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Preface
Chapter 2 presented in this dissertation is unpublished work in progress and the manuscript
for chapter 4 was submitted to a journal and the reviewers have recommended for the
publication of the manuscript after a minor revision.
Chapter 2 is based on a study of cloud-processed soot samples collected during field and
laboratory experiments. I conducted the laboratory experiments in collaboration with my
co-authors at Michigan Technological University. I carried out SEM/TEM analyses of
samples collected during these studies. I wrote the manuscript with the help of my advisor
Dr. Claudio Mazzoleni with contributions and edits from all co-authors. The manuscript is
expected to be submitted in the ‘Journal of Geophysical Research: Atmospheres’ by fall
of 2018.
Chapter 3 was published in the journal ‘Atmosphere’ (Bhandari et al., 2017) and is
republished entirety as a chapter in this dissertation. I performed the SEM analysis with
the help of Dr. Swarup China. I, Dr. Claudio Mazzoleni and Dr. Swarup China wrote most
of the paper with significant contributions and edits from all the coauthors.
Chapter 4 is related to the study of the optical properties of tar ball aggregates. I carried
out numerical simulations and wrote the manuscript with significant inputs from my
advisor, Dr. Claudio Mazzoleni and the other co-authors. After a peer-review by the
anonymous reviewers, the manuscript has been recommended for publication in the
‘Journal of Quantitative Spectroscopy and Radiative Transfer’ with a minor revision.
Chapter 2 will be further revised based on suggestions and comments from the co-authors
and chapter 4 will be revised based on the comments from the reviewers.
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Abstract
Soot particles form during incomplete combustion of carbonaceous materials. These
particles strongly absorb light and directly affect Earth’s climate by warming our
atmosphere. When freshly emitted, soot particles have a fractal-like morphology consisting
of aggregates of carbon spherules. During atmospheric processing, soot aggregates interact
with other materials present in our atmosphere (i.e., other aerosol or condensable vapors)
and these interactions can result in the formation of coated, mixed or compacted soot
particles with different morphologies. Any process that alters the morphology (shape, size
and internal structure) and mixing state of soot also affects its optical properties, which in
turn affect the soot radiative forcing in the atmosphere. The complex morphology and
internal mixing state of soot makes it difficult to estimate the soot’s radiative properties. A
detailed investigation of soot at the single particle level using electron microscopy, thus,
becomes essential to provide accurate information for climate models, which generally
assumes simple spherical morphologies.
Tar balls are another type of carbonaceous aerosol, in the brown carbon family, commonly
formed during smoldering combustion of biomass materials. Like soot, tar balls can also
form aggregates. Tar balls aggregates have different optical properties from those of
individual tar balls.
During my doctorate studies, I made extensive use of electron microscopy and image
analysis tools to investigate the morphology and mixing state of soot and tar balls collected
during different laboratory and field studies. In one of my research projects, I explored the
morphology of cloud processed soot. For this, I investigated the morphology of soot
particles collected from the Po Valley in Italy where fog often forms, especially in winter.
Our investigation showed that soot particles became compacted after fog processing. The
compaction of soot was further corroborated by a laboratory study, in which cloud
processing was carried out within the Michigan Technological University cloud chamber.
In another research project, I studied the effects of thermodenuding on the morphology of
soot. I investigated the morphology of five sets of soot samples of different sizes before
xii

and after themodenuding. Our investigation showed no significant change in the
morphology of soot by thermodenuding, a result that is important for those who attempt to
measure the optical properties of internally mixed coated particles.
In a third study, I used T-Matrix and Lorenz-Mie models to calculate the optical properties
and then estimate the radiative forcing of tar ball aggregates and individual tar balls. In
fact, in a recent publication, we reported a significant fraction of tar ball aggregates from
different locations on Earth. My numerical calculations showed that the optical properties
of tar ball aggregates are different from those of individual tar balls and are not always well
approximated by Lorentz-Mie calculations. These findings highlight the necessity to
account for the aggregation of tar balls in global models.
My doctorate research provides detailed information on the morphology and mixing state
of soot and tar ball aggregates. This information can be used to improve global climate
models and reduce uncertainties in the radiative forcing of these aerosol particles.

xiii

1 Chapter 1: Introduction
Aerosol are solid or liquid particles suspended in the atmosphere with sizes ranging from
a few nanometers to several microns. These aerosol are produced from natural and
anthropogenic sources and their emissions in the atmosphere affect air quality, visibility,
atmospheric radiation (by absorbing and scattering solar and terrestrial radiation),
heterogeneous chemical reactions, and cloud properties, like the cloud formation, cloud
lifetime, precipitation and cloud radiative properties (Haywood and Boucher,
2000;Hallquist et al., 2009;Reid and Sayer, 2003;Ackerman et al., 2000). Some aerosol
dominantly scatter sunlight and cool our atmosphere, while a few of them absorb sunlight
warming our atmosphere. Absorbing carbonaceous aerosol (black carbon and brown
carbon) are abundant in Earth’s atmosphere. Black carbon (also referred to as, soot)
shows strong absorption in the visible region of the solar spectrum (Bond and Bergstrom,
2006), while the absorption by brown carbon is weak at long wavelengths but becomes
important at short wavelengths (UV-blue region) (Saleh et al., 2015;Andreae and
Gelencsér, 2006). The morphology, mixing state and elemental composition of individual
carbonaceous particles affect their optical properties (e.g., light absorption and
scattering), which in turn affect their radiative forcing. The use of electron microscopy
and energy dispersive X-ray spectroscopy (EDS) provides an opportunity to study the
morphology and the elemental composition of aerosol at a single particle level. In this
dissertation, I present a comprehensive electron microscopy analysis of many individual
carbonaceous atmospheric particles collected from laboratory and field campaigns to
investigate their morphology and its implications on optical properties and radiative
forcing.

1.1 Background and Motivation
Different kinds of particulate matter (PM), for example, carbonaceous aerosol, mineral
dust, biological materials, metals, sulfates, nitrates etc. are released in the atmosphere
from natural and anthropogenic sources. In addition to the directly emitted aerosol,
volatile organic compounds emitted from plants and other sources can undergo gas1

particle phase conversion and form secondary organic aerosol (Hallquist et al., 2009).
These aerosol from primary and secondary sources are of different morphology (shape,
size and structure). The morphology of aerosol has a large degree of variability, such as
spherical (e.g., tar balls), chainlike structure (e.g., soot), regular geometric shape (e.g.,
salt crystals), fiber-like (e.g., carbon nanotube), and irregular (mineral dust). Aerosol
remain in atmosphere for only a few days, in contrast to some of the human-made
greenhouse gases, such as CO2; so, the impact of aerosol pollution mitigation can achieve
better air quality and human health benefits and reduce climatic impacts on a shorter timescale than reducing greenhouse gases emissions (Jacobson, 2001; Ramanathan and
Carmichael, 2008). However, there is a large uncertainty in estimating the global loading
and optical properties of aerosol (Bond et al., 2013). The complexity of the morphology
and mixing state of aerosol, like soot, is one of the prime causes of these uncertainties,
which in turn, introduces uncertainties in the estimation of the aerosol radiative forcing.
To reduce the uncertainties, it is necessary to characterize the morphology and mixing
state of aerosol particles at a single particle level, for which electron microscopy is
critical.
In this dissertation, I will mainly focus on the morphology and mixing state of soot and
tar balls (TBs). The terms ‘soot’ and ‘black carbon’ have been used interchangeably in
the atmospheric science community; in this dissertation, we will use the term ‘soot’
hereafter to represent a fractal-like aggregate (consisting of nano-sphere carbon or soot
monomers) that is formed due to incomplete combustion of carbonaceous materials
(Buseck et al., 2014). I will discuss our preference for the term ‘soot’ in the ‘carbonaceous
aerosol’ section 1.2. TBs are brown carbon spheres, typically found in biomass burning
smoke, from smoldering combustion and they are a component of brown carbon (Reid et
al., 2004; Pósfai et al., 2004). I will discuss more about the properties of soot and TBs in
the ‘carbonaceous aerosol’ section 1.2. Before this, I will briefly discuss about the impact
of aerosol on human health, atmospheric visibility and climate.
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1.1.1 Effect on human health
Soot and ultra-fine particles (UFPs) (size <100 nm in diameter) can penetrate deep inside
the lungs having adverse respiratory effects (Nemmar et al., 2002; Mauderly et al., 1988).
The lacy morphology of soot aggregates provides higher surface area for a given mass
than spherical particles (Kiriya et al., 2017) and studies show that the surface area of
particle plays a vital role in determining the toxicity in lungs (Schmid and Stoeger, 2016).
A recent study by Shi et al. (2015) showed that lacy soot are the most adhesive particles
in the atmosphere, easily aggregating with other materials and further increasing the
chemical toxicity (Mauderly et al., 1988). The deposition of UFPs and soot aerosol in the
respiratory tract and lungs is affected by the particle morphology and concentration
(Peters et al., 1997; Donaldson et al., 2001).
1.1.2 Effect on visibility
Aerosol morphology and mixing state, along with concentration and size, also affect
visibility (Langridge et al., 2012; Bäumer et al., 2008; Zhang et al., 2008). For example,
Zhang et al. (2008) suggested that the irregular structure of aerosol, like soot aggregates,
provides sites for water and other species, such as sulfuric acid, to condense on, increasing
the aerosol optical depth and reducing visibility. A visibility study in the megacity of
Delhi showed that ~90% of the degraded visibility observed in non-foggy conditions, is
contributed by aerosol mostly comprising of soot and water-soluble compounds (Singh
and Dey, 2012).
1.1.3 Effect on climate
Aerosol directly and indirectly affect the climate. Their direct effect is due to sunlight
absorption and scattering. The nature of aerosol, whether it is mostly absorbing, or
scattering is quantified using a parameter called single scattering albedo (SSA). SSA is
the ratio of the scattering to the extinction (sum of scattering and absorption) cross
sections. A purely scattering particle has an SSA of unity, whereas a strongly absorbing
particle has an SSA close to zero. Aerosol emitted from most sources, such as sea-salt
3

spray, biogenic emissions, and some anthropogenic emissions (e.g., nitrates and sulfates),
dominantly scatter light and cause cooling. Carbonaceous aerosol like soot dominantly
absorb light and contribute to the warming of the atmosphere (Bond and Bergstrom,
2006), while the effect of brown carbon is highly variable, depending on its optical
properties. The absorption or scattering of light by aerosol depends on the particle
morphology and elemental composition (Sasano and Browell, 1989; Curtis et al., 2008;
Radney et al., 2014).
The indirect aerosol effect involves interactions with clouds (Rosenfeld et al., 2014).
Aerosol particles can act as nuclei for cloud droplets and ice crystals formation and,
therefore, indirectly affect climate. The ability of aerosol particles to serve as cloud
condensation nuclei (CCN) and ice nuclei (IN) depends on various factors; for example,
the particle size, the number concentration, the relative humidity and the hygroscopicity
(Koehler et al., 2009; Mikhailov et al., 2006; Kumar et al., 2009). A schematic
representation of the aerosol direct and indirect effects on climate is shown in Fig. 1-1.

Figure 1-1. Aerosol direct and indirect effects on climate (Fig. 2.10 from Forster, P., V. Ramaswamy, P.
Artaxo, T. Berntsen, R. Betts, D.W. Fahey, J. Haywood, J. Lean, D.C. Lowe, G. Myhre, J. Nganga, R. Prinn, G.
Raga, M. Schulz and R. Van Dorland, 2007: Changes in Atmospheric Constituents and in Radiative Forcing.
In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z.
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Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA).

In polluted regions, in a cloud with fixed liquid water content (LWC), the cloud droplet
number concentration (CDNC) increases, and the size of each droplet decreases, with
increasing aerosol loading. This is known as the first indirect effect (Twomey et al., 1984;
Lohmann and Feichter, 2005; Ramaswamy et al., 2001). Since these clouds reflect more
light and appear brighter, this leads to a cooling of the atmosphere and the effect is also
called cloud-albedo effect. The increased CDNC for a given LWC results also, in a longer
lifetime of the clouds, inhibiting precipitation by drizzle suppression (Lohmann and
Feichter, 2005; Ramaswamy et al., 2001; Albrecht, 1989). This last effect is known as the
second indirect effect or the cloud-lifetime effect. In addition, absorbing aerosol present
in a cloud can enhance cloud evaporation reducing cloud cover and resulting in a warming
of the atmosphere (Ackerman et al., 2000; Johnson et al., 2004), which is known as the
semi-direct effect.
In this dissertation, my prime focus is on a detailed investigation of the morphology and
mixing state of aerosol. The goal is to contribute to knowledge that can reduce the
uncertainties in the direct effect of aerosol. The indirect and semi-direct effects will not
be directly emphasized hereafter.
The direct effect of aerosol in the atmosphere (i.e. atmospheric warming or cooling
through direct interaction with the solar radiation) is often quantified in terms of the direct
radiative forcing (DRF) at the top of the atmosphere (TOA). DRF at the TOA is the net
(down minus up) irradiance at the tropopause (Forster et al., 2007). Tropopause is the
boundary between the troposphere and the stratosphere at a height of ~8 km in polar
regions and ~16 km equatorial regions, above the mean sea level. A positive TOA-DRF
implies warming, while a negative TOA-DRF implies cooling. For an optically thin layer
of aerosol, an equation given by Moosmüller and Ogren (2017) can be used to calculate
the TOA-DRF. This equation is substantially equivalent to the formulations given by
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Haywood and Shine (1995), Charlson et al. (1992), Chylek and Wong (1995) and Lenoble
et al. (1982):
∆𝐹𝐹 = −

𝑆𝑆0
2

𝑇𝑇 2 (1 − 𝐶𝐶)𝜏𝜏[(1 – 𝑎𝑎𝑠𝑠 )2 𝛽𝛽(𝜆𝜆) 𝑆𝑆𝑆𝑆𝑆𝑆 – 2𝑎𝑎𝑠𝑠 (1 − 𝑆𝑆𝑆𝑆𝑆𝑆)]

(1)

where S0 is extraterrestrial solar constant (1370 Wm-2), T is the atmospheric transmission
(assumed to be 0.79 (Penner et al., 1992)), τ is the aerosol optical depth, which is a
measure of the light attenuation by the aerosol in the atmosphere column, C is the cloud
fraction (0.6), 𝑎𝑎𝑠𝑠 is the surface albedo (0.8 for bright surface and 0.06 for ocean)

