were provided courtesy of Sarah 

Benish, Ph.D. 
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5.4 Discussion 

There was much variability in the MAC value amongst the four flights over the Hebei 

region China as determined from the SP2 and PSAP (λ = 550 nm). The highest MAC 

value was observed during the flight on 20160611 (22.1 m2 g-1), although this had the 

weakest correlation, and the lowest was observed on 20160528 (10.39 m2 g-1).  As 

mentioned previously, Bond and Bergstrom define fresh BC as having a MAC of 7.5 

± 1.2 m2 g-1 at 550 nm. The MAC values observed from the aircraft are significantly 

higher (~1.4-2.9 x higher) than the widely accepted value for BC MAC. This is likely 

attributed to collocated mineral dust or coatings of BC by organic aerosol during the 

aging process, and to differences in particle size distribution.153 Lee et al. (2020) 

studied the carbonaceous aerosol from a fire plume in Arizona and determined that 

the aerosol MAC was enhanced by a factor of 1.2-2.2 greater than bare BC at 

λ=870nm.154 This absorption enhancement of BC was likely attributed to the lensing 

effect involving a BC core and non-absorbing coating. The OC/EC ratio ranged from 

~4 to 9 for particles collected at the surface, (see next Chapter 6).  However, larger 

MAC enhancement factors (1.9-5.1) at λ=450 nm were likely attributed to BrC. Sun 

et al. (2020) studied the enhancement in light absorption for urban aerosols from 

Guangzhou, China and found that the elevated MAC during the dry season was 

attributed to altered aerosol optical properties from biomass burning.155 Radiative 

transfer models and the Aerosol Robotic Network (AERONET) were also used to 

confirm an absorption enhancement for a mixture of mineral dust aerosols and 

anthropogenic aerosols (black carbon absorbing) over East Asia.156 
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The lowest MAC value observed on 20160528 is comparable to previous 

studies done in Asia. Kondo et al. 2009 used the PSAP (λ=550 nm) and COSMOS for 

absorption measurements in Guangzhou, China, and EC/OC for carbon 

measurements. Regional MAC measurements using this technique produced values of 

9.9-12 m2 g-1. Naoe et al. (2009) also determined the regional MAC values in 

Tsukuba, Japan to be within the range of 10-13 m2 g-1. In comparison to other 

experimental flights in this present study over Hebei, China, the SP2/PSAP MAC 

value on 20160528 is the closest to the values of BC MAC from other ambient 

measurements in eastern Asia. Back trajectories show that the BC was likely fresh, 

and had little coating/aging due to the stagnant nature of the air mass. The BC 

produced did not experience long range transport, and was thus locally sourced.157, 158 

The experimental flight conducted on 20160611 measured the highest BC 

MAC value, but the lowest BC mass concentration. A short biomass burning plume 

occurred on this day, and 24 hour back trajectory analysis shows that the air mass 

originated from the Gobi desert. The long range transport of these particles caused 

particles to age and become more coated. The presence of BrC along with organic 

carbon coatings from biomass burning, and light absorbing mineral desert dust, all 

contribute to the enhanced MAC value observed during this flight. Coatings and light 

absorbing dust would bias the MAC high because it enhanced the filter-based 

absorption measurements, but not the incandescence BC mass concentration 

measurements from the SP2.  

Flights conducted on 20160517 and 20160519 had intermediate MAC values 

of 14.8 and 14.6 m2 g-1, respectively. Both days were nearly twice in magnitude to the 
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literature reference value of MAC for BC. Measurements of BC mass concentration 

and absorption coefficient were highest during the 20160517 flight experiment. Small 

plumes from biomass burning were seen on this day149 and the BrC produced may 

have contributed to the enhanced value for MAC. Back trajectory analysis shows a 

stagnant air mass. Thus, light absorbing particles measured during this flight were 

locally emitted from the densely populated cities and were primarily fresh. Although, 

the MAC from the 20160517 flight is similar in magnitude to the one observed on 

20160519, the conditions are quite different. Unlike the stagnant air mass observed on 

20160517, the 24-hour back trajectory for the 20160519 flight showed a long-range 

air mass coming from the southeast region with no biomass burning plumes. A 48 

hour back trajectory shows the air mass originated from the Yellow Sea coastal 

region. The long-range transport of particles may have contributed to the enhanced 

MAC value due to particle aging during transport, and the possibility of BC particles 

being coated with volatile organic compounds (VOCs), sulfates, organic carbon or 

sea salt. Kahnert et al. (2020) modelled the optical properties of atmospheric BC 

aerosols and found that sea salt coatings enhance the MAC by up to a factor of 2.159 

Further characterization of water-soluble ion species using ion chromatography needs 

to be performed for particle component identification. The cluster of data points near 

the origin in Figure 5.1b for the 20160519 flight also indicates that the boundary layer 

can be pristine with respect to BC. 

5.5 Conclusions 

NCP flight-based measurements of BC particles and light absorption were made in 

May-June 2016 using the SP2 for BC mass concentration, and the PSAP for 
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absorption coefficient values.  The MAC (m2 g-1) was calculated for the four flights in 

the PBL below an altitude of 2.0 km. All values for MAC were above the literature 

value of 7.5 m2 g-1 for fresh BC and tended to be highest when back trajectories 

showed long-range transport of the air from desert regions. As the particles are being 

transported over longer distances, they also experience aging and accumulate coatings 

that enhance light absorption. Some of these coatings may include BrC, sea salt, 

organic carbon, and sulfates from coal combustion. Light absorbing desert dust may 

enhance light absorption, as observed during the flight on 20160611. Also, days that 

had biomass burning plumes (see Benish et al. 2020) tended to have enhanced MAC 

values. Back trajectory analysis, coupled with MAC values provided insight into the 

mixing state of BC particles and other light absorbing particles in one of the most 

polluted regions in the world. The MAC for aerosols collected over the Northern 

China Plain show much greater MAC values than fresh BC because of aging, added 

mineral dust and coatings. Thermal optical analysis (TOA) and scanning electron 

microscopy (SEM) characterization of particles in Hebei were performed for source 

apportionment and will be discussed further in this dissertation. 
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Chapter 6:  Characterization of Particulate Matter in Xingtai, 
China using Scanning Electron Microscopy (SEM) and Thermal 
Optical Analysis (TOA) for Source Identification 

6.1 Introduction 

Aerosols have a large impact on Earth’s climate system, human health and the overall 

environment. Particulate matter (PM) consists of airborne particles that are known to 

increase respiratory, cardiovascular and mutagenic diseases.160 PM is comprised, in 

part, of carbonaceous species, which are divided into two major classes, organic 

carbon (OC) and elemental carbon (EC). OC is directly released into the atmosphere 

or produced by gas-to-particle transformation. EC is produced directly by the 

incomplete combustion of carbon-based materials and has the ability to absorb solar 

radiation strongly and contribute to global warming.161 

 Pollution is a global concern which transcends countries borders. Therefore, it 

is imperative to properly characterize the complex mixture of particulate matter on 

the basis of physical, chemical, morphological, and dimensional properties for 

possible source determination. Scanning electron microscopy (SEM) coupled with 

energy dispersive X-ray (EDX) analysis was used to provide information on the 

composition and morphology of atmospheric particles. Thermal optical transmittance 

(TOT) is used for determining the amount of total carbon (TC), EC and OC. 23, 97, 162, 

163 

The aim of this work is to evaluate the chemical composition of particulate 

matter in one of the most polluted cities in the world, Xingtai, China. Understanding 

the chemical makeup of particles, along with OC/EC ratios from TOT, will allow for 
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the determination of possible emission sources. Backward trajectory analysis was also 

conducted to investigate the regional origins and pathways of the airborne particulate 

matter. 

6.2 Materials and Methods 

6.2.1 Site description 

In this work, the sampling site took place on a rooftop in Xingtai, China 

(37o10’53.08’’N, 114o21’33.75’’E) with a high volume (12.48 m3 hr-1) sampler 

(Staplex, Brooklyn, NY). The Atmosphere-Aerosol-Boundary-Cloud Interactions 

(A2BC) campaign took place in the Hebei province from 25 April to 15 June 2016. 

The purpose of this campaign was to investigate how clouds, aerosol, and trace gases 

interact with each other based on the utilization of ground and aircraft measurements. 

Within 25 km of the sampling site, there were over 100 companies that consumed 

coal and emitted large amounts of pollutants. Some of these industries include glass, 

cement, chemical, steel, and power plants. Xingtai is considered to be one of the most 

polluted places in the world and is home to approximately seven million people. The 

Taihang Mountains are approximately 30 km from Xingtai, and previous studies have 

shown that these mountains play a role in aerosol dispersion .164 Although multiple 

days of sampling took place, this study will focus on four days of particulate 

sampling during May. Figure 6.1 below shows the location of Xingtai in respect to 

other major cities in China.  

Samples were collected on 16 May 2016, 17 May 2016, 18 May 2016, and 21 

May 2016. All days had a maximum temperature greater than 30oC, and a minimum 

temperature greater than 25oC. Each of the previously mentioned days were sunny 
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except for 18 May 2019 (partly cloudy). There were no forms of precipitation during 

those days. Forty eight hour back trajectory analyses (500 m AGL) were also 

performed for each sample day.  

 

Figure 6.4 Xingtai’s location with respect to other major cities in China (Source Z. 

Li). Xingtai is approximately 400 km south of Beijing. 

6.2.2 Sample Description  

Particles were collected on pre-fired quartz fiber (Pallflex) filters for approximately 8 

hours per day (9 am to 5 pm local time). Filters were heavily coated with PM and 

were later analyzed with the Sunset Lab Carbon Analyzer Thermal Optical 

Transmittance (TOT) to determine the OC/EC ratio. Before analyzing with SEM-

EDX, particles were transferred from the quartz fiber filter to a clean 5 mm x 5 mm 
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germanium wafer. This was accomplished by using a technique that involved 

electrostatic charging and high-speed centrifugation as explained thoroughly in 

Conny et al. 2014.165 

6.2.3 Computer Controlled SEM 

SEM is an imaging method that utilizes a focused beam of high energy electrons to 

reveal information on the composition and morphology of a sample. The SEM-EDX 

analyses were carried out with a Tescan MIRA3 scanning electron microscope 

(Tescan USA Inc., Cranberry Township, PA, USA) equipped with a PulseTor EDX 

detector at the Environmental Protection Agency (EPA) in Raleigh, NC (Conny et al. 

2019). The current and electron beam energy were 0.55 nA and 20 kV, respectively. 

For this study, the SEM was configured to analyze particles between average physical 

diameters of 0.4-10 μm. The analysis time per sample was about 1–2 hr. The analysis 

areas for samples 16, 17, 18, and 21 May 2016 were 4.625, 0.583, 0.706 and 1.036 

mm2, respectively. EDX spectra was used to determine the abundance of  23 

elements: carbon (C), fluorine (F), sodium (Na), magnesium (Mg), aluminum (Al), 

silicon (Si), phosphorus (P), sulfur (S), chlorine (Cl), potassium (K), calcium (Ca), 

titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), nickel (Ni), 

copper (Cu), zinc (Zn), arsenic (As), lead (Pb), barium (Ba) and tin (Sn). 

Table 6.1 below provides the classification rules for the particles. Initially the 

particles were placed into 26 classes. Similar classes and classes that had very few 

particles were combined to form 10 condensed classes. 