(Haywood and Shine, 1995), SSA is the aerosol single scattering albedo, and β is the
hemispherical upscatter fraction. β is a measure of the average fraction of light scattered

in the upward hemisphere. Optical parameters like SSA and β depend on the morphology
of the aerosol particle. For example, the morphology of a particle affects the light
scattering directionality, and therefore, the upscatter fraction (Moosmüller and Ogren,
2017).
The optical properties of aerosol are affected by the mixing state of aerosol as well.
During atmospheric processing, aerosol particles often form internal mixtures due to the
coagulation with other aerosol or condensation of condensable vapors (Kroll and
Seinfeld, 2008), which can change their morphology and optical properties. For example,
Bambha et al. (2013) found that the fractal-like soot particle deformed to a compact
morphology due to the coating of oleic acid vapors.
In global models, the optical properties of aerosol of different morphology and mixing
state are calculated using Lorenz-Mie simulations, by assuming a volume equivalent or a
mass equivalent spherical particle. However, Lorenz-Mie simulations can overestimate
or underestimate the values of the optical properties of aerosol with complex morphology
(such as soot aggregates and irregularly shaped mineral dust). To account for the complex
morphology of atmospheric particles, more realistic models been devised, such as the
Rayleigh-Debye-Gans (RDG) approximation, the Dipole-Dipole Approximation (DDA)
and the T-Matrix method. The RDG approximation is useful to calculate the light
6

absorption and scattering by fractal aggregates, like soot (Farias et al., 1995; Chakrabarty
et al., 2007). In the RDG approximation, monomer-monomer interactions are neglected
so that the absorption by an aggregate is simply the product of the absorption by
theindividual monomers and the number of monomers present in that aggregate
(Sorensen, 2001). Other optical models like DDA and T-Matrix are more computer
intensive and advanced, accounting also for the interactions between the monomers. DDA
is a commonly used method to calculate the scattering and absorption of electromagnetic
radiation by any arbitrarily shaped particle (Draine, 1988; Draine and Flatau, 1994;
Purcell and Pennypacker, 1973). In DDA, a particle of any geometry is replaced by an
array of dipoles to calculate light absorption and scattering differential cross sections
(Scarnato et al., 2013; Wu et al., 2015; Shen et al., 2008). The superposition T-Matrix
method can be used to calculate orientation averaged light scattering by an aggregate
(Mishchenko et al., 2013; Mackowski and Mishchenko, 1996). In this technique, the total
field scattered by an aggregate is represented by the superposition of fields scattered by
each monomer in the aggregate. T-Matrix simulations for soot aggregates show that the
optical properties of aggregates are significantly affected by the aggregate morphology
(Liu and Mishchenko, 2005).
One of the ways to reduce uncertainties in the DRF calculations is to input accurate
optical parameters in Equation (1), which can be achieved by using advanced optical
methods like DDA and T-Matrix. However, all these methods require detailed
information on the particle morphology and mixing state. My dissertation is dedicated to
the investigation of the morphology and mixing state of carbonaceous aerosol at the single
particle level, using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), along with energy dispersive X-ray spectroscopy (EDS).

1.2 Carbonaceous aerosol
Carbonaceous aerosol are ubiquitous in the atmosphere and are emitted during the
combustion of fossil fuels, biofuels, and biomass burning, such as the burning of
firewood, grasses and agricultural residues (Horvath, 1993; Einfeld et al., 1991).
7

Carbonaceous aerosol include soot (black carbon) and organic carbon. In the literature on
carbonaceous aerosol, the term ‘soot’ and ‘black carbon’ have been used interchangeably,
depending on the measurement techniques employed to measure the particle properties.
The community prefers to use the term ‘black carbon’ when the optical properties are
measured (Lavanchy et al., 1999; Andreae and Gelencsér, 2006; Cappa et al., 2012) and
the term ‘soot’ when one investigates the particle morphology (Köylü et al., 1995;
Khalizov et al., 2009; Adachi et al., 2010). The ambiguity in the terms have been
discussed elsewhere (Buseck et al., 2014; Petzold et al., 2013). Buseck et al. (2014)
suggested using the term ‘ns-soot’ to describe the refractory and light-absorbing
component of carbonaceous material where “ns” refers to the monomers or “nanospheres”. The nano-spheres are clustered together to form a fractal-like or lacy structure
and each nano-sphere consists of concentrically wrapped graphene-like layers. Since we
have used electron microscopy techniques to study the morphology of individual
particles, hereafter we will use the term ‘soot’. Soot and organic carbon (OC) are
generally co-emitted. In general, soot forms in high temperature (flaming) combustions
(Xi and Zhong, 2006), whereas OC is dominant in low temperature (smoldering)
combustions (Chakrabarty et al., 2006; Martins et al., 1998).
OC are often weakly or not absorbing aerosol; however, there are some light absorbing
OC aerosol, which show strong absorption in the ultra violet-blue wavelength range and
appear brown, hence the term “brown carbon” (BrC). It is to be noted that OC contributes
20-90% of the total aerosol mass in the troposphere (Kanakidou et al., 2005) and the
emission sources of OC are multiple, such as from soil (Veghte et al., 2017), from plants
as VOCs and from combustion and biomass burning activities. The OC formed during
the smoldering combustion of biomass also includes BrC spheres called ‘tar balls’ and
these light-absorbing OCs are the particles of interest in chapter four of my dissertation.
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1.2.1 Mixing state and morphology of soot and effects on optical
properties
1.2.1.1 Mixing state
The mixing state and morphology of soot affect its optical properties. As mentioned
above, freshly generated soot has a fractal-like morphology and is usually externally
mixed with other particles. The term ‘external mixture’ here is used to indicate that
individual soot aggregates in an ensemble of different particles are not in direct contact,
as shown in Fig. 1-2a. ‘Internal mixture’ refers to the mixing of two or more different
types of aerosol materials within the same particle (Fig. 1-2b).

(a) External mixture

(b) Internal mixture

Figure 1-2. Schematic representation of a) external mixture, b) internal mixture of soot
with other particles. Lacy black particles represent soot.
During atmospheric processing, soot aggregates interact with other inorganic and organic
materials, including water, through condensation and/or coagulation processes and form
internal mixtures. In an internal mixture, a soot particle can be fully or partially coated
by the condensing materials, or it might be attached to the surface of other particles that
coagulated with, or some portion of the soot particle might penetrate inside the host
material (Figs. 1-2b and 1-3b). Internal mixing of soot with other material, including that
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involving water such as during fog processing or cloud processing, can cause soot
compaction and modify the soot optical properties.
As mention earlier, for pragmatic computational reasons, in climate models, internally
mixed soot particles are represented using a volume or mass equivalent core-shell
configuration and the Lorenz-Mie theory is employed to calculate their optical properties.
Core-shell models assume that the soot core lies at the centre and the outer coating
material acts as a “lens” refracting the light inward (Fig. 1-3a). For soot with complex
morphology like the off-center configuration of soot in Fig. 1-3b, the optical properties
are not well estimated by the core-shell model, and advanced models like the DDA and
T-Matrix mentioned earlier, would perform much better (Kahnert et al., 2013;Kahnert et
al., 2012;Scarnato et al., 2013).

(a)

(b)

Figure 1-3. Schematic representation of a) Core-shell model for a thickly coated soot
and b) surface-attached soot
Lack and Cappa (2010) showed that the “lensing” effect enhances the absorption by the
soot core. Plentiful of studies have shown that coating increases absorption by soot (Lack
and Cappa, 2010;Cappa et al., 2012;Khalizov et al., 2009;Ghazi and Olfert, 2013;Slowik
et al., 2007;Liu et al., 2015), even when the coating material is completely non-absorbing.
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The effect is generally quantified in terms of the absorption enhancement (Eabs), which is
simply the ratio of absorption by the coated soot to that by the soot core alone, when all
the coating material is removed. To calculate the (Eabs), firstly the absorption by coated
soot is measured. Then, the coating material is removed and finally, the absorption is
measured again.

Figure 1-4. Schematic describing how the absorption enhancement for coated soot is
calculated.
Studies show a large discrepancy in Eabs between laboratory and ambient soot samples up
to an order of two (Cappa et al., 2012), suggesting incomplete understanding of the optical
properties of mixed soot. Different researchers (Sedlacek et al., 2012; Moteki et al., 2014;
Adachi and Buseck, 2013; Adachi et al., 2010) have suggested that the variability in Eabs
of ambient soot might be due to the internal mixing state of soot. Thermodenuding is
commonly used to remove the coating from ambient soot. However, the thermodenuding
process if it were changing the core’s soot structure would introduce a bias in the
estimated Eabs. We discuss the effect of thermodenuding on the morphology of fresh soot
aggregates in chapter 3.
1.2.1.2 Cloud processing and soot morphology
Atmospheric processing can restructure a fractal-like (lacy) soot (Fig. 1-5a) to a compact
morphology (Fig. 1-5b). Freshly emitted soot particles are generally hydrophobic in
nature and externally mixed with other particles. Atmospheric processing like soot
oxidation, coagulation and coating with other organic and inorganic materials makes
11

them hydrophilic (Zuberi et al., 2005; Zhang et al., 2008). The fractal-like morphology
of soot may provide active sites for adsorption and deposition of water and other chemical
species in soot (Popovicheva et al., 2008; Mikhailov et al., 2006). Lacy soot particles
collapse to a compact morphology when it is wetted due to surface tension either during
evaporation (Ma et al., 2013; Ebert et al., 2002) or condensation (Tritscher et al., 2011;
Schnitzler et al., 2017). Fractal-like soot aggregates coated with glutaric acid collapsed
to a compact morphology when exposed to high relative humidity due to water processing
(Mikhailov et al., 2006). In cold cloud processing experiments conducted at the Pacific
Northwest National laboratory, China et al. (2015a) found that diesel soot aggregates
restructure to a compact morphology after cloud processing. They found that the SSA of
cloud processed soot is enhanced by a factor of up to 1.4, decreasing the DRF by ~63%.
In another study of soot samples collected from the free troposphe, China et al. (2015b)
found a significant number fraction of compact soot. Interestingly, the compact soot
particles were only thinly coated, and they speculated that multiple cloud cycles might
have been responsible for the compact morphology. In another study, Huang et al. (1994)
speculated that the observation of compact soot aggregates in the Grand Canyon region
may be due to the cloud processing of the lacy aggregates, as well. We discuss a
systematic study of cloud processed soot particles from laboratory and ambient samples
in chapter 2 of this dissertation.

(a) Fresh soot

(b) compact soot
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Figure 1-5. Scanning Electron Microscope micrographs of a) fresh soot from biomass
combustion collected in the laboratory at Carnegie Melon University (Saliba et al., 2016),
and b) compact atmospheric soot collected in the Po Valley, Italy. The dark circles are
holes on the substrate.
Studies on the morphology of soot have shown that compact soot has different optical
properties than lacy soot (China et al., 2015b;China et al., 2015a;Radney et al., 2014).
Based on laboratory experiments, Radney et al. (2014) measured higher absorption (~5%)
and scattering (~50%) when lacy soot restructures to a compact morphology. Based on
numerical simulations, Liu and Mishchenko (2005) found that the absorption of soot
increases by >25% after compaction. Their simulations showed that the SSA increased
by >10-fold when lacy soot undergoes compaction. Other studies such as the RDG
simulations by Sorensen (2001), DDA simulations by China et al. (2015a), and T-Matrix
simulations by Liu et al. (2008) highlight the importance of morphology in determining
the soot optical properties and radiative effects.

Figure 1-6. Schematic indicating how changes in soot optical properties upon
compaction are calculated.
We quantify the morphology of fresh soot aggregates in terms of three morphological
parameters; fractal dimension, roundness and convexity (China et al., 2015a). Fractal
dimension is used to depict the morphology of an aggregate in term of mass-length
relations. For a given mass, if the lacy aggregate restructures to a collapsed morphology,
the fractal dimension increases. Fresh soot aggregates exhibit scale invariant properties
with a typical 3-D fractal dimension (D3F) of 1.8 (Sorensen et al., 1992), which increases
13

when the aggregate collapses to a compact morphology, approaching 3 on complete
collapse (Fig. 1-7).

Figure 1-7. Schematic representation of fractal dimension for the arrangement of 22
monomers under different configurations.
Roundness is the ratio of the projected area of a soot aggregate to that of the circle whose
diameter corresponds to the maximum length of the aggregate. Convexity is the ratio of
the projected area of the aggregate to that of a convex polygon fully inscribing it.

Soot aggregate

Convexity =0.69

(a)

(b)

Roundness =0.49
(c)

Figure 1-8a) SEM micrograph of a kerosene flame generated soot aggregate during the
cloud expansion experiment in the MTU cloud chamber (π-chamber). The shaded portion
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in b) and c) enclosing the binary image of the aggregate shown in the micrograph in (a)
represent the convexity and roundness, respectively.
Lacy soot has a lower value of roundness and convexity compared to a compact particle
(China et al., 2015b). Roundness, convexity and other morphological parameters are
discussed more in chapter 3.
1.2.2 Morphology and optical properties of tar ball aggregates
Tar balls are brown carbon spheres released in the atmosphere during biomass burning
(Chakrabarty et al., 2010;Adachi and Buseck, 2011;China et al., 2013;Girotto et al.,
2018). In most studies, tar balls (TBs) properties are reported for individual spheres
(Hoffer et al., 2016;Liu et al., 2016). However, in a recent study, we found evidences that
they can also form aggregates as shown in Fig. 1-9 (Girotto et al. 2018).

Figure 1-9. SEM micrograph showing the aggregated and individual TBs collected
during the Whitewater-Baldy complex Fire, New Mexico, 2012 (Girotto et al., 2018). A
soot aggregate is also indicated to highlight the differences in monomer size that allows
to clearly distinguishing soot from TB aggregates.
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TB aggregates are composed of tens of TBs. Unlike soot aggregates that are composed
of monomers of diameter of 10-50 nm (Köylü et al., 1995), TBs are much larger (100300 nm) (Pósfai et al., 2003) and are therefore easily distinguishable.

Fig.1-10. Schematic showing how the changes in optical properties of aggregated TBs
and independent TBs can be calculated.
The aggregation of TBs can also have a significant effect on the optical properties, which
has not been investigated before. Therefore, it becomes necessary to study the optical
properties of TB aggregates and their radiative effects that I discuss in chapter 4 of this
dissertation.