Table 6.8 Classification rules for ambient particles collected in Xingtai using 

hierarchical analysis involving elements. 
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CLASS RULE Rule order 

Metals Al/Si>=6 and counts>900 

 

(Mn+Cu+Ni+Cr+Ba)>=10 and (Mn>=3 or 

Cu=>3 or Ni>=3 or Cr>=3 or Zn>=3) and 

(Al+Si)<50 and counts>500 

3 

 

2 

 

 

Carbon C>=75 

P>0 and counts<2000 and 

(P+Si+S+Cl+Ca+K+C)>=90 and Al=0 

 

C>=30 

7 

6 

 

 

24 

Quartz Si>=95 

 

Si>=75 and Al>0 and Si/Al>10 and C<12 

8 

 

9 

Fe Oxide Fe+F>=95 

 

 (Al+Si+S+Ca)>0 and 

(Fe+F)/(Al+Si+S+Ca)>=8 

10 

 

11 

Calcium Ca+C>=70 and Ca>C and Ca>S and S<8 

and Si<12 

12 

Calcium Sulfate Ca+S>=95 and Ca/S<1.7 and S/Ca<1.7;  

 

(Ca+S)>=70 and Ca/S<1.7 and S/Ca<1.7 

and (Ca+S)/(C+Al+Si+K+Fe)>=2.5 

13 

 

14 

Ca-Si (Ca+Si)>85 and Ca>=20 and Si>=11 and 

Al<=4 and Ca>S and C<15 

16 

AlSi (Fe+Al+Si)>=70 and Fe>=10 and Al>=4 

and Si>=4 and Fe>K and Fe>Ca;  

 

(Al+Si)>=60 and Al>=4 and Si>=4 and 

Si>K and Si>Ca and Si>Fe and K<15 and 

Ca<15 and Fe<15 and C<16 

 

(K+Al+Si)>=60 and K>=8 and Al>=4 and 

Si>=4 and K>Ca and K>Fe and C<15;  

 

(Ca+Al+Si)>=70 and Ca>=16 and Al>=4 

and Si>=4 and Ca>Fe and Ca>K and C<15 

17 

 

 

18 

 

 

 

19 

 

 

21 

Mixed AlSi Si>=5 and Ca>=4 and 

(Al+Si+K+Ca+Fe+S+P)>=60 and 

(Ca+S)/(Al+Si+K+Fe+S)<3.4 and C<15;   

 

Si>=5 and Ca>=5 and 

(Al+Si+K+Ca+Fe+S+P)>=60 and C<30;  

 

(Al+Si+Ca+S)>60 and (Al+Si)/(Ca+S)<3.2 

20 

 

 

 

22 

 

 

15 
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6.2.4 Thermal-Optical Transmission (TOT) Analysis 

TOT, used to analyze bulk samples of aerosol particles collected on quartz fiber 

filters, involves the thermal evolution of OC during a He phase, and of EC during the 

He-Ox phase using a specific temperature protocol. The formation and evolution of 

char is monitored with the transmittance of a laser through the filter. The signal 

decreases as charred material is formed, and the signal increases as the char and EC 

evolve; carbohydrates such as sucrose char extensively on heating. The OC/EC split 

point is determined when the laser increases to the point where the laser returns to the 

initial transmittance signal. More information of this method can be found in Chapter 

1 of this dissertation. 

A square shaped section of a quartz filter of 1.00 cm2 was used to determine 

the EC and OC concentrations of each sample with TOT. All the TOT experiments 

were carried out on a single optical carbon analyzer (Sunset Laboratory Carbon 

Analyzer, Tigard, OR) at NIST, Gaithersburg. Two different temperature protocols 

were used, and multiple replicates were completed. The Quartz temperature protocol 

and (Ca+S)/(Al+Si)<3.2 and Al>4 and Si>4 

and Ca>4 and S>4 and (Ca+S)>Fe and 

(Al+Si)>Fe and C<17 

Misc. (Al+Si+Ca+S)>=70 and Al>=4 and Si>=4 

and Ca>=4 and S>=4 and C>=20 

 

Ca>=10 and P>=8 and (Al+Si)<12 and 

Ca>S and P>S 

 

Ba>2 and Ti=0 and S>5 and 

(Ba+S)/(Al+Si+Ca+K+Fe)>1.5 

                                                 S>=80 

true 

23 

 

 

5 

 

 

4 

 

1                                                                                                                            

25 
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was developed by the manufacturer of the instrument and is based on the previous 

work done by Birch and Cary et al. (1996).100 The NIST-EPA-C protocol was 

developed in collaboration between National Institute of Standards and Technology 

(NIST) and the EPA.23 This protocol is considered suitable protocol for a diverse 

number of sample types that include high-charring and low-charring particulates. 

Replicate samples were analyzed to reduce the effects of non-uniformity of the 

deposited aerosols on the filters. The temperature steps for each protocol are given 

below in Table 6.2. 

 

Table 6.9 Temperature steps and residence times for the Quartz and NIST-EPA-C 

protocols. 

Carrier Gas  Temperature (oC) Residence Time (s) 
 Quartz NIST-EPA-C Quartz NIST-EPA-C 
He 315 200 60 60 

He 475 400 60 60 
He 615 600 60 60 
He 870 785 90 150 
He+O2 550 550 45 60 
He+O2 625 620 45 60 
He+O2 700 690 45 45 
He+O2 775 760 45 45 
He+O2 850 830 45 45 
He+O2 910 900 120 90 
 

6.2.5 Back Trajectory Analysis 

Backward trajectory analysis was used in this study to identify the pathways 

of transport for the air masses for different days. Trajectories were calculated using 

the Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT)151 

developed by National Oceanic and Atmospheric Administration (NOAA) and 
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Australian Bureau of Meteorology. Backward trajectories (Figure 2a-d) shows that 

the air parcel came from the Gobi Desert and northern Mongolia on 16 May 2016, 

and southeast of Xingtai near the coast of the Yellow Sea on 21 May 2016. Both air 

parcels for 17 and 18 May 2016 depict an immediate influence from southern 

industrial cities such as Handan. However, the backward trajectory shows the air 

parcel also coming from the northern region of Mongolia and as far as Russia (after 

dipping from the south of Xingtai) on 17 May 2016. HYSPLIT shows the plume for 

18 May 2016 originating from the southern province of Hubei and Dabie Mountains 

region. Particles from the north generally undergo more settling while particles 

originating from the south travel through the PBL. Particles of southern origin 

undergo turbulent mixing on subgrid scales and are not represented accurately by the 

trajectories.  
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Figure 6.4 HYSPLIT 24 hour back trajectories initiated at 500 m altitude (mid-PBL) 

for (a) 16 May 2016 (b) 17 May 2016 (c) 18 May 2016 and (d) 21 May 2016.  

6.3 Results and Discussion 

6.3.1 Data Reduction 

A total of 9000 particles were analyzed with SEM from the 4 different samples. 

Approximately 2000 particles were analyzed for 20160516, 20160517, 20160518 
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collection days and 3000 particles were analyzed for particles collected on 21 May 

2016. Due to the large amount of data, hierarchical cluster analysis was used to retain 

the most important information about particle association. Here, we describe nine 

particle clusters according to their chemical composition.  Table 6.3 below provides 

the percent number of particles for the different classes on each day. 

 

Aluminum Silicate: Soil particles or Asian dust particles with ambient origin have 

compositions dominated by Al and Si. This class of particles forms the largest cluster 

of particles for all days classified. These particles were mainly crustal in origin. There 

were no forms of precipitation during the sampling days, thus soil particles were 

suspended in the air by wind or traffic.166 Some of these particles may originate from 

the Gobi desert in Mongolia, as supported by backward trajectories. Fly ash particles 

have similar composition, but the shape factor may help distinguish between the two. 

Generally, a shape factor near unity indicates a spherical particle. Particles of a 

spherical morphology tend to indicate that the source is from high temperature 

combustion of fluid melts. 166-168 

Mixed Aluminum Silicate: This class of particles incorporates Aluminum silicates 

with calcium (Ca), potassium (K) and sulfur (S). These particles are very similar to 

the Aluminum Silicate particles described previously. Their source may be crustal, or 

road dust. This class showed higher percentages during days when backward 

trajectories showed immediate transport from the southern industrial region of Hebei 

province (20160517 and 20160518). 
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Quartz: Particles identified as quartz (SiO2) are comprised mainly of silicon (Si) and 

oxygen (O). As with Aluminum silicate, quartz particles may originate from soil 

suspension. Quartz is known to be a constituent of many different rock types. 

However, another well-known source of quartz particles is coal combustion. Si is also 

found in coal ash where SiO2 is created by reducing silicon-based compounds at high 

temperatures, followed by evaporation, oxidation and nucleation.166 

 

Calcium rich: This class of particles probably includes calcium oxide (CaO), 

limestone (CaCO3) and dolomite (CaMg(CO3)2. These particles are primarily 

dominated by Ca with some impurities of S and Si. Calcium oxide, or commonly 

known as quick lime, is used for the industrial production of cement. Limestone 

particles are produced for building materials and the metallurgy industry.167 An 

additional source of dolomite is raw coal ash.166 

 

Calcium Sulfate (Gypsum): Particles in this class originate from building surfaces and 

from cement.167 These particles generally have an irregular shape. Raw coal ash is 

also comprised of calcium sulfate (CaSO4). 

 

Carbon rich: This class of particles contains biological particles and soot. Soot, also 

known as black carbon, is generated from fires, traffic (mainly diesel engines) and 

combustion of paraffin and fuel oil. Biological particles may consist of bacteria, 

fungi, pollen and other materials of plant or animal origin.167 It is difficult to 

distinguish between the anthropogenic and biological carbon particles based upon 
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only elemental analysis. Manually reviewing the particle images improves the 

confidence of distinguishing the two. 

 

Iron Oxide: Particles of this class have both a natural and anthropogenic source. 

including soil, metallurgy, steelwork, and mining.169 The oxidation of pyrite found in 

coal combustion is another source of iron particles. These particles are uniquely 

spherical due to the smelting of iron.167 

 

Metals: These particles consist largely of individual metals such as Cu, Ni, Zn, Mn, 

Cr and Ba. Each of these metals originate from different anthropogenic sources such 

as traffic and industrial processes. 

 

Miscellaneous: Particles classified as miscellaneous represent less than 6% of the 

total particles. These are the remaining particles after the classes have been occupied. 

The particles in this class also contained minor subclasses of calcium phosphate, 

barium sulfate and sulfate particles. Particles classified under calcium phosphate may 

originate from bone mineral used in agricultural fertilizer.170 Barium Sulfate particles 

contain barium which is usually associated with brake or tire wear.165 Particles under 

the sulfate class are comprised primarily of sulfur alone. Sulfate particles likely 

represent secondary aerosols where there is a gas-to-particle conversion of sulfur-

containing compounds. Coal combustion is the main source of sulfur dioxide, which 

is a precursor to sulfate particles.166  

Table 6.10 The percentages of particles assigned to each class. 
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Classes 20160516 

(%) 
20160517 

(%) 
20160518 

(%) 
20160521 

(%) 
AlSi 40.61 34.03 32.07 40.89 
Mixed AlSi 16.81 25.15 29.78 10.68 
Quartz 11.34 5.83 5.83 7.23 
Calcium rich 13.82 7.50 1.88 0.69 
Calcium Sulfate 2.28 10.04 15.88 12.23 
Carbon rich 8.61 9.38 9.39 20.19 
Iron Oxide 2.18 3.4 2.18 1.41 
Metals 1.16 0.76 0.15 0.27 
Misc. 3.19 3.91 2.84 6.41 
 

 