1.3 Organization of the dissertation
The dissertation is divided into 5 chapters including this introduction (chapter 1) and the
conclusions (chapter 5). Because each chapter is based on published journal articles
(chapter 3 is published and chapter 4 is currently under review for publication) or is the
base for a future publication (chapters, 2), each starts with a brief introduction, followed
by a method, a result and discussion, and a conclusion sections. All my research is based
on the electron microscopy study of carbonaceous aerosol which is shown in Fig. 1-11.
In chapter 4, based on electron microscopy finding, I simulated the optical properties for
TB aggregates. A brief description of each chapter is provided next:
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Figure 1-11. Schematic showing electron microscopy as a basis for the study of soot
and tar ball.
Chapter 2 discusses cloud processing of soot particles. In particular, we investigate how
the morphology of soot changes after water condenses and evaporates onto the particles,
in laboratory and ambient samples. We find that the particles undergo compaction after
cloud processing. The work presented in this chapter constitute the main body of a
manuscript in preparation, expected to be submitted in the ‘Journal of Geophysical
Research: Atmospheres’ by early fall of 2018.
Chapter 3 deals with the investigation of the morphology of fresh soot particles upon
thermodenuding. As mentioned earlier, thermodenuding is a common technique
employed for the removal of volatile coating materials from soot. Our concern in this
study was to find out whether thermodenuding alone changes the structural integrity of
soot particles. Our findings show that thermodenuding does not cause appreciable
morphological changes. This work is published in the open access journal Atmosphere
(Bhandari et al., 2017).
Chapter 4 presents an extensive numerical simulations study of the optical properties
and radiative forcing of TB aggregates and compare them with those of individual TBs.
17

We show that aggregation does affect the radiative properties of TBs and that Mie
simulations are often not appropriate. The work presented in chapter 4 has been submitted
to the ‘Journal of Quantitative Spectroscopy and Radiative Transfer’ for publication and
is currently under review.
Chapter 5 is a summary of my research and includes a critical discussion of my research
and its broader implications.
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2 Chapter 2: Soot compaction during cloud processing:
observation from laboratory and field studies 1
2.1 Abstract
Soot particles form during combustion of carbonaceous materials. When freshly emitted
they are typically fractal-like aggregates consisting of several nanometer-sized monomers
and are hydrophobic. However, soot particles become hydrophilic after atmospheric aging
and can act as cloud condensation nuclei. Water condensation and evaporation processes
can restructure the soot aggregates to a more compact morphology, affecting their optical,
aerodynamic, and surface properties. We use electron microscopy to investigate
morphological changes in single soot particles from laboratory and ambient samples. We
collected ambient samples in the Po Valley in Northern Italy, location affected by high
pollution levels and frequent fog events. We found that during periods of fog, a fraction of
the soot particles restructured to a more compact morphology. We then performed
laboratory experiments to simulate atmospheric cloud processing of soot under controlled
conditions. For these laboratory experiments, we generated soot through kerosene
combustion and used the Michigan Technological University cloud chamber to generate a
cloud. We found that soot sampled after evaporating the cloud water droplets (residuals)
were much more compact than freshly emitted soot, suggesting that indeed, cloud
processing results in soot compaction. To put our results in a broader context, we conclude
our discussion by surveying the morphological characteristics of soot particles from several
ambient samples collected at various locations, under different environmental and aging
conditions.

Based on the manuscript in preparation for the ‘Journal of Geophysical Research: Atmospheres’ (to be
submitted in fall of 2018).
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2.2 Introduction
Soot particles are ubiquitous in the atmosphere (Penner et al., 1993;Pósfai et al., 1999;Bond
et al., 2013;Katrinak et al., 1993). They are emitted during incomplete combustion of
carbonaceous materials like fossil fuels or biomass (Tivanski et al., 2007;Pósfai et al.,
2003;Slowik et al., 2004). They strongly absorb solar radiation; therefore, affect the Earth’s
radiative balance through aerosol-radiation interactions, as well as, by affecting clouds,
surface albedo and atmospheric stability (Horvath, 1993;Haywood and Boucher,
2000;Ramaswamy et al., 2001). Because of their unique optical properties, soot particles
represent one of the strongest positive anthropogenic radiative forcers, possibly second
only to CO2 (Ramanathan and Carmichael, 2008;Jacobson, 2001). Concentrations and
optical properties of soot particles depend on their evolution in the atmosphere. In
particular, freshly emitted soot particles are fractal-like lacy aggregates, composed of
nanometer-sized soot monomers (also called spherules or nano-spheres) (DeCarlo et al.,
2004;Adachi and Buseck, 2008;Sorensen et al., 1992). However, aged soot particles often
have more compact morphologies, and this transformation affects the particles’ optical,
aerodynamic, and surface properties. Therefore, understanding these transformations is key
to correctly representing the properties of soot in climate models.
Fresh soot is typically hydrophobic and externally mixed with other aerosol components
(Saleh et al., 2014;Slowik et al., 2007;Zuberi et al., 2005;Weingartner et al., 1997;Van
Poppel et al., 2005). Soot becomes hydrophilic over time due to aging processes such as
condensation of organic or inorganic compounds on its surface, and coagulation with other
particles (Saleh et al., 2014;Martins et al., 1998;Reid et al., 2005;Kotzick and Niessner,
1999;Russell et al., 2002). In addition, atmospheric oxidizing agents such as ozone,
hydroxyl radicals, and NOx promote the formation of oxygen-containing polar functional
groups (e.g., carboxylates) on the soot surface, also making it more hydrophilic (Smith and
Chughtai, 1997;Smith et al., 1989;Decesari et al., 2002;Lary et al., 1999;Kotzick et al.,
1997;Fenimore and Jones, 1967). Hydrophilic soot particles can act as cloud condensation
nuclei (CCN) at atmospherically relevant supersaturation conditions (Zuberi et al., 2005);
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whereas, hydrophobic soot, such as graphitized thermal soot, requires much higher
supersaturation to activate (Koehler et al., 2009).
Coating material on the surface of soot, including cloud water condensing upon activation,
can exert capillary forces between the monomers and cause the aggregate to restructure to
a compact morphology (Shingler et al., 2016;Khalizov et al., 2013;Kütz and Schmidt-Ott,
1992;Cross et al., 2010). A detailed discussion on the water uptake by soot aggregates,
based on surface polarity, from different fuel sources, is reported by Popovicheva et al.
(2008). A schematic representation of a lacy soot aggregate and a compact soot particle is
shown in Figs. 2-1a and b), respectively. Some researchers proposed that soot compaction
occurs during the condensation of water, due to surface tension (Tritscher et al.,
2011;Schnitzler et al., 2017;Hallett et al., 1989), while others argued that the compaction
occurs during evaporation (Ma et al., 2013;Ebert et al., 2002;Zuberi et al., 2005;Mikhailov
et al., 2006). For example, Mikhailov et al. (2006) proposed that at saturation, i.e., at a
relative humidity (RH) of 100%, active sites on hydrophilic soot particles stimulate the
nucleation and growth of water droplets that exert surface tension on the soot branches
during the evaporation, collapsing the soot structure.

(a) Lacy soot aggregate

(b) Compact soot

Figure 2-1. Soot particles: a) lacy aggregate and, b) compact aggregate, containing 21
monomers each.
Therefore, cloud processing can be an important route to soot compaction. For example,
China et al. (2015c) found that soot particles collected in the North Atlantic free
troposphere were in significant fraction very compact, even when no significant coating
material was detected on the particles. They hypothesized that the compaction was due to
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cloud processing during long-range atmospheric transport. In another laboratory study,
Zuberi et al. (2005) found that chemically aged soot aggregates collapsed to a compact
morphology when water condensed and evaporated. The dehydrated soot particles, after
cloud processing, exhibited less porous structures and reduced particle sizes. In another
experiment with diesel soot, Huang et al. (1994) conducted up to three cycles of water
condensation-evaporation on soot particles and observed restructuring. They suggested that
their findings represent only the lower limit of soot compaction for atmospheric cloud
processing. They also hypothesized that their previous observations of compact soot
aggregates in the Grand Canyon may be due to cloud processing. In another study of
ambient samples collected during smoke periods (ship and biomass burning emissions),
Shingler et al. (2016) reported compaction of soot particles upon humidification. They
found that compaction was higher at 95% compared to 85% RH, implying additional
shrinkage at higher relative humidity. From laboratory experiments, Mikhailov et al.
(2006) found drastic restructuring of hydrophilic soot aggregates from lacy to a globularlike morphology when the aggregates were exposed to saturated air (RH of 100%). A more
recent cold cloud processing laboratory experiment also showed that lacy soot aggregates
become compact after super-cooled water condensation, and even more, after ice
nucleation (China et al., 2015a). The authors also found that compaction significantly
affects the soot optical properties. In fact, light absorption and scattering change
significantly when the soot particle undergoes a morphological transformation, ultimately
affecting the soot radiative forcing (Radney et al., 2014;Liu et al., 2008;China et al.,
2015a;China et al., 2015c;Zhang et al., 2017).
In our study, we analyze the morphology of soot from ambient samples processed in the
atmosphere, as well as, laboratory samples collected from a cloud chamber. The purpose
is to further test the hypothesis that cloud processing can indeed result in soot compaction,
even without added coating material, besides water, and to quantify the effect. To
generalize these results, we conclude our work by assessing the level of compaction for
single soot particles collected at different locations and under different environmental
conditions.
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2.3 Methods
2.3.1 Ambient samples from San Pietro Capofiume
We collected 13 ambient samples at a rural supersite in San Pietro Capofiume (SPC), in
the Po Valley of Italy, in November-December of 2015. The low temperature and high
relative humidity typical of the fall season, result in stable atmospheric conditions favoring
fog formation that interacts with anthropogenic pollutants present in high concentrations
in the region (Fuzzi et al., 1992;Gilardoni et al., 2014;Bigi and Ghermandi, 2016). We drew
ambient particles onto 13 mm diameter polycarbonate filter membranes (pore size of 0.1
µm, Whatman Inc., Chicago, Illinois, USA) and 3 mm diameter lacy formvar copper grids
(300 mesh copper, Ted Pella, Inc., Redding, California, USA) by using an aspiration
technique that is described elsewhere (China et al., 2014;China et al., 2015a). During
sampling, ambient air was drawn through a PM2.5 inlet using a diaphragm vacuum pump
(Hargraves Technology Corporation, New Hampshire, USA). The flow rate varied
between 0.12 and 0.26 lpm; however, it was nearly constant during each sampling period.
Out of the 13 samples, we used five sample sets collected during different atmospheric
conditions. Four sample sets were collected during fog conditions (we will refer to them as
“foggy events”). Foggy events were individuated as periods of low solar irradiance (< 300
Wm-2) and high liquid water content (LWC>0.08 gm-3). The LWC was measured with a
Particulate Volume Monitor PVM-100 (Gerber, 1991). As a reference, another sample set
was collected during a sunny period (“sunny event”), as indicated by high solar irradiance
(~ 400 Wm-2, closer to the peak solar irradiance (~456 Wm-2) during the campaign period
of one month, see SI) and low LWC (0.01 gm-3). Among the four foggy samples, we chose
a sample during a dense foggy period in the morning that we refer to as “foggy morning
event”, with an LWC ~ 0.12 gm-3. We compared the morphology of soot from this last
sample with the soot collected during the “sunny event”. Soot particles from the “foggy
morning event” were expected to be processed by the fog, while the soot particles from the
“sunny event” were expected to contain a larger fraction of soot not yet processed. Table
2-1 provides details on sampling times and conditions.
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Table 2-1: Sampling conditions at the San Pietro Capofiume site in the Po Valley, Italy.
The last two samples in the table were used for the detailed morphological analysis of soot.
S. No.

Event

Collection

Sampling Initial liquid

Final liquid

date and

flow rate

water content

water

time

(lpm)

gm-3

content gm-3

(LWCi )
1.

Dense fog

12/02/2015

(LWCf )

0.17

0.15

0.10

0.17

0.04

0.01

0.26

0.05

0.28

0.17

0.12

0.11

0.13

0.01

0.01

9:40- 10:10
2.

Dissipating fog

12/02/2015
11:50-12:20

3.

Forming fog

12/02/2015
18:43-19:00

4.

Dense morning
fog (Foggy
morning)

5.

Sunny

12/04/2015
9:15-9:45
11/30/2015
10:40-10:55

We used all five samples to study the soot mixing state (see section 2.3.3.1). Out of these
sample sets, two samples (“sunny event” and “foggy morning event”) were used to study
the soot compaction. The sulfur/carbon atomic ratio for coated soot in those two samples
was determined by using the energy-dispersive x-ray spectroscopy (EDS). Only lacy TEM
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grids were used for the EDS to avoid the background carbon signal from the membrane. A
total of 204 and 426 internally mixed soot particles were analyzed with EDS for the sunny
event and foggy morning event samples, respectively.
In addition, two instruments were used to measure the mass concentration of aerosol. A
High Resolution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne
Research Inc.) was used to measure the mass concentration of non-refractory components
in the ambient samples (in µgm-3). The mass concentration of soot in the ambient samples
was measured with a 7-wavelength Aethalometer (Magee, AE31). A sampling interval of
5 minutes was set for both instruments.
2.3.2 Laboratory sample collection from the π-chamber
We We performed experiments in the laboratory (on January 30th, 2017) to study the soot
compaction process under controlled conditions. To subject the soot particles to cloud
processing, we utilized the turbulent cloud chamber at Michigan Technological University
(USA), referred to hereafter as the π-chamber. A detailed discussion of the π-chamber is
provided by Chang et al. (2016). In the π-chamber, clouds are formed by expansion or by
mixing. In the mixing mode, a long-lasting cloud is formed by imposing a temperature
gradient between the top and bottom surfaces (radiant plates), while maintaining the two
surfaces saturated with respect to water. For the experiments discussed here, we generated
clouds in the mixing mode, using a temperature gradient of 19 K between the warmer
bottom plate and the colder top plate to drive convection and form a mixing cloud, a process
that is described in detail elsewhere (Chandrakar et al., 2016). Soot particles were drawn
from a kerosene flame using an eductor pump (AIR-VAC, model: AVR093M) and
compressed clean air, and injected into the π-Chamber. We then formed a mixing cloud by
using the soot particles as cloud condensation nuclei. The LWC of the cloud chamber
during the experiment was ~0.085 gm-3 (measured using a phase doppler interferometer,
Dantec dynamics). We used a pumped counterflow virtual impactor (PCVI-8100, Brechtel
Mfg.) to collect only the residual soot particles. In the PCVI, air pumped in the direction
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opposite (counterflow) to that of the input flow drives smaller interstitial aerosols away,
allowing only larger particles (mainly droplets) to pass through the inlet, due to their inertia
(Boulter et al., 2006;Kulkarni et al., 2011). In other words, only particles with enough mass
can overcome the counterflow, and pass through the sampling orifice. Because dry air is
used in the counterflow, the droplets evaporate, leaving behind the residual soot particles
(RS). The PCVI was run to achieve a size cut of ~4.5 µm with an efficiency of < 30%. We
used a separate outlet (a quarter inch conductive tube ~1 m long) from the chamber to
collect mostly interstitial soot particles (IS) at a flow rate of 0.5 lpm. The conducting tube
was connected to a quarter inch horizontal stainless-steel tube of ~1.5 m inside the
chamber. Using the phase doppler interferometer (Dantec Dynamics) we measured a mean
droplet diameter of 20 µm; at this size droplets travel <20 cm through the horizontal steel
tube before impacting on the walls ensuring that we collected only interstitial soot particles.
Before sampling the particles, both the RS and IS were passed through a diffusion dryer to
further remove moisture. A schematic showing the collection of both IS and RS samples is
shown in Fig. 2-2.