Figure 6.5 SEM images of particles that represent each class and their respective 

average diameter: a) aluminum silicate (coal fly ash particle, 1.58 μm) b) Mixed 

aluminum silicate (1.71 μm) c) Quartz (4.88 μm) d) calcium rich particle (3.87 μm) e) 

calcium sulfate (gypsum, 2.28 μm) f) carbon rich (soot aggregate, 2.29 μm) g) iron 

oxide (3.96 μm) h) metals (Cu, 1.40 μm) i) miscellaneous (calcium phosphate, 3.10 

μm) 
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6.3.2 Carbonaceous Species of Particulate Matter 

The OC and EC concentrations and OC/EC ratios are valuable when assessing the 

sources of ambient carbonaceous particles. Table 6.4 provided below gives the mean 

concentrations (masses per unit area) of OC, EC and TC for the four different days in 

May 2016 using the Quartz and the NIST-EPA-C temperature protocols. The range in 

average OC and EC for the Quartz protocol is 28.3 to 36.7 μg cm-2 and 3.5 to 7.3 μg 

cm-2 respectively. For the NIST-EPA-C protocol, the OC and EC concentrations 

ranged from 31.9 to 41. 5 μg cm-2 and 4.1 to 10.1 μg cm-2, respectively.  Results show 

that both 17 and 18 May 2016 had the highest values for TC with over 40 µg cm-2 for 

both protocols.  The amount of EC for these two days was nearly double the EC 

concentration for 16 and 21 May 2016. 

The relationship between OC and EC aids in the characterization the emission 

and transformation of bulk aerosols. Diesel and vehicular exhaust possess an OC/EC 

ratio range of 1.0-4.2 161, 171 while wood burning ratio is 16.8-40.0.172 Chen et al. 2006 

reported coal smoke having an OC/EC ratio within the range of 2.5-10.5. Biomass 

burning was reported having an OC/EC ratio of 7.7. All of these OC/EC ratio ranges 

are from previous TOT measurements from the literature. 

As shown in Table 6.4 below, the OC/EC was 4.6-8.5. These values are 

comparable to studies conducted in Beijing,173 Guangzhou,174 Nanjing, 175 Ghent, 

Belgium176 and Milan, Italy177 with the TOT method. The average OC/EC ratio for all 

4 days was 6.54 ±2.14 when using the Quartz protocol and 6.17 ±2.27 for the NIST-

EPA-C protocol. 20160516 and 20160521 experienced higher values for OC/EC, 

while 20160517 and 20160518 experienced lower ratios. Days that experienced a 
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higher TC also had a lower OC/EC ratio. All TC values reported by the two protocols 

were within measurement uncertainty (1σ) from one another. However, 18 May 2016 

TC values show a greater disparity amongst the protocols. This might be attributed to 

uneven sampling on the filter because the OC/EC ratios are within 1σ from each 

other. 

The main emission sources of EC and OC in China include vehicular exhaust, 

coal combustion and biomass burning.178, 179 According to back trajectory analysis 

from HYSPLIT (as shown earlier in Figure 6.2a-d), the lowest OC/EC ratios occurred 

during the days when the air mass was immediately coming from the south and 

passing through Handan, China and other heavily populated cities. Thus, the particles 

collected at the Xingtai sampling site were primarily affected by diesel and vehicular 

emissions during 17 and 18 May 2016. Hence, the lower OC/EC ratio observed those 

two days. Samples collected on 16 and 21 May 2016 experienced higher ratios but 

lower TC concentrations. Backward trajectory analysis shows that particle samples 

collected on 16 May 2016 were affected by an air mass coming from the northwest 

and east from the Yellow sea on 21 May 2016. Higher ratios on these two days 

suggest a lesser influence on vehicular emissions but a larger impact from coal 

combustion and biomass burning in the region. 
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Table 6.11 Average and standard deviation values (1σ) for the concentrations of OC, 

EC, TC and EC/OC per square area. 

 

6.4 Conclusions 

SEM-EDX is a useful technique for characterizing particulate matter collected in 

Xingtai, China. The chemical composition provides information about the origin of 

these particles and their formation processes. The diversity of particle types shows the 

complex nature of ambient particles. Hierarchical cluster analysis of SEM-EDX data 

revealed different particle groups and reflects the multiple sources. Aluminum 

silicates and mixed-aluminum silicates are the major classes of particles where both 

are either crustal or anthropogenic (coal fly ash) in origins. Other cluster groups are 

representative of natural, vehicular emissions and coal combustion sources. TOA is 

another well-known method used to quantify the abundance of carbonaceous species 

and to give further information about sources. Both 20160517 and 20160518 

exhibited lower OC/EC ratios which suggest diesel or vehicular traffic from the 

southern region of Hebei province may be an influential immediate source, as 

supported by backward trajectory analysis. These days also showed a higher TC 

concentration. Higher OC/EC ratios measured on 20160516 and 20160521 are 
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indicative of coal combustion being the major source. The combination of results 

from SEM-EDX particle characterization and TOT analysis supports that the major 

sources of the particles in Xingtai, China are crustal and coal combustion. More 

analysis on ion composition and particle shape should be done to provide a complete 

picture of source evaluation.  
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Chapter 7:  Conclusion and Future Work  

In summary, the work in this dissertation describes the measurement of light 

absorbing aerosols in the atmosphere, as well as in the laboratory.  A BC surrogate 

and atmospherically relevant light absorbing aerosols were generated under 

laboratory conditions to provide information to help improve the understanding of 

health effects, radiative forcing, and climate change.  Atmospherically relevant 

particles were generated under laboratory conditions to evaluate the absorption 

response of two Aethalometer models, and a thermal optical instrument. Ambient 

light absorbing aerosols were also quantified from research campaigns in the NYC 

region and in China.  The work presented in here involves two parts: calibrating 

instrumentation for BC (and EC) in the laboratory, and measuring light absorbing, 

ambient aerosols to evaluate distributions and emissions inventories. 

 With various proposed strategies to measure BC, it is essential that a 

technique used must have fundamentally sound calibration procedures as variable 

conditions could skew results. The Aethalometer is a filter-based instrument that 

measures the mass concentration of BC but has no standard calibration procedure 

associated with it.  In Chapter 2 of this dissertation, I developed a potential calibration 

procedure and correction scheme for the Model AE31 multi-wavelength 

Aethalometer of Magee Scientific.  The potential candidate reference material Cab-O-

Jet 200 can mimic the properties of BC found in the atmosphere.  This BC surrogate 

was first dried, conditioned, and size selected by a DMA.  The mobility selected BC 

surrogate of a known mass was measured by a CPC and Aethalometer that operated 

in parallel.  The AE31 underestimated the BC mass concentration at multiple 
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wavelengths but could be corrected.  In this chapter, I also examined the response of 

the Aethalometer to atmospherically relevant particles, such as BrC and coated BC.  

When the BC surrogate was coated with either ammonium sulfate or BrC, an 

absorption enhancement was observed, and this artefact needs to be accounted for in 

future ambient studies involving the AE31 model. 

 In Chapter 3, I characterized the TOA instrument with the same BC surrogate 

used in Chapter 2 of this dissertation, and with sucrose.  Again, I selected a reference 

material and established a calibration procedure, as no reference material or 

calibration procedure existed for the EC measurement. I evaluated aqueous binary 

mixtures of sucrose and the BC surrogate for calibration purposes.  Different 

temperature protocols were examined for this reference binary mixture. The results of 

OC and EC were closest to the reference values when using the NIST EPA C 

temperature protocol.  With known amounts of EC and OC deposited on the filter, the 

NIST EPA C protocol properly determined the split point for good separation of OC 

and EC. Measurements of OC and EC shown in this chapter will help calibrate and 

interpret data from the thermal optical technique widely used for emission studies and 

model evaluations.   

 With the extensively characterized BC surrogate, I also developed a technique 

to evaluate Magee Scientific’s model AE33 Aethalometer.  For pure BC particles 

selected by aerodynamic size, the Aethalometer responds linearly and with a total 1σ 

uncertainty of 13%. Based on this information from lab studies, the Aethalometer was 

used in the field for measurements of NYC summer BC mass concentrations.  The 

relationship of BC and CO was evaluated on the ground and from an aircraft. Data 
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presented here show a positive correlation of BC and CO, and higher BC/CO ratios 

were observed on the weekdays, than on the weekends due to increased diesel use on 

the weekdays. Using emission inventories of CO from three models, I was able to 

calculate the BC emissions from the NYC region, and evaluate existing inventories. It 

is imperative to accurately quantify and understand BC emissions in our communities 

because higher BC concentrations near major diesel sources lead to greater health 

impacts and implications of environmental justice. 

  In Chapter 5, I investigated the light absorbing properties of aerosols in the 

Xingtai region of the North China Plain. The campaigns Aerosol Atmosphere 

Boundary Layer Cloud campaign (A2BC) and ARIAs were conducted to integrate in 

situ measurements, satellite remote sensing and transport models for the 

understanding of tropospheric chemistry and composition.  Onboard the research 

aircraft were the SP2 and the PSAP instruments. The SP2 measured the mass 

concentration of refractory BC and the PSAP measured aerosol absorption 

coefficients.  The slope of the linear regression is equivalent to the MAC when the 

BC mass concentration is plotted on the x-axis and the absorption coefficient is 

plotted on the y-axis.  For all four days presented, the BC MAC values were 14.80 ± 

0.44, 14.64 ± 1.90, 10.39 ± 0.55, 22.11 ± 2.04 m2 g-1 - substantially greater than the 

literature value of 7.5 m2 g-1.  These relatively high values from light absorbing 

particles in China are likely enhanced by coatings and may include additional 

absorbance from mineral dust. Back trajectory analysis was also conducted for source 

analysis. Particles from stagnant air masses experienced lower MAC values while 
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particles from long range transport generally had higher MAC values due to aging 

and coating over time. 

 Particles collected on quartz filters from the city of Xingtai, China were 

characterized using SEM-EDX and TOT.  The particles were first transferred from 

the quartz filters to wafers to prevent charging interference with SEM imaging.  

SEM-EDX analysis revealed the diversity of particle types through hierarchical 

cluster analysis. The two major classes of particles from the four days analyzed 

include the aluminum silicate class and the mixed-aluminum silicates class. The 

sources of particles from these classes are crustal or anthropogenic in origin.  TOT 

analysis was also conducted on these particles to determine the OC/EC ratio. This 

ratio helps to identify the origins of these particles. The combination of particle 

characterization from SEM-EDX and TOT OC/EC ratios further supports the major 

sources of particles in this area of include coal combustion and dust (crustal). 

 There are many possible future extensions of work presented in this 

dissertation. One would be to determine the response of the Aethalometers to the BC 

surrogate at multiple particle sizes.  Depending on the source, BC monomers are 

known to have radii between 10-25 nm, and the fractal dimension will change 

according to aging and coatings.159 The atmosphere is full of particles of varying 

diameters, and it would be preferable to understand the loading effects based on 

particle size and fractal dimension. Also, more work needs to be done to reduce the 

uncertainty of these filter-based instruments when other absorbing species are 

present. Researchers should look into the wavelength dependence determined by 

filter-based instruments of ambient aerosols and compare it to more direct, in situ 
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methods, such as the photoacoustic spectrophotometer (PAS) during field 

experiments. More binary, aqueous mixtures of varying OC and EC components 

should be analyzed to evaluate the split point determination of TOT.  Incorporating 

other components such as iron would prove useful because ambient PM has a 

complex composition. Further work would also include ion chromatography of the 

PM collected from Xingtai for compositional information and source apportionment. 