Figure 2-2. Soot aerosol sampling set-up in the π-chamber.
Comparing the RS and IS samples allowed us to investigate and quantify the difference
between the morphology of soot that took part in cloud processing vs. those that did not.
We measured the mobility size distribution of soot particles using a Scanning Mobility
Particle Sizer (SMPS- TSI-3772). Both IS as well as RS were collected on 13 mm diameter
nuclepore polycarbonate membranes, having a pore size of 0.1 µm (Whatman Inc.,
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Chicago, Illinois, USA) with a flow rate of 0.4 lpm (Hargraves Technology Corporation,
New Hampshire, USA).
2.3.3 Single particle analysis
The membranes were coated with 1.5 nm (±10%) thick layer of Au/Pd alloy in a sputter
coater (Cressington 208HR) to reduce charging effects. We then imaged individual
particles with a Hitachi S-4700 field emission scanning electron microscope (FE-SEM) at
a magnification of 60-100 kX, an accelerating voltage of 1 kV, and a working distance of
4 mm for single particle analysis and particle classification. We also took transmission
electron microscopy (TEM) images on the copper grids for two samples (‘sunny event’ and
‘foggy morning event’ samples) using an environmental transmission electron microscope
(E-TEM Titan, FEI) operated at 300 kV. The TEM images were used for energy dispersive
X-ray spectroscopy and for particle classification. We used the FE-SEM and TEM images
to calculate several morphological parameters with the freely available image processing
software ImageJ (Schneider et al., 2012). During image analysis, we used a Gaussian blur
filter for smoothing the edges of the binarized images.
2.3.3.1 Morphology and mixing state of soot
To To quantify the structural changes that soot underwent during cloud processing and
assess the degree of compaction, we investigated several morphological parameters. These
include roundness, convexity, aspect ratio (AR) and area equivalent diameter (DAeq). Next,
we provide a succinct description of these parameters, additional details and the limitations
of image processing and analysis can be found elsewhere (China et al., 2014;China et al.,
2013;Bhandari et al., 2017). Roundness is the ratio of the projected area of an aggregate
(Ap) to the area of a circle having a diameter of 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 , and is a measure of the particle
geometry and topology. Convexity is the ratio of 𝐴𝐴𝑝𝑝 to the area of the convex hull polygon

inscribing the aggregate and is a topological property of the particle. AR is the ratio of 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

and the width of the projected aggregate (W) orthogonal to 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 , and is a measure of the

elongation of the particle. DAeq is the diameter of a spherical particle with an area
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equivalent to Ap and provides a quantitative measure of the particle size. The three
parameters AR, convexity, and roundness incorporate different and somewhat
complementary information. For example, a spherical particle has projected convexity,
roundness and AR values each equal to unity, while a rectangular parallelepiped laying on
its long side has a projected convexity of unity, but its roundness is lower than one and its
AR is larger than one. Specifically, lacy soot particles with an open structure are expected
to show lower convexity and roundness, and higher AR values, with respect to compact
soot particles. This is true even if the particles (compact or lacy) have the same mass and
identical monomer diameter. When a soot particle compacts instead we expect the DAeq to
decrease. An example of an SEM image of a soot particle and a schematic representation
of the AR, and convexity and roundness calculations from the respective binary image are
shown in Figs. 2-3 a, b, and c, respectively.

AR =1.28
(a)

Convexity = 0.79
(b)

Roundness = 0.59
(c)

Figure 2-3a) Example of SEM image of a soot particle collected in the laboratory on
January 30, 2017, showing how we calculate the AR from the maximum length and
maximum width of the particle (orthogonal to each other). The black circle in the middle
left side of the image is a pore in the substrate. b) Schematic representation of the convexity
calculation for the same soot particle shown in a). c) Schematic representation of the
roundness calculation for the same soot particle shown in a). The pink shades in b) and c)
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represent the equivalent area for the convex hull and the inscribing circle, respectively. The
binary image of the soot particle is in black.
To quantify the morphology of soot, we also calculated the fractal dimension (Df) of soot
particles. However, Df values are more difficult to calculate and the method used to
calculate the Df requires several soot particles, it becomes more difficult and more
uncertain for ambient particles and therefore, the results are discussed in the SI.
Often, ambient soot particles are coated by other material and some are so thickly coated
that the monomers are not clearly distinguishable, this can bias the calculation of the
morphological parameters. Therefore, we first classified the ambient soot particles into
four categories based on a visual inspection of the coating thickness: C0, C1, C2, and C3,
as described by Girotto Giulia (2015). In brief, a bare or thinly coated soot particle, in
which all the monomers are clearly visible, is classified as C0. In C1, the soot particle has
some of the monomers covered by a thin coating, and in category C2, the soot particle has
some monomers covered by thick coating; finally, in C3, most of the monomers are
completely covered by the coating material and are barely distinguishable (Fig. 2-4a). In
some cases, the soot particles appear to be attached to, or partially engulfed by, other
particles. Such partially encapsulated/surface attached soot is classified in an additional
separate category, PE (Fig. 2-4b). For example, as shown in Fig. 2-4b), the soot is thickly
coated (C2), and also surface attached with another particle (PE-C2).

(a)

(b)
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Figure 2-4a) Soot particles with different degrees of coating: category-(C0-C3). b) Soot
particle of category PE-C2. The scale bar on each micrograph corresponds to 300 nm.
We note that this soot classification is based on a visual evaluation from the SEM
micrographs, and therefore, it presents some subjectivity and some potential bias. For
example, a heavily coated soot that would fall in category C3 might be excluded from the
soot classification when none of the monomers in the SEM image were discernible. Also,
the vacuum in the electron microscope chamber might result in evaporation of some of the
coating material. However, these biases are not a real concern here, as we will focus on
particles in the C0 and C1 category only. Soot particles collected in the laboratory were
freshly emitted and mostly uncoated, and therefore, were considered all to be in the C0
category.
2.3.3.2 Uncertainties in the image processing
Bhandari et al. (2017) provided a discussion of the uncertainties associated with the
calculation of the morphological parameters determined from the SEM images. In addition
to the statistical error, there are potential errors in the parameters associated with image
acquisition and image processing. Bhandari et al. (2017) estimated the errors in convexity
and roundness to be 3.9 % and 4.4 %, respectively. Similarly, the errors in 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 , W and dp

were estimated to be 1.5 %, 1.8 % and 14%, respectively. Using the errors in 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 and W
we calculate a 1.9% uncertainty in the AR. The uncertainty in DAeq was 3.2%. Unless

differently stated, here forth, we will use the mean ± the total error calculated by adding all
the errors (statistical error and errors associated with image acquisition and image
processing) in quadrature.

2.4 Results
2.4.1 Mixing state of the San Pietro Capofiume soot particles
As discussed above, for the SPC ambient soot, we visually classified the mixing state of
more than 840 individual particles from SEM images from five samples. We also classified
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348 soot particles from TEM images of two additional samples collected during the sunny
and the foggy morning events.
Figure 2-5 shows the classification of soot particles (from both SEM and TEM images)
from different events (Table 2-1).
C0-bare or thinly coated
C1-partly coated
C2-thickly coated
C3-embedded
PE-partially encapsulated

60%
91

Particles [ % ]

50%
69

40%
51

30%

43

48

59

43

20%
10%
0%

165

64

63

25
8

3

1

2

I Foggy: before fog II Fog-decreasing
dissipation (179)
(153)

4

103
90

103

1

III Fog-increasing
(180)

15

51
18

53
18

IV Foggy morning V Sunny :before fog
(364)
period (315)

Number of soot particles

Figure 2-5. The contribution of soot particles for each category during different events.
The total number of particles in each category is reported above each bar. The numerals in
the bracket represent the number of soot particles for each sample.
We found that most of the soot particles were partly or thickly coated (soot of category C1
or C2). As mentioned before, ambient soot can acquire a coating during aging. A
substantial fraction of soot in all samples was embedded. These fractions suggest that soot
was aged and mixed with other materials such as organics or sulfate, common in polluted
regions (Adachi et al., 2010;Peng et al., 2016). The aerosol mass spectrometer data showed
more than 30% organics and ~ 5% sulfate in all five samples. Elemental analysis of soot
particles from the sunny and foggy morning events showed an appreciable abundance of
sulfur in both samples (Fig. 2-6). On average 53% of all the soot particles analyzed
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exhibited S/C >0.001 for the sunny event while the number fraction was 48% for the foggy
morning event. The average (± S.D.) S/C values were 0.010 (0.006) and 0.009 (0.005) for
the sunny and foggy morning events, respectively. The presence of sulfur in the soot
suggests that these particles were likely to participate in cloud activation (Zhang et al.,
2017). In all events, the number fraction of soot in category PE was small (< 5%)
suggesting that coagulation processes had only a minor role in determining the mixing state
of soot.
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Figure 2-6. Ratio of sulphur and carbon in coated soot for the samples from the sunny and
the foggy morning events.
2.4.2 Morphology of ambient soot particles
During the image analysis, we noticed many compact soot particles with and without an
appreciable amount of coating material. Minimally coated, but compact soot particles have
been found in the atmosphere previously; for example, China et al. (2015c) found 26% of
compact soot particles in the free troposphere over the North Atlantic, with a minimal
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amount of coating. They hypothesized that the presence of such compact soot might have
been the result of cloud processing. Because we quantify compaction with the
morphological parameters discussed earlier in section 2.3.3.1, and because coating might
affect the results of the 2D projected image, we focus here only on those particles with a
small amount of coating (categories C0 and C1). This choice maximizes the chances of
quantifying soot compaction due to cloud processing and minimizes the potential
contribution to compaction by coating, other than water. However, this approach excludes
those soot particles that became compact through cloud processing and were coated later.
As mentioned earlier, we compared the soot from the sunny event to that from the foggy
morning, to find evidence of cloud processing in their morphologies. A total of 109
individual soot particles were imaged and analyzed for the sunny event and 144 soot
particles were imaged and analyzed for the foggy morning event. The mean, standard
deviation (S.D.), and standard error (S.E.) values for different morphological parameters
are summarized in Table S1. The total error for each parameter (as discussed in section
2.3.3.2) is reported in the square brackets in Table S1.
From Table S1 it can be noticed that the mean values for convexity and roundness are lower
for soot particles collected during the sunny event compared to those collected during the
foggy event (Fig. 2-7a and b, respectively). A bootstrap method, in which frequency
distributions are constructed from the raw data with 100,000 resampling with replacement
(Wilks, 2011), was used to calculate the mean and S.D. for each bin in the distributions
shown in Fig. 2-7.

(a)

(b)
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Figure 2-7. Distributions of (a) convexity and (b) roundness of soot particles of category
C0 and C1. The colored shadings represent plus and minus one standard deviation of the
100,000 bootstrapped distributions within each bin (see main text).
After cloud processing, the convexity and the roundness distributions both appear to shift
toward larger values. Also, the AR and DAeq distribution of the soot particles shifted to
lower values during the foggy morning event with respect to the sunny event (see S1a and
S2a in supplementary for AR and DAeq distribution plots). While the size of monomers
(Table S1) in the soot aggregates did not show significant change. These findings support
the hypothesis that soot compaction can arise from cloud processing of ambient soot.
2.4.3 Morphology of soot particles from the π-chamber
As mentioned in the method section 2.3.2, we simulated the cloud processing of soot using
the π-Chamber to further investigate the effect of cloud processing on the soot morphology
in laboratory conditions. Soot particles sampled from the π-Chamber showed clear changes
in the morphology between the IS and RS particles. Most of the soot particles sampled
through the PCVI (i.e., RS) showed a more compact morphology (Fig. 2-8).

Figure 2-8. SEM images of soot particles collected on polycarbonate membrane from the
π-Chamber on January 30, 2017 and imaged at an accelerating voltage of 1 kV, an emission
current of 10 µA and a working distance of 4 mm for: a) an interstitial soot particle
(magnification of 80 kX), and b) a residual soot particle (magnification of 100 kX). The
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dark spot in (b) is a pore in the filter. The convexity and roundness of each particle are
reported as well.
Convexity and roundness were significantly higher for the RS compared to the IS samples,
indicating a substantial compaction of soot particles by cloud processing, as shown in the
distribution plots in Fig. 2-9.

(a)

(b)

Figure 2-9. Distribution of: (a) convexity, and (b) roundness for residual and interstitial
soot particles. The shaded colored bands represent one S.D.
The findings are substantiated by a decrease in AR and DAeq. for RS as clearly visible in the
distribution plots shown in the SI (Figs. S1b and S2b).
The large range in DAeq is because the soot particles generated during the experiments were
injected into the chamber without size selection. However, no significant change in the size
of monomers was detected.
We should note that the size of the monomers for the soot particles from the π-chamber
was smaller than that of ambient soot. The size of the monomers in soot aggregates depends
on various factors like flaming condition, fuel type etc. (Bambha et al., 2013;Bond et al.,
2004), but they also depend on atmospheric aging processes. The soot particles sampled in
the π-chamber were fresh (collected within an hour of emission), while the particles
sampled at the SPC site were mostly aged, as discussed earlier.
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2.5 Discussion and conclusion
Ambient Ambient soot particles showed a range of mixing states and morphologies. The
fraction of soot particles with minimal coating was higher on the sunny than the foggy
events. However, most of the soot particles were coated for all samples. The AMS data
showed a large fraction (29-46%) of organics, along with nitrate (17-42%), ammonium (715%) and sulfate (4-7%) that might have contributed to the coating on the soot particles
and potentially have contributed to the soot hydrophilicity. Also, only a minor fraction of
soot particles (< 6%) were partially encapsulated/attached with other materials, implying
that coagulation was not a significant process affecting the soot mixing, similar to what has
been found in other studies (China et al., 2015c;China et al., 2014). Our results show that
soot particles become compact because of cloud processing. Both roundness and convexity
were higher and significantly different for the soot particles from the foggy morning event
compared to the sunny event. Consistently with these findings, the AR and DAeq were
significantly lower in the foggy morning sample.
In the cloud chamber experiments, the soot roundness and convexity were both
significantly higher for the RS compared to the IS, whereas the AR and DAeq were
significantly smaller, demonstrating the soot compaction by cloud processing even in
absence of added coating material. The π-chamber samples showed more evident changes
in morphology with respect to the ambient samples. This observation is consistent with the
fact that the ambient samples are a complex mixture of soot of different degrees of aging
and processing, compared to the chamber experiments. In addition, a PCVI was not
available during the ambient sampling. During the sunny event, pre-existing soot might
already have been cloud processed in a previous fog event. It is therefore reasonable, that
the roundness and the convexity of the ambient soot for the sunny event were higher
compared to the IS collected from the π-chamber. It is interesting to note, however, that
the roundness and convexity distribution plots for the foggy morning event (blue curves in
Fig. 2-7) and those for the RS from the cloud chamber (blue curves in Fig. 2-9) are quite
similar. This suggests that the right side of these convexity and roundness distributions
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might represent upper limits for these parameters in warm cloud conditions and short
processing times. The mean values of convexity and roundness are comparable also to the
mean values of convexity (0.75) and roundness (0.45) observed by China et al. (2015a) in
diesel soot liquid water residuals. The values presented here, are instead lower than the
values obtained for ice crystal residuals (convexity =0.83 and roundness = 0.55) by China
et al. (2015a), suggesting that ice nucleation might indeed further compact soot. These
observations might explain why the mean values of roundness and convexity for our cloud
processed soot (from the cloud chamber and SPC ambient samples) are slightly lower than
the convexity and roundness of soot samples retrieved from the marine free troposphere
after the long-range transport (China et al., 2015c). In their study, the particles were
transported in the free troposphere at heights that might have resulted in freezing for at
least some of the soot, resulting in more compact overall soot population. In addition, the
soot analyzed in their study was transported for several days in the atmosphere, allowing
for multiple cycles of cloud processing. Therefore, both cloud processing type (cold vs.
warm) and transport time probably play a role in determining the upper limit of soot
compaction in the atmosphere.
To further put these results in a broader context, we compile the probability distribution
for convexity with a box plot (distribution plot for roundness is shown in SI in Fig. S8) for
ambient soot particles collected by our group from different global locations in Fig. 2-10.
On each plot, the bar represents the probability distribution function of convexity
distribution and the vertical white line on each box plot represents the median and the grey
diamond represents the confidence interval for the mean of the distribution. It is to be noted
that the roundness and convexity plots were only from thinly coated or partly coated soot
as for the data shown in the previous sections. In Table S3, we present the mean values of
roundness and convexity for these ambient soot samples along with some laboratory
samples and their collection date. Freshly emitted ambient soot particles collected in
Bhaktapur (Nepal) and West Bengal (India) had lower values for roundness and convexity
compared to other soot samples. Samples in Bhaktapur were collected near roads around
the brick kiln sites consisted of fresh emission (few seconds) from kilns and on-road
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vehicles. Samples collected from a rural site in West Bengal, India showed slightly higher
values of roundness and convexity than the samples from Bhaktapur but are lower than
other samples suggesting slightly aged samples (few hours). Ambient soot particles,
collected during the 2010 Carbonaceous Aerosol and Radiative Effects Study (CARES) in
Sacramento showed slightly higher values than the rural site at West Bengal. CARES
samples collected from the foothills of the Sierra Nevada Mountains in Cool showed higher
values of roundness and convexity than at Sacramento, consistent with the longer aging
times (in the order of a day). The roundness and convexity of ambient soot from the T0 site
in Mexico City during the Megacity Initiative: Local and Global Research Observations
(MILAGRO) campaign with an aging time like that during CARES showed comparable
values to those of CARES. Soot compaction with aging was also observed for the two fire
events in our study. Both the roundness and convexity are higher for the more-aged smoke
plume from Whitewater-Baldy complex fire collected at Las Alamos (Las Alamos National
Laboratory) compared to the Las Conchas fire. Surprisingly, the fresh samples collected at
a road site from Ann Arbor (China et al., 2014) shows comparable values of roundness and
convexity to the samples collected during the MILAGRO and CARES campaign. It might
be due to the compact soot particles collected in the samples when there were more heavyduty vehicles on road. (China et al., 2014) have found that Df of soot got increased when
more heavy-duty vehicles plighted on the road. Also, the samples might have pre-existing
soot particles that had been transported to the sampling sites from other nearby highways
and surrounding. For the ambient soot collected in Detling, the UK during the 2012
ClearfLo (clean air for London) campaign (Liu et al., 2015), the values were higher
suggesting somewhat longer aging times for the airmass originating from London outskirts
and Benelux region to arrive Detling. The higher values of roundness and convexity of the
soot particles in Detling compared to those of Mexico City and California (Sacramento and
Cool) might also be due to the moist weather conditions (winter) in the UK compared to
the dry atmosphere of Mexico City and ??California. The highest values (mean) of
roundness (0.58) and convexity (0.84), also evident from the distribution plots were found
for soot particles collected in the Pico mountain at Azores (Portugal), with probable aging
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times of several days, due to the long-range transport from the source and the high
likelihood of multiple cloud processing, possibly including ice formation as discussed
earlier (China et al., 2015b). Roundness and convexity values seem to clearly increase as
the aging time becomes longer. A separate laboratory experiment in the π-chamber at
Michigan Tech showed that the degree of compaction is higher for turbulent mixing cloud
(multiple cloud processing of soot) compared to the single cloud expansion experiment
suggesting that soot particles at Pico mountain might have undergone multiple cloud
processing (Fig. S7). In addition, highly compact soot particles retrieved during the longrange transport might have been processed in ice clouds before they are entrained to the
free troposphere. In laboratory experiments at Pacific Northwest National Laboratory,
China et al. (2015a) found that the cloud processed ice crystal residuals (soot particles)
underwent severe compaction corroborating the hypothesis of soot compaction in Pico
mountain, possibly by the cloud processing in ice-clouds.

Figure 2-10. Histogram and box plot for convexity of thinly coated soot particles from
different locations. On each box plot, the vertical white line represents the median and the
grey diamond represents the mean confidence interval for each distribution. For each
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distribution, N in the bracket is the number of soot particles analyzed and PDF on the yaxis is the probability distribution of particles for each bin as a function of convexity.
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Table 2-2. Mean value of roundness and convexity of ambient soot particles (soot category
C0 and C1) from different locations. The last three samples in the table are from the
laboratory sources.
S.

Roun

Conv

No.

dness

exity

1.

0.47

0.78

Soot source

# particles

Literature

analyzed
Plumes from London and Benelux collected at Detling, the UK

1549

Girotto (thesis 2015)

(January 31st Benelux, February 2-3, London, 2012)
2.

0.45

0.76

Whitewater-Baldy Complex Fire, New Mexico (May 2012)

55

Girotto (thesis 2015)

3.

0.42

0.72

CARES campaign, Cool (June 2010)

201

This study

4.

0.38

0.65

CARES campaign, Sacramento (June 2010)

161

This study

5.

0.41

0.70

Mexico City, Mexico (March 2006)

1601

China (thesis 2014)

6.

0.32

0.59

Bhaktapur, Nepal (March 2017) (fresh emission)

123

This study

7.

0.36

0.63

West Bengal, India () (fresh emission)

101

This study

8.

0.58

0.84

Pico Mountain at the Azores, Portugal (July 2012) (> a week

189

(China et al., 2015b)

aged)
9.

0.40

0.70

Ann Arbor, Michigan (July-August 2010) (fresh soot)

796

(China et al., 2014)

10.

0.41

0.70

Los Conchas Fire, New Mexico (July 2011) (1-2 hours aged)

411

(China et al., 2013)

11.

0.43

0.71

Po Valley, Italy, sunny day (December 2015)

109

This study

12.

0.52

0.80

Po Valley, Italy, foggy morning (December 2015)

144

This study

13.

0.29

0.56

Michigan Tech Cloud Chamber π at Houghton, Michigan

161

This study

160

This study

241

(China et al., 2015a)

(January 2017) (interstitial soot-few minutes aged)
14.

0.48

0.78

Michigan Tech Cloud Chamber π at Houghton, Michigan
(January 2017) (residual soot-few minutes aged)

15.

0.55

0.83

Pacific Northwest National Laboratory, Richland, Washington
(November 2013-January 2014) (Ice crystal residual from
diesel soot)
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These results can have implications on how we should model the properties of soot
particles transported in the atmosphere. Several lines of evidence have shown that the
optical properties of soot change when the soot becomes compact, with the effect of
compaction being more pronounced for light scattering (Radney et al., 2014;Liu and
Mishchenko, 2005;China et al., 2015a). In a recent ice nucleation study, using soot from
different fuel sources, Mahrt et al. (2018) found that the ice nucleation abilities of soot are
also affected by the availability of mesopores. A lower number of mesopores in compact
soot compared to lacy soot can make it less effective for ice nucleation. Additionally,
compact soot has a higher effective density than lacy soot (Rissler et al., 2014), which can
have an effect on dry deposition and electrical mobility. Finally, studies have shown that
the toxicity of inhaled aerosol, including soot particles, in lungs increases with the surface
area of the particles (Oberdörster, 2000;Schmid and Stoeger, 2016;Stoeger et al., 2006). In
a recent study in Japan, Kiriya et al. (2017) showed that fresh soot concentrations correlated
with aerosol surface area measurements, with the correlation weakening for aged soot. In
addition, the deposition of fiber-like particles, such as fresh soot in the lungs, is enhanced,
for the same mass, due to higher drag (Asbach et al., 2016;Scheckman and McMurry,
2011).
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2.7 Supplemental Information
Table S1. Morphological parameters calculated for soot particles from the sunny and the
foggy morning events for soot in category C0 and C1, only. The total error (in square
brackets) is calculated by adding all the errors in quadrature, as discussed earlier in section
2.3.3.2 in the main paper.
Parameter

Sunny: 109 particles

Foggy morning: 144 particles

Mean ± S.D. (S.E.) [total error]

Mean ± S.D. (S.E.) [total error]

0.71 ± 0.13 (0.01) [0.03]

0.80 ± 0.11 (0.01) [0.03]

Roundness 0.43 ± 0.15 (0.01) [0.02]

0.52 ± 0.14 (0.01) [0.03]

Lmax (nm)

529 ± 290 (28) [29]

343 ± 150 (13) [14]

W (nm)

330 ± 200 (19) [20]

227 ± 95 (7.9) [8.9]

AR

1.66 ± 0.45 (0.04) [0.05]

1.53 ± 0.34 (0.03) [0.04]

dm (nm)

38.7 ± 10.2 (1.4) [5.6]

35.7 ± 6.7 (0.56) [5.0]

DAeq (nm)

326 ± 155 (15) [18]

237 ± 93 (8) [11]

Convexity
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Table S2. Morphological parameters studied for IS and RS with mean and 1 S.D. values.
Parameter

IS: 161 particles

RS: 160 particles

Mean ± S.D. (S.E.) [total
error]

Mean ± S.D. (S.E.) [total error]

0.56 ± 0.13 (0.01) [0.02]

0.78 ± 0.14 (0.01) [0.03]

Roundness 0.29 ± 0.12 (0.01) [0.02]

0.48 ± 0.16 (0.01) [0.02]

Lmax (nm)

491 ± 240 (19) [20]

300 ± 190 (15) [16]

W (nm)

260 ± 130 (10) [11]

186 ±110 (8.4) [9.1]

AR

1.95 ± 0.6 (0.05) [0.06]

1.63 ± 0.44 (0.03) [0.05]

dm (nm)

26.4 ± 4.3 (0.74) [3.8]

29.8 ± 6.1 (1.2) [4.3]

DAeq (nm)

239 ± 89 (7) [10]

192 ± 96 (8) [10]

Convexity
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(a)

(b)
Figure S1. Distribution of aspect ratio of soot particles a) in category C0 and C1 for sunny
and foggy morning events, b) for IS and RS samples from the π-chamber. The colored
bands on each plot represent ± 1 S.D.

(a)

(b)
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Figure S2. Distribution of the area equivalent diameter of soot particles (a) in category C0
and C1 for sunny and foggy morning events, (b) for IS and RS samples. The coloured

Sulfate, organic, nitrate and
BC % from AMS

bands on each plot represent the ±1 S.D.
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Figure S3. AMS aerosol composition for sunny and foggy events. The dots represent 5minutes averaged data points for each sample.
Since fresh soot particles have a fractal-like structure (Oh and Sorensen, 1997), the mass
of soot scales with its length following a power law given by Mandelbrot and Pignoni
(1983). Because the mass of soot is proportional to the number of monomers N in the
aggregate, this scaling law is often expressed as:
2𝑅𝑅𝑔𝑔 𝐷𝐷𝑓𝑓

(SI-1)

𝑁𝑁 = 𝑘𝑘𝑔𝑔 � 𝑑𝑑 �
𝑚𝑚

where Kg is the fractal prefactor, Rg is the radius of gyration of the aggregate, and dm is the
arithmetic mean diameter of the monomers. The exponent Df is the fractal dimension. Lacy
soot aggregates have lower values of Df than compact soot particles. The ensemble method,
in which N for several soot particles is plotted as a function of the radius of gyration (or a
surrogate of it) and a power law is fitted to the data, is commonly used to calculate Df for
lacy aggregates when Df < 2 (Brasil et al., 1999;China et al., 2014;Oh and Sorensen, 1997).
However, for the purpose of our study, we are also interested in highly compact soot
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particles with Df >2. For such compact soot aggregates, the use of the ensemble method
would provide erroneous results due also to an underestimation of N calculated from 2-D
(projected) images (China et al., 2015). Thus, we calculated what we call a 2-D ensemble
fractal dimension (D2f) where the particle projected area (𝐴𝐴𝑝𝑝 ) scales with one of its length
scales, chosen to be Lmax, similarly to the scaling law given by Lee and Kramer (2004):
𝐴𝐴𝑝𝑝 = 𝐾𝐾2𝑔𝑔 (𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 ) 𝐷𝐷2𝑓𝑓

(SI-2)

where 𝐾𝐾2𝑔𝑔 is a “two-dimensional” prefactor and 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum length of the

aggregate.