The ambient MAC values from the research campaign in China are critical to 

understanding the calculation of radiative forcing from global models. Having a 

library of MAC inventory from different global sources would be beneficial to 

climate model input. In this dissertation, I focused on quantifying the total emissions 

of BC from the NYC region during the summer season. Future work should include 

BC emissions from other major cities (such as Baltimore, MD, Washington, DC etc.) 

and the seasonal cycle of the BC/CO ratio. Lastly, the Aethalometer is a relatively 

low-cost device that can be used to estimate concentrations of BC on a small spatial 

scale. Thus, communities of vulnerable populations who are exposed to a large 

number of BC sources can utilize the data from this instrument to address problems of 

environmental justice.  
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Appendices 

A. Supplemental Information for Chapter 2  

A.1 Determining the Contribution of Particles Possessing a charge (q) > +1 

Fullerene Tandem DMA coupled with a condensation particle counter was used to 

investigate the contribution of multiple charges on our BC surrogate measurements. 

The first DMA was set to an electrical mobility diameter of 300 nm while the second 

DMA was employed to determine the mobility diameter of particles possessing a q > 

+1. Different dilutions of the BC surrogate were created by varying the amount of 

deionized water added. The dilutions created were 1:1000, 1:500, 1:300, 1:200 and 

1:100 (BC:water). The dilutions were used to generate a range of total number 

concentrations. Size distributions were scanned where multiple peaks indicate the 

presence of particles with multiple charges. The peaks were integrated and the 

percent contribution of the +2 particle was calculated at different dilutions. Figure S1 

shows a distribution of BC aerosols for the 1:1000 dilution. Tandem-DMA was used 

where the first DMA was set to an electrical mobility diameter of 300 nm. Particles 

exhibiting a +2 charge were approximately 2.2 times more in mass than a particle 

with a single charge. Tandem DMA was also performed for the BrC surrogate and for 

BC coated with AS and BrC. The percentage contributions of particles possessing a 

+2 charge were accounted for the value of mp for all materials. 
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Figure A3 An example of the distribution of the 1:1000 dilution of the BC surrogate 

with Tandem-DMA within a range of 250 nm to 650 nm. The first DMA set to an 

electrical mobility diameter of 300 nm. The prominent peak at ~300 nm represents 

particles with a +1 charge and the smaller peak at ~500 nm are particles possessing 

a charge of +2. 

A.2 Correcting Data Using the Jimenez Correction 

The nonlinear attenuation response was corrected for by using the loading correction 

technique described in Jimenez et al. 2007.  Briefly, the reported MBC was corrected 

for loading effects as a function of the attenuation, K(ATN) 

 

.o = �/F,
TU ∗ 1

��/F,�  (A1) 

 
Where 

��/F,� = ∆������
∆����#� (A2) 

 
Followed by equation 8 to retrieve a linear regression 
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��/F,� = � � � ∗ w$%jkl
@JJ x = � � � ∗ F  (A3) 

 

Where a and b are linear regression coefficients and T is shorthand notation for e�ATN
100 . 

Loading correction coefficients for data at 880 nm in Fig. S3 were a = 0.17 and b = 

0.90.  

 

 
Figure A4 Mass Shown above is an example of how the linear regression coefficients 

are calculated during one run. Loading correction linear regression coefficients are 

defined where T is on the x-axis while K(ATN) is on the y-axis: a=0.17 (y-intercept) 

b=0.90 (slope). 

Applying this correction to the raw MBC results in the data shown as red triangles in 

Figure A4; these closely track with MCPC.  For the high mass concentration data 

shown in Figure 2.3b, regression coefficients were calculated for each run 

experiencing the shadowing effect and applied separately. Differences among loading 
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correction coefficients may depend on the BC mass concentrations, ATN, and length 

of run.  

 

Figure A5 Time series BC data where the shadowing effect is observed. The 

uncompensated data is depicted with black diamonds while the corrected data is 

depicted by red triangles. The in-situ CPC data is shown by the blue circles. 

 

After this loading correction the Aethalometer more successfully captures the 

small variability in MBC. The temporal resolution of the filter-based instrument also 

greatly improves with this loading correction as shown in Figure S4 where corrected 

MBC now mirror MCPC. The Aethalometer now also reports an average concentration 

comparable to that of the CPC. 
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Table A1 Mass concentration ranges measured by the Aethalometer are provided 

along with ATN ranges at λ= 880 nm. The linear regression coefficients are shown 

above for the varying mass concentrations that exhibited a non-linear response due to 

the shadowing effect. 

Mass 
concentration 
range (μg m-3) 
at λ=880 nm 

ATN range 
at λ=880 nm 

Linear 
regression 
coefficients 
λ=370 nm 

Linear 
regression 
coefficients  
λ=660 nm 

Linear 
regression 
coefficients 
λ=880 nm 

18.6-11.8 10.1-79.1 a=0.19 
b=0.94 

a=0.22 
b=0.92 

a=0.21 
b=0.94 

7.2-4.8 7.5-61.4 a=0.19 
b=0.89 

a=0.21 
b=0.87 

a=0.17 
b=0.90 

6.1-4.2 1.0-46.8 a=0.13 
b=0.91 

a=0.14 
b=0.90 

a=0.10 
b=0.92 

12.9-9.2 17.0-76.5 a=0.23 
b=0.91 

a=0.26 
b=0.90 

a=0.24 
b=0.89 

12.1-7.9 7.2-78.6 a=0.33 
b=0.78 

a=0.31 
b=0.76 

a=0.30 
b=0.78 

 

A.3 BC Coated with Ammonium Sulfate 
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Figure A6 (a) Correlation of CPC mass concentration with eBC with a 7% BC mass 

fraction solution with ammonium sulfate. Three different instrumental wavelengths 

are represented: 370 (blue diamonds), 660 (red squares) and 880 nm (black circles).  