The D2f values for the samples from sunny and foggy morning events along with the πchamber samples are listed in table below.
Sample

D2f with S.D.

Sunny event (109 particles)

1.79 (0.01)

Foggy morning event (144 particles)

1.81 (0.02)

IS (161 particles)

1.54 (0.02)

RS (160 particles)

1.63 (0.01)

0

D2f : Foggy morning vs. sunny
Foggy morning: ln (Areaprojected) = 1.81·ln (Lmax) - 0.53

ln (Projected Area)

-0.5
-1

-1.5
-2
-2.5

Sunny: ln (Areaprojected) = 1.79·ln (Lmax) – 0.58
-1

-0.8

-0.6

-0.4

-0.2

ln (L max)
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0

D2f : Residual vs. Interstitial
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-0.5
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) = 1.63· ln (L

max

) – 0.70

-1

-1.5
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IS: ln (Area
-1

-0.8

-0.6

projected

) = 1.54· ln (L

-0.4

max

-0.2

) – 0.88
0

ln(Lmax)

(b)

Figure S4. D2f for a) RS and IS, b) sunny and foggy events. The dots represent the data
points and the lines represent the linear fitting.
We calculated the D2f between the IS and RS to quantify soot restructuring and compaction
by cloud processing. The D2f for the IS and RS soot are shown in Fig. S3 where the
logarithm of Ap is plotted as a function of the logarithm of Lmax. The slope for the RS is
higher than for the IS (1.63 vs. 1.54) indicating compaction of soot particles after cloud
processing. In earlier studies, higher values of Df have been reported for soot particles after
cloud processing (e.g., Colbeck et al., 1990;Zuberi et al., 2005).
It may be noted that for both soot samples from sunny and foggy morning events, D2f has
similar values. This might reflect the fact that different soot sources contribute to the
ambient samples making the ensemble approach needed for the D2f estimate less
appropriate and sensitive for detecting changes in morphology than non-ensemble
parameters such as the convexity and roundness.
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Solar irradiance in Po Valley
(Duration 00:00:00 11/30/2015-00:00:00 12/05/2015)
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Figure S5. Solar irradiance in the Po Valley during the period of collection of the five
samples studied here. The yellow and red dots represent the sunny and foggy events,
respectively. The shades represent those samples that have been used for the study of cloud
processing. The data points are hourly data points.
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Figure S6. Temperature and relative humidity in the Po Valley, during the collection of
the five samples under study.
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Figure S7. Convexity and roundness distribution of soot particles from the π-chamber for
fresh (interstitial) soot, soot from single expansion and soot after turbulent mixing cloud
processing experiments.
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Figure S8. Histogram and box plot for the roundness of thinly coated soot particles from
different locations. On each box plot, the vertical white line represents the median and the
grey diamond represents the mean confidence interval for each distribution. For each
distribution, N in the bracket is the number of soot particles analyzed and PDF on the yaxis is the probability distribution of particles for each bin as a function of roundness.
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3 Chapter 3: Effect of thermodenuding on the structure
of nascent flame soot aggregates 2
3.1 Abstract
The optical properties (absorption and scattering) of soot particles depend on soot size and
index of refraction, but also on the soot complex morphology and the internal mixing with
materials that can condense on a freshly emitted (nascent) soot particle and coat it. This
coating can affect the soot optical properties by refracting light, or by changing the soot
aggregate structure. A common approach to studying the effect of coating on soot optical
properties is to measure the absorption and scattering coefficients in ambient air, and then
measure them again after removing the coating using a thermodenuder. In this approach, it
is assumed that: (1) most of the coating material is removed; (2) charred organic coating
does not add to the refractory carbon; (3) oxidation of soot is negligible; and, (4) the
structure of the pre-existing soot core is left unaltered, despite the potential oxidation of
the core at elevated temperatures. In this study, we investigated the validity of the last
assumption, by studying the effect of thermodenuding on the morphology of nascent soot.
To this end, we analyzed the morphological properties of laboratory generated nascent
soot, before and after thermodenuding. Our investigation shows that there is only minor
restructuring of nascent soot by thermodenuding.

The material contained in this chapter was previously published in the MDPI Atmosphere journal:
Bhandari, J., China, S., Onasch, T., Wolff, L., Lambe, A., Davidovits, P., Cross, E., Ahern, A., Olfert, J.,
Dubey, M. and Mazzoleni, C., 2017. Effect of thermodenuding on the structure of nascent flame soot
aggregates. Atmosphere, 8(9), p.166.
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3.2 Introduction
Soot particles are mostly composed of refractory carbonaceous material that forms from
incomplete combustion during burning activities (Haynes and Wagner, 1981). A nascent
soot particle appears as a fractal-like (sometimes referred to as a lacy) aggregate of small
spherules (called nanospheres or monomers) (Buseck et al., 2014) and its structure is scale
invariant (Sorensen, 2001). Here, the term “nascent” is used to refer to freshly emitted soot
particles that have a negligible coating on the monomers. The diameter of these monomers
varies in a range from 10 nm to more than 50 nm, depending on the fuel source and
combustion conditions (Adachi and Buseck, 2008; Bambha et al., 2013a; China et al.,
2014; Park et al., 2004). During the atmospheric processing, soot particles interact with
organic and inorganic materials (in the form of aerosol or condensable vapors). During
these interactions, soot undergoes morphological changes including compaction,
coagulation, and coating (China et al., 2015). Combustion generated nascent soot
aggregates often have different kinds of polycyclic aromatic hydrocarbons (PAHs) that
thinly coat the monomers, depending upon the flaming conditions and fuel types, even in
very controlled combustions (Cross et al., 2010). In this case, coating is acquired at the
source, and not added later through atmospheric processing. The degree of coating in
atmospheric particles is very variable (China et al., 2014; China et al., 2015; Adachi et al.,
2010; China et al., 2013; Healy et al., 2015; Liu et al., 2015a; Zhang et al., 2008). In some
studies, thinly coated soot particles have been found in large fractions in the atmosphere.
For example, in the study by China et al. (2014), a large fraction (by number) of freshly
emitted soot particles collected on freeway on ramps were thinly coated (72%). In another
field study, carried out at Pico Mountain Observatory in the Azores, China et al. (2015)
found that 37% of the soot particles in one sample, were thinly coated, even after days of
atmospheric processing during the long range transport in the free troposphere from the
source. These two studies were carried out at very different locations (very near the source
in the first study, and very far from the source in the second study), showing that thinly
coated soot particles can exist in the atmosphere in different environments and geographic
locations. In another study, in two plumes one sampled from Mexico City and one from
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outside of Mexico City, Adachi and Buseck (2008) found that 7% of particles were soot
without coating. Coating or internal mixing in general, changes the optical properties of
soot, even when the structure of the refractory components remains the same. These
changes consequently affect the radiative forcing of soot (Adachi and Buseck, 2013; Ghazi
and Olfert, 2013; Jacobson, 2001; Lack and Cappa, 2010; Liu et al., 2015b); Schnitzler et
al., 2014; Van Poppel et al., 2005; Westcott et al., 2008). Several studies have also shown
that coating of soot by partially-absorbing or non-absorbing materials increases the
absorption and scattering cross sections (Liu et al., 2015a; Lack and Cappa, 2010; Cappa
et al., 2012; Fuller et al., 1999; Khalizov et al., 2009). These increases are termed
“absorption and scattering enhancements” (Eabs and Esca). The enhancement is typically
calculated as the ratio of the light absorption or scattering coefficient of the coated soot to
the light absorption or scattering coefficient of the soot core, after the coating material has
been removed (Lack and Cappa, 2010).
Thermodenuders (TDs) that remove the coating by evaporation, are often used in the field
and in the laboratory to study and quantify these optical enhancements (Ghazi and Olfert,
2013; Bambha et al., 2013b; Lack et al., 2012; Xue et al., 2009). During the
thermodenuding process, coated soot particles are passed through a heated column,
typically at ~200–300 °C to evaporate the volatile coating material while leaving behind
the refractory soot (Huffman et al., 2008; Wehner et al., 2002). The temperature gradient
within the TD can result in particle losses due to thermophoretic forces, though these losses
can be measured and accounted for Huffman et al., 2008).To correctly assess the Eabs and
Esca using a TD, one needs to make the following assumptions: (1) most of the coating
material is removed from the soot by the TD; (2) organic coating material does not
transform into refractory carbon due to charring; (3) refractory carbon is not oxidized to a
substantial extent under elevated temperatures; and, (4) the structure of the refractory soot
particle is unaffected, meaning that the thermodenuding process alone does not induce
restructuring of the core lacy soot aggregates.
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Contrary to assumption (1), thermodenuding may not remove refractory particulate
material, such as some inorganic salts, and may not remove all of the non-refractory
material from soot particles [23]. For example, Liu et al. (2015a) observed that denuded
soot still contained heavily coated soot particles, although, in a smaller fraction with respect
to ambient particles, suggesting that the TD may not completely remove the coating. Healy
et al. (2015) found that, on average, only 74% of the mass of coating material was removed
from soot samples after thermodenuding. The mass removal efficiency by the TD was even
less (approximately 60%) for wildfire emission samples. Swanson and Kittelson (2010)
have also cautioned about semi-volatile particle artifacts due to incomplete removal of
evaporated compounds in the TD. Similarly, Knox et al. (2009) found that there was no
significant difference in the mass absorption cross section between themodenuded and nonthermodenuded aged-soot particles as compared to fresh soot, due to the incomplete
removal of coating materials from aged soot particles. On the other hand, Khalizov et al.
(2013) hypothesized that the thermodenuder may remove all of the coating material from
ambient soot, including the coating acquired during atmospheric processing, as well as the
nascent coating present on soot at the source, and therefore, they suggested that the
denuded particles cannot represent the nascent soot morphology.
Next, we briefly review assumptions (2) and (3). The elevated temperatures during the
thermodenuding process may cause charring of some organic matter into refractory,
elemental carbon, and /or some oxidation of the carbonaceous matter. The charring of
organic particulate material into elemental carbon is a known phenomenon under the
elevated temperatures employed in organic carbon and elemental carbon (OCEC) analyses
(Chow et al., 2004; Countess, 1990). Issues that influence the charring include
temperatures and residence times, as well as chemical composition. Charring is likely to
be more of an issue for oxidized organics, such as biomass burning or secondary organic
aerosol (SOA), than reduced organics, such as efficient combustion products (i.e., diesel
and laboratory flame soot) (Cheng et al., 2011; Khan et al., 2012). Two significant
differences between OCEC and thermodenuding include: (1) OCEC techniques typically
operate at higher temperatures than TDs, and (2) OCEC charring occurs in a helium
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atmosphere, whereas thermodenuding occurs in air (i.e., oxidizing environment). Thus, at
a low temperature (<300 °C), thermodenuding will be less likely to char, and the particles
may be more susceptible to oxidation due to an oxidizing environment. Oxidation of
refractory carbon soot typically occurs at significantly elevated temperatures, but can occur
at lower temperatures as well, especially if catalyzed by impurities in the soot (Stanmore
et al., 2001). Soot oxidation is likely limited in thermodenuding due to the low temperatures
and the relatively short residence time, but this issue will require more study in the future.
We finally discuss the assumption (4), which is the focus of our study. Previous studies
have shown that nascent soot particles can restructure during the condensation or
evaporation of the coating material, depending on their surface tension (Ebert et al., 2002;
Ma et al., 2013; Tritscher et al., 2011). Xue et al. (2009) found significant restructuring of
soot particles when the particles were first coated with glutaric acid and then denuded.
Ghazi and Olfert (2013) reported the dependence of soot restructuring on the mass amount
of different coating material types. This restructure alone can affect the optical properties
of soot particles. For example, a laboratory study was performed on soot compacted upon
humidification; the study measured modest changes in the absorption cross-section (5% to
14%), but the extinction cross-section was much more sensitive to compaction, with
changes of more than 30% (Radney et al., 2014). Similarly, China et al. (2015, 2015b),
using numerical simulations, predicted small changes in the absorption cross-section (a few
percent), but a much more substantial change in the total scattering cross section (up to
~300%) upon soot compaction. In addition to affecting the optical properties, changes in
the soot structure can also affect the results of laser induced incandescence measurements
(Bambha et al., 2013a. Finally, the condensation of secondary organic matter preferentially
takes place in empty pores on soot particles, and therefore, it is possible that compaction
will affect secondary organic condensation on soot (Popovicheva et al., 2003). Two
potential explanations for the coated soot restructuring detected during these studies can
be: (1) Soot might be compacted during condensation of the coating materials due to
surface tension effects (Zhang et al., 2008; Tritscher et al., 2011; Huang et al., 1994;
Schnitzler et al., 2017). (2) The removal of the coating material during the subsequent
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thermodenuding may cause compaction when the coating evaporates, still due to surface
tension effects (Ebert et al., 2002; Ma et al., 2013). However, we hypothesize a third
potential pathway, in which soot restructuring might take place solely due to the
thermodenuding process, through the added thermal energy. Coating alone might not cause
full compaction (i.e., completely collapsed structure). For example, in an experiment,
Leung et al. (2017) found that the coating did not restructure the soot aggregate even when
the aggregate was completely covered by the coating material. Some coating material
indeed results in substantial or even maximum compaction, but other coating materials
actually result in negligible compaction. A clear example is shown in a laboratory study
where particles coated with sulfuric acid did undergo severe restructuring, while the soot
particles coated by dioctyl sebacate showed only minimal or no compaction (Cross et al.,
2010). Also, from Mexico City samples, Adachi and Buseck (2008) found coated soot but
with lacy structure. For the case of coated but yet only partially compacted soot,
thermodenuding may facilitate further restructuring. The coating material can become less
viscous at the elevated temperatures during the thermodenuding and restructure the soot
core Leung et al. (2017).
Next, we will discuss some lines of evidence that the thermodenuding process alone can in
some cases, favor the compaction of lacy aggregates of various materials, even in the
absence of coating material that condenses onto the primary aggregates. If a similar process
happens for ambient soot, such a process would potentially bias the measured properties
(e.g., absorption or scattering enhancements) of soot when a thermodenuder is used. The
main objective of our study is to test this hypothesis, to assure that the themodenuding
process alone does not introduce this bias. A couple of potential restructuring processes
induced during thermodenuding, are discussed next:
(a) When heated, fractal-like aggregates of metal nanoparticles, such as silver, copper,
and metallic oxides (e.g., titania), have been found to restructure to more compact
morphologies at temperatures well below the bulk material melting points. For
example, thermal restructuring has been found in silver aggregates, even at
temperatures as low as 100 °C, with full compaction at just 350 °C (much below
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the melting temperature of silver), while the primary particle size remained
unchanged (Weber et al., 1996; Weber and Friedlander, 1997). Another study found
that aggregates of titania started to collapse when temperatures reached 700 °C
(Jang and Friedlander, 1998). These authors speculated that the heating causes the
weakest branches in an aggregate to rotate around their contact points, resulting in
the aggregate restructuring. Alternatively, Schmidt-Ott (1998) hypothesized that
the monomers in silver nanoparticles aggregates might slide on each other when
heated, also causing compaction. Both processes would restructure the aggregates
without a complete breakage of the bonds between the monomers due to Van der
Waals forces.
(b) As mentioned earlier, nascent soot aggregates typically have polycyclic aromatic
hydrocarbons thinly coating them. This nascent coating could play a role in
determining the soot structure if the coating properties (i.e., viscosity and surface
tension) change at the higher temperature of the thermodenuder. Chen et al. (2016)
found that some polycyclic aromatic hydrocarbons, like phenanthrene and
flouranthene, when present as a subnanometer layer on soot, behaved as subcooled
liquid that weakened the bonds between the monomers, allowing them to slide and
roll over each other and resulting in soot restructuring. Rothenbacher et al. (2008)
provided evidence that thermodenuding might make a difference in the strength of
the adhesive bonds between the monomers. For aged soot, they found a higher
degree of fragmentation for thermodenuded particles (75% at 280 °C) than for
untreated (not thermodenuded) particles (60%) when impacted at ~200 m/s. The
degree of fragmentation was defined as the fraction of broken bonds in an
aggregate. Although the process involved both the effect of coating and impaction,
the higher degree of fragmentation for thermodenuded particles suggests that the
thermal energy has a role on the increased degree of fragmentation.
These lines of evidence motivated us to study the potential effects of thermodenuding on
the specific case of nascent soot. With this goal in mind, we analyzed the structure of
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laboratory generated nascent soot particles produced from two different fuel sources
(ethylene flame and methane flame) and size selected at different mobility diameters before
and after thermodenuding. This assessment is important for evaluating the potential biases
that might be introduced by thermodenuding while, for example, estimating the absorption
or scattering enhancements of laboratory or ambient soot particles.

3.3 Experiments
3.3.1 Experimental Setup and Sample Collection
We analyzed five pairs of mobility-selected soot samples collected during two different
experiments: the Boston College Experiment 2 (BC2) and the Boston College Experiment
4 (BC4). The sampling schematics are shown in the Figs. 3-1a, b. None of the soot particles
were coated with additional external coating material, and the minimal coating present on
the nascent soot was solely due to the fuel residuals accumulated during the combustion
and dilution processes.
Three soot sample sets were collected during BC2 from the combustion of ethylene and
oxygen using a premixed flat flame burner (Cross et al., 2010). The fuel equivalence ratio
(∅) for all the three sample sets was 2.1. A TD (Huffman et al., 2008) was used to remove
volatile components from the nascent soot particles. The heating section of the TD was set
at 250 °C to vaporize the non-refractory soot components, which were absorbed by a
charcoal section maintained at room temperature. Particles for a range of mobility
diameters (dm) were selected to investigate the effect of thermodenuding on particle size.
For our investigation, we selected three sets of nascent vs. nascent-denuded soot particles
with dm = 153 nm, 181 nm and 250 nm for nascent and dm = 151 nm, 175 nm, and 241 nm
for the corresponding denuded soot particles. Soot particles were collected on 13 mm
diameter Nuclepore polycarbonate filters having a pore size of 0.3 𝜇𝜇m (Whatman Inc.,
Chicago, IL, USA). Additional details regarding the BC2 experimental set-up are provided
elsewhere (Cross et al., 2010).
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(a)

(b)
Figure 3-1. Soot generation and sampling set-ups in a) Boston College Experiment 2
(BC2) and b) Boston College Experiment 4 (BC4).
In addition, we selected two sets of soot samples generated during BC4 from the
combustion of methane in an inverted diffusion flame burner (methane and O2 mixture) at
a dm = 253 nm and 252 nm for nascent and dm = 253 nm, and 251 nm for the corresponding
denuded soot particles. The global ∅ for both sample sets was about 0.7, but the actual

value of ∅ is unknown. In the diffusion flame, the fuel burns in excess of air making the
value of ∅ less than 1. Effluent from the flame burner was passed through separate annular

denuders loaded with molecular sieves and activated charcoal to remove water vapor and
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volatile organic compounds from the sample flow. As in BC2, a Huffman TD (heating
section set at 270 °C) was used to remove the volatile components. For both experiments,
the sample flow rate through the TD was 2 LPM, resulting in a residence time of 5 s in the
heating section and 4 s in the denuder section. During BC4, unlike during BC2, particles
were first mobility size selected by a Differential Mobility Analyzer (DMA) (TSI Inc., St.
Paul, MN, USA) and the mass was selected by a Centrifugal Particle Mass Analyzer
(CPMA) (Cambustion Ltd., Cambridge, U.K) before thermodenuding. The first set of
samples consisted of nascent and nascent-denuded soot, while the second set consisted of
nascent-oxidized and nascent-oxidized-denuded soot. Soot was oxidized by exposure to
ozone (O3) and hydroxyl (OH) radicals in a Potential Aerosol Mass (PAM) oxidation flow
reactor (Lambe et al., 2011), at input O3 and H2O mixing ratios of ~15 ppm and ~1%, and
UV actinic flux ~2 × 1012 ph cm−2 s−1 (λ = 254 nm). These operating conditions correspond
to an integrated OH exposure of approximately 2 × 1012 molec cm−3 s (Lambe et al., 2015a),
and likely generate highly oxygenated organic molecules, such as carboxylic acids on the
surface of the nascent-oxidized soot particles (Lambe et al., 2015b). The nascent-oxidized
soot was thermo-denuded at a temperature of 270 °C. The set of nascent-oxidized soot
samples was included here to investigate if the thermodenuding effect is different for
nascent versus nascent-oxidized soot. During BC4, soot particles were collected on 13 mm
diameter Nuclepore filters having a pore size of 0.1 µm diameter (Whatman Inc, Chicago,
IL, USA).
All the filters were coated with 1.8 (±10%) nm thick layer of Pt/Pd alloy in a sputter coater
(Hummer® 6.2, Anatech USA, Union city, CA, USA) and imaged with a field emission
scanning electron microscope (FE-SEM) (Hitachi S-4700, Tokyo, Japan). From the FESEM images, several morphological parameters were evaluated (China et al., 2014) using
the image processing software ImageJ (National Institutes of Health, Bethesda, Maryland,
USA) (Schneider et al., 2012).
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3.3.2 Soot Morphological Parameters
As mentioned in the introduction, soot particles are aggregates of monomers that exhibit
scale-invariant fractal structures (Forrest and Witten Jr, 1979; Sorensen et al., 1992). Soot
aggregates can therefore be characterized by a fractal dimension (Df), in which the mass of
the aggregate M (proportional to the number of monomers N in the aggregate) scales with
the ratio of the radius of gyration (Rg) to the radius of the monomers (Rp), as in M (or N)
∝ (Rg/Rp)Df, (Lin et al., 1989). Df is a commonly used parameter to quantify the soot

morphology. Lacy soot particles have low Df values, while compact soot particles have

higher Df values. The Df of an ensemble of soot particles can be calculated by plotting N
vs. Rg (or a surrogate for it). N scales with Rg as a power law with exponent Df (Köylü et
al., 1995):
𝐷𝐷𝑓𝑓

𝑅𝑅𝑔𝑔
𝑁𝑁 = 𝑘𝑘𝑔𝑔 � �
𝑅𝑅𝑝𝑝

(1)

where kg is a pre-factor whose value depends on the overlap between the monomers in the
aggregate. The relation formulated by Köylü et al. (1995) was used to estimate Df with the
geometric mean diameter of the aggregate,√𝐿𝐿𝐿𝐿, as a surrogate for 2Rg:
𝐷𝐷𝑓𝑓

√𝐿𝐿𝐿𝐿
𝑁𝑁 = 𝑘𝑘𝐿𝐿𝐿𝐿 �
�
2𝑅𝑅𝑝𝑝

(2)

where L is the maximum length and W is the maximum width (orthogonal to L), KLW is a
prefactor and Rp is calculated from the mean of the projected area of the monomer. In
general, it is difficult to measure N using an SEM image alone, because only twodimensional (2-D) projections of the soot particles are typically available. Therefore, N is
often estimated from the projected area of the soot aggregate Ap and the mean projected
area of the monomers Am using the relation provided by Oh and Sorensen (1997):
𝐴𝐴𝑝𝑝 𝛼𝛼
𝑁𝑁 = 𝑘𝑘𝑎𝑎 � �
𝐴𝐴𝑚𝑚
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(3)

where 𝛼𝛼 and ka are constants that depend on the overlap between monomers in the 2-D

projected image of the particle. In our case, we used Ka = 1.15 and 𝛼𝛼 = 1.09 for all of our

nascent and nascent-denuded soot aggregates (Köylü et al., 1995). This selection of Ka and
𝛼𝛼 values is reasonable since we only studied nascent soot particles that are minimally
coated.

(a)

(b)

(c)

Figure 3-2a) Example of SEM image of a soot particle showing the definition of several
parameters measured from the projected image: maximum projected length L, maximum
projected width W, projected area of monomer Am and projected area of particle Ap. b)
Schematic representation of the roundness calculation for the same soot particle shown in
(a). c) Schematic representation of the convexity calculation for the same soot particle
shown in (a). The pink shades in (b) and (c) represent the equivalent area for a circle and
the convex hull, respectively, for the binary image of the soot particle shown in (a).
In addition to Df, several other 2-D morphological parameters were calculated from the
FE-SEM images to investigate potential changes due to thermodenuding. The calculated
parameters included roundness, convexity, aspect ratio (AR), and area equivalent diameter
(DAeq). Figure 3-2a shows the definition of some of these parameters. DAeq is the diameter
of a spherical particle with a projected area equivalent to the projected area of the
aggregate. Roundness is calculated from the ratio of the projected area of the aggregate to
the area of the circle having a diameter equal to the maximum projected length L, and fully
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inscribing the projected image of the aggregate (Fig. 3-2b). Convexity (sometimes termed
solidity) is the ratio of the projected area of the particle to the area of the smallest convex
hull polygon, in which the 2-D projection of the aggregate is inscribed (Fig. 3-2c). AR is
calculated as the ratio of L to W. Higher values of roundness and convexity or lower AR
often corresponds to more compact soot particles. However, it has to be noted that Df,
roundness and convexity are parameters with very different meanings and definitions. The
first is a scaling factor, the second is a geometric property, and the third is a measure of the
particle topology. That is why we investigated all of these three parameters to characterize
the morphology of soot rather than looking at a single one. We analyzed a total of 1223
images of individual soot particles.

3.4 Results and Discussion
As mentioned earlier, we analyzed images from four sets of nascent and nascent-denuded
soot sample pairs of different sizes and a fifth set of nascent-oxidized denuded soot.
Examples of images of soot particles before and after thermodenuding are shown in Fig.
3-3.

Figure 3-3. SEM micrographs of nascent (N) and thermodenuded (D) soot particles. The
white horizontal bar in each micrograph represents a length scale of 200 nm. Dark circles
are the holes in the filter.
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N1, N2, N3, and N4 are four differently sized nascent soot samples and D1, D2, D3, and
D4 are the corresponding nascent-denuded sets. N5-D5 is a pair of nascent-oxidized soot
before and after thermodenuding. Table 3-1 summarizes the features of the analyzed soot
particles. Sets N1-D1, N2-D2, and N3-D3 are the three sets from BC2, while sets N4-D4,
and N5-D5 are from BC4.
Table 3-1. Summary of physical and morphological parameters for the soot particles
analyzed.
Experiment

Statistics

BC2

BC4

Sample

N1

D1

N2

D2

N3

D3

N4

D4

N5

D5

Fuel type

E

E

E

E

E

E

M

M

M

M

#Particles

108

151

113

163

114

109

113

105

122

125

Mean

41

55

121

104

110

153

158

188

155

166

S.D

16

26

65

53

44

90

96

87

75

106

S.E

2

2

6

4

4

9

9

8

7

9

dm (nm)

Mean

153

151

181

175

250

241

253

253

252

251

MCPMA (fg)

Mean

1.02

0.78

1.52

1.08

2.85

2.20

2.37

2.34

2.41

2.18

S.D.

(0.03)

(0.03)

(0.05)

(0.04)

(0.14)

(0.13)

(0.11)

(0.13)

(0.11)

(0.11)

Fit slope

1.86

1.84

1.73

1.72

1.78

1.79

1.80

1.76

1.65

1.80

S.E.

(0.05)

(0.04)

(0.05)

(0.06)

(0.08)

(0.05)

(0.05)

(0.06)

(0.05)

(0.05)

Fit

1.78

1.98

2.50

2.50

2.22

2.00

2.10

2.56

2.87

2.16

S.E.

(0.04)

(0.03)

(0.05)

(0.05)

(0.08)

(0.06)

(0.06)

(0.07)

(0.06)

(0.06)

Mean

33.5

31.8

26.8

25.7

32.1

30.3

23.5

22.8

23.9

23.1

Median

33.5

32.4

26.5

25.9

32.1

28.9

23.2

22.5

23.7

23.0

analyzed
N

Df

Kg

intercept

dp (nm)
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Roundness

Convexity

DAeq (nm)

AR

S.D.