(b) Correlation of CPC mass concentration with eBC at 880 nm using a 14% BC 

mass fraction solution with ammonium sulfate.  (c) Correlation of CPC mass 
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concentration with eBC at 880 nm using a 20.5% BC mass fraction solution with 

ammonium sulfate.   
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B. Supplemental Information for Chapter 4  

B.1 Theory and Calculations: Tandem DMA and AAC to determine Particle Mass 

To determine the mass of a particle with a specific size, tandem AAC and DMA 

analysis was performed.  When set to aerodynamic diameters of 20 and 300 nm using 

the AAC, the DMA coupled with a CPC measured aerosol size distribution. The 

geometric mean was determined and used to calculate particle mass. An example of 

this distribution is given below for when the AAC was set to an aerodynamic 

diameter of 200 nm.  The geometric mean mobility diameter of three trials was 202 ± 

9.0 nm.  When set to an aerodynamic diameter of 300 nm, the geometric mean 

mobility diameter was 293 ± 9.8 nm.  As described in Tavakoli et al. 2014, particle 

relaxation time, τ, is defined by the mass, m, multiplied by the mobility of the 

particle, B.59 

τ = o�  (B1) 

Particle’s mobility is expressed as 

o = 09��t��
b~��t�

    (B2) 

��\ is the mobility diameter and μ is viscosity of the carrier gas?  In this case, the 

viscosity value at 23oC is 1.827 x 10-14 nm2 ns-1 and ( is the Cunningham slip factor.  

The aerodynamic diameter is related to particle relaxation time as shown below. 

Density and shape of the particle do not impact relaxation time. 

� = 09��1���J�1�A

E��     (B3) 
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The value for �# is 1000 kg m-3 and �*{ is the aerodynamic diameter of the particle. 

The mass of the particle can be determined when the relaxation time and mobility are 

known.  Thus, the 200 nm and 300 nm particles possessed an average mass of 4.2 ± 

0.3 and 13.7 ± 0.6 fg, respectively. The particle masses were used to convert number 

concentration values from the CPC to mass concentrations of black carbon.  

B.2 Intercomparison of the filter-based and the CPC mass concentration for 300 nm 

particles 

The AAC was configured to also size select CB particles with an aerodynamic 

diameter of 300 nm. Again, the BC mass concentrations determined by the 

Aethalometer and CPC were compared to one another, and the mass concentration 

range tested in this study is 0 μg m-3 to approximately 10 μg m-3. For the larger 

particle, the linear regression of MBC versus MCPC at λ= 880 nm exhibited a slope of 

0.997 ± 0.030. As with the 200 nm particle, the linear regression includes the value 

for a blank HEPA filtered air run. A slope near unity indicates that the Aethalometer 

accurately quantifies the concentration of black carbon under these laboratory 

conditions. The intercomparison results from the 200 nm particle and the 300 nm 

particle are very similar when measuring at the Aethalometer’s 880 nm wavelength. 

Thus, this proves that the aerodynamic size of this particular BC particle does not 

impact the mass concentration determination of this filter-based instrument in the 

near-IR range. 
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Figure B1 Correlation of CPC mass concentration with the Aethalometer BC mass 

concentration (λ=880 nm). Particles had an aerodynamic diameter of 300 nm.  Data 

points are averages of the entire run, and the error bars are 1σ.  

B.3 Wavelength dependence of the AE 33 model for 300 nm particles 

The wavelength response was determined for particles with a larger aerodynamic 

diameter of 300 nm, as shown below in Figure S2.  This run exhibited an average BC 

mass concentration of 6.08 µg m-3 (λ = 880 nm). The equivalent mass concentration 

value at λ = 370 nm reads 31% less than the value at λ=880 nm.  
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Figure B2 Wavelength dependence for a 300 nm particle during one 45 minute run at 

7 different wavelengths. All error bars are 1σ. 

 

B.4 Determining the 24-hour average of BC and CO at the Queens NR site during 

Summers 2018 and 2019 

Table B2 The average, standard deviation (STD, 1σ), standard deviation of the mean, 

maximum and minimum values for 24-hour averages of BC and CO concentrations. 

All values are from the Queens NR site during the summers of 2018 and 2019.   

 

  

 

. 
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B5. Emissions of BC and CO from FIVE 2019 

Figure B5 FIVE (a) BC emissions and (b) CO emissions for the NYC region. Color 

bar denotes the tons per day of emissions. The outlined area is the region of study. 

 

B6. NEI Sectors 

Fuel Combustion: Comm/Institutional-Biomass, Comm/Institutional-Coal, 

Comm/Institutional-Natural Gas, Comm/Institutional-Oil, Comm/Institutional-Other, 

b) 
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Electric Generation-Biomass, Electric Generation-Coal, Electric Generation-Natural 

Gas, Electric Generation-Oil, Electric Generation-Other, Industrial Boilers, ICEs-

Biomass, Industrial Boilers, ICEs-Coal, Industrial Boilers, ICEs-Natural Gas, 

Industrial Boilers, ICEs-Oil, Industrial Boilers, ICEs-Other, Residential-Natural Gas, 

Residential-Oil, Residential-Other, Residential-Wood. 

Mobile: Aircraft, Commercial Marine Vessels, Locomotives, Non-Road Equipment-

Diesel, Non-Road Equipment-Gasoline, Non-Road Equipment-Other, On-Road 

Diesel Heavy Duty Vehicles, On-Road Light Duty Vehicles, On-Road Gasoline 

Heavy Duty Vehicles, On-Road Diesel Heavy Duty Vehicles, On-Road Diesel Light 

Duty Vehicles, On-Road Gasoline Heavy Duty Vehicles, On-Road Gasoline Light 

Duty Vehicles 

Other: Commercial Cooking 
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