(2.1)

(3.3)

(2.7)

(2.6)

(2.1)

(6.9)

(3.1)

(2.2)

(2.5)

(3.4)

S.E.

(0.21)

(0.27)

(0.26)

(0.21)

(0.20)

(0.66)

(0.30)

(0.22)

(0.23)

(0.31)

Mean

0.41

0.43

0.36

0.34

0.38

0.31

0.31

0.35

0.33

0.33

Median

0.42

0.42

0.35

0.35

0.35

0.30

0.30

0.34

0.32

0.31

S.D.

(0.12)

(0.12)

(0.11)

(0.10)

(0.12)

(0.09)

(0.11)

(0.12)

(0.11)

(0.11)

S.E.

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

Mean

0.72

0.75

0.66

0.66

0.62

0.59

0.61

0.66

0.61

0.63

Median

0.73

0.74

0.66

0.65

0.62

0.58

0.61

0.66

0.61

0.62

S.D.

(0.09)

(0.08)

(0.09)

(0.10)

(0.09)

(0.10)

(0.10)

(0.11)

(0.12)

(0.11)

S.E.

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

(0.01)

Mean

169

181

220

196

255

262

215

230

219

214

Median

171

175

208

189

262

260

199

220

213

202

S.D.

(33)

(35)

(55)

(41)

(46)

(49)

(54)

(56)

(50)

(59)

S.E.

(3)

(3)

(5)

(3)

(4)

(5)

(5)

(5)

(5)

(5)

Mean

1.79

1.73

1.84

1.92

1.78

1.85

1.99

1.95

1.85

1.88

Median

1.66

1.62

1.70

1.78

1.68

1.72

1.85

1.82

1.80

1.83

S.D.

(0.51)

(0.42)

(0.49)

(0.51)

(0.57)

(0.50)

(0.60)

(0.60)

(0.50)

(0.50)

S.E.

(0.05)

(0.03)

(0.05)

(0.04)

(0.05)

(0.05)

(0.06)

(0.06)

(0.05)

(0.04)

In Table 3-1, E = ethylene and M = methane represents the fuel type. N is the average
number of monomers per aggregate, estimated in each sample using Equation (3). Kg values
have been estimated using the relation Kg = KLW·(1.17)Df where √𝐿𝐿𝐿𝐿/2Rg = 1.17 has been
taken from Köylü et al. (1995) and the values of KLW and Df have been calculated from a

log-log plot using Equation (2). dp is the mean diameter of the monomers in an aggregate,

dm is the mean mobility diameter (in nm) and MCPMA represents the mean mass of the
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particle (in fg) as measured by the CPMA. For Df the term in parenthesis is the standard
error (S.E.) calculated from the power fit using Equation (2), for the other quantities, it is
the S.E. (standard deviation of the mean) and the standard deviation (S.D.).
The largest decrease in the mean value of dp (by 5.6%) after thermodenuding is found for
the N3-D3 set. The decrease in dp could be due to the partial removal of material volatile
at the TD temperature and present on the nascent soot. A decrease in the monomer size
after thermal treatment was previously observed when soot samples were heated at higher
temperatures (400–900 °C) due to the removal of a part of the nascent PAH layers from
the monomers surface (Raj et al. 2014). Also, the mean dp size, as well as the differences
in the mean values of dp after thermodenuding are smaller for the inverted diffusion flame
with respect to those of the McKenna flame. These changes suggest that there was less
volatile material present in the nascent soot generated from the inverted flame. This effect
could be due to the different type of fuel, as well as different ∅. In a study of ethylene flame

generated soot from a McKenna burner, the size of dp in thermodenuded soot particles was

found larger for higher ∅ (Slowik et al., 2007). This is consistent with the study by Ghazi

and Olfert (2013) that generated soot by an inverted diffusion flame and found no
measurable amount of volatile material when the mass was measured after

thermodenuding. While, Slowik et al. (2007), using a McKenna flame, found that
thermodenuding removed only about 0.05 mass fraction of volatile material for the nascent
soot containing 0.1 mass fraction of non-refractory material (at ∅ = 2.1) from an ethylene
flat flame.

To investigate whether the soot aggregates restructured after thermodenuding, we first
analyze the changes in Df as summarized in Fig. 3-4.
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Figure 3-4. Fractal dimension of nascent (in blue) and nascent-denuded (in orange) soot
pairs of different mobility sizes. The error bars represent the standard errors.
For all five sample sets, Df lies between 1.65 and 1.86 (Table 3-1). The derivation of Df
and plots for all of the samples are shown in the supplementary material (Fig. S1). These
values of Df are in agreement with the observations made in previous studies on nascent
soot particles produced from different fuel sources (Sorensen, 2001; Dhaubhadel et al.,
2006). Also, for all nascent vs. denuded pairs (except for the nascent-oxidized pair: N5D5), there is no significant change (within 1𝜎𝜎) in Df after thermodenuding (Fig. 4). For the
N5-D5 pair, the Df changes by about 9% (from 1.65 to 1.80), whereas for all other cases,
the change is less than 2.3%. The CPMA data for the BC4 sample shows that the mass
decreased from 2.37 to 2.34 fg for nascent soot, while for the nascent-oxidized soot of the
same mobility size, the mass decreased from 2.41 to 2.18 fg after thermodenuding. The
larger decrease in mass for the nascent oxidized soot suggests that the coating material on
the oxidized soot was removed during thermodenuding. A possible explanation for the
increase of Df after thermodenuding the oxidized soot might be that the soot structure was
slightly modified during the evaporation of the coating material. Interestingly, for the BC2
soot samples, there is no significant change in Df despite the significant change in mass (up
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to ~29%) of soot after thermodenuding (see CPMA data in Table 3-1). This result suggests
that for the BC2 sample sets, the removal of the coating present on nascent soot did not
affect the structure of soot. This is most probably due to the chemical composition of the
organics that were removed by TD. This result is consistent with the thermodenuding
experiment of uncoated soot (fractal soot generated at lower ∅ = 2.1) by Slowik et al.
(2007) that found no change in Df (derived from mass-mobility relation in their case) after

denuding. They suggested that the removal of organics from the uncoated soot during
denuding cannot change the skeletal framework of soot. Cross et al. (2010) observed only
minor restructuring of soot when dioctyl sebacate coating was removed by
thermodenuding, suggesting that the removal of organic coating may have little impact on
the restructuring of soot. For soot from a flat flame burner, Slowik et al. (2004) found that
the organic carbon (OC) content (mass fraction of 0.1) was composed of a comparable
amount of aliphatic and aromatic compounds at a lower ∅ (∅ = 1.85), but at a higher
∅ (∅ > 4) , the OC content (mass fraction of 0.55) had only a minor fraction of aliphatic
compounds. We thus hypothesize that the nascent organics on the soot from the BC2
experiments considered here consisted in a large fraction of aliphatic compounds.

To account for the mass change after thermodenuding on the coating of soot particle, we
calculated coating thickness (ΔRve) in terms of volume equivalent radius (Rve). The
difference between the volume equivalent radius of nascent soot and the thermodenuded
soot particle was used to estimate the thickness of the coating material. For the case of
maximum mass loss (~29%), coating thickness was estimated to be 8.4 nm. (See
supplementary material for the calculation).
To further investigate possible morphological changes after thermodenuding, we studied
the convexity and roundness of soot particles for all five sample sets. The maximum change
in the mean value of roundness occurs for set N3-D3 (about 18%), followed by the set N4D4 (about 13%). For the other sets, the mean value of roundness changes by less than 10%.
For the case of convexity, the maximum change in the mean value occurs for set N4-D4
(about 8%). For all other sets, the mean value of convexity changes by less than 5%. The
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larger changes in roundness and convexity for these sample sets are statistically significant
(at 1σ) although still minor.
We should point out, however, that image acquisition conditions (e.g., due to different
magnifications, scan rates or over/under focusing) and image processing biases (e.g., image
thresholding) can introduce additional errors in roundness, convexity, and Df. In some
cases, these errors are larger than the statistical errors provided in Table 3-1. To quantify
these uncertainties, we acquired multiple images of six individual particles (from sample
N5) and processed them under different conditions, as mentioned above. We estimated the
uncertainties due to image acquisition and image processing biases in roundness and
convexity to be 0.01 and 0.02, respectively. Similarly, uncertainties in N and dp were
estimated to be 16% and 13% (3.4 nm), respectively, which resulted in an error of 0.08 in
Df.
In Fig. 3-5a, b we show box and whisker plots for the convexity and the roundness,
respectively of the soot particles before and after thermodenuding. The convexity ranges
from 0.37 to 0.91, while the roundness ranges from 0.09 to 0.75 (see Table 3-1 for details).
No substantial changes in roundness or convexity are evident after thermodenuding.

(a)

(b)

Figure 3-5. Box and whisker plots of a) convexity and b) roundness. Blue boxes represent
the nascent soot and orange boxes represent the nascent-denuded soot. The horizontal bar
inside the box represents the median value while the lower part and upper part of the box
separated by the horizontal bar represent the first and third quartiles, respectively. The
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lower and upper extremities of the whiskers represent the minimum and maximum values,
respectively.
In Fig. 3-6, we show the probability distributions of convexity and roundness for all nascent
and denuded soot pairs. The solid and the dashed lines represent the mean values for
nascent and denuded soot, respectively, while the shaded color bands in blue and orange
represent one standard deviation. These means and uncertainty bands were calculated with
a bootstrap approach, resampling with replacement from the raw data and constructing
100,000 frequency distributions (Wilks, 2011).

Figure 3-6. Distributions of a) convexity and b) roundness for nascent and nascentdenuded soot particles of different sizes (the mobility diameter is reported in parenthesis
in the legends).
For the N3-D3 pair, the distribution of convexity and roundness peaks at slightly lower
values after thermodenuding. The convexity of particles decreases slightly with the
increasing value of the mobility diameter for both nascent and denuded particles. This
89

suggests that the smaller soot particles are more compact when compared to larger
particles, in agreement with previous studies (Chakrabarty, 2006; Virtanen, 2004). Figure
3-6a also suggests that for smaller mobility diameters, the convexity of soot from the
ethylene diffusion flame might be less affected by thermodenuding as compared to the
larger sized particles. With the methane diffusion flame (N4-D4 and N5-D5 sets) particles
showed negligible changes in roundness and convexity after thermodenuding, for both
nascent and nascent-oxidized soot (Fig. 3-6a N4-D4 and N5-D5, respectively).
For completeness, we also investigated the changes in AR and DAeq. Both show only small
changes after thermodenuding (Table 3-1). Our observations on the five sets of soot pairs
show only minor changes in the morphology of nascent soot after thermodenuding.
To study the potential effect of PAM on nascent soot prior to thermodenuding, we
compared the parameters between N4 (nascent soot without oxidation in PAM) and N5
(nascent soot with oxidation in PAM) samples. N4 and N5 have comparable masses of 2.37
fg and 2.41 fg, respectively, and a similar mobility diameter ~250 nm. A total of 113 and
122 individual soot particles were analyzed for N4 and N5, respectively. Both samples
show nearly the same number of monomers in the soot particles imaged. N4 has 158 and
N5 has 155 monomers on average. Also, the mean diameter of monomers is similar in the
two samples, 23.5 nm for N4 and 23.9 nm for N5. The similar key properties of the soot
particles in the two experiments suggest that N4 and N5 are suitable samples to make a
comparison of nascent soot experiments with and without PAM reactor without
thermodenuding.
The roundness for N4 (0.31) and for N5 (0.33) and the convexity (0.61 for both N4 and N5)
are within the error bars. However, Df for N5 (1.65) is smaller than for N4 (1.80). The value
of Df for N5 is somehow smaller than the values typically found for nascent soot (1.7–1.9)
but lie within the limit when the imaging and thresholding uncertainties discussed above
are added in quadrature to the statistical errors. However, in the downstream of the
thermodenuder, D5 and D4 (samples with and without PAM treatment, respectively) show
comparable values of roundness (0.35 for D4 and 0.33 for D5), convexity (0.66 for D4,
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and 0.63 for D5), and Df (1.76 for D4 and 1.80 for D5). Since we have only one set for the
nascent-oxidized soot, we are unable to draw a firm conclusion on the effect of
thermodenuding on such particles. Although at the time, we have no clear explanation for
the minor difference in Df, it is possible that the different nanophysical properties of the
nascent-oxidized soot might indeed result in a higher sensitivity to thermodenuding.
From a study of young and mature soot particles under high-resolution transmission
electron microscopy (HRTEM), Alfè et al. (2009) found no significant difference in the
nanostructure of soot monomers. In addition, they found that the change in the H/C ratio is
smaller for methane soot when compared to that of other fuels. In another study, Vander
Wal and Tomasek (2003) also using HRTEM, reported that the oxidation rate of nascent
soot depends upon the nanostructure, for example, the length of graphene segments,
curvature, and its orientation. Ishiguro et al. (1991), Song et al. (2006), Müller et al. (2012),
also showed a relation between the monomers nanostructure and the soot oxidation from
different fuel sources. Other studies showed negligible influence of ozone on soot oxidation
(Kaam et al., 1999; Disselkamp et al., 2000), as compared to the OH radical. In another
study of soot oxidation (Browne et al., 2015), both the ozone and OH at atmospherically
relevant levels were found to have no effect on the oxidation of the elemental carbon (EC)
fraction in soot. In our case, the CPMA data showed that the main fraction (>90%) of
methane-generated soot consisted of EC, suggesting that the oxidation in the PAM chamber
might have a negligible effect on the overall morphology of soot.
In a study on the fragmentation and bond strength of diesel soot, Rothenbacher et al. (2008)
made a comparison between nascent soot treated with and without a TD as a function of
impact velocity and found no substantial change in the degree of fragmentation of nascent
soot aggregates due to the thermodenuding. A low-pressure impactor was used to impart
velocities of up to 300 m/s to the soot particles. The TD used in their study had a residence
time of 0.43 s, and the sample was heated to 280 °C. In another study by Raj et al. (2014),
soot fragmentation was observed after thermodenuding in the temperature range of 400–
900 °C on diesel soot and commercial soot (Printex-U). However, in the lower temperature
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range, below 500 °C, they found a minor effect on soot fragmentation. Bambha et al.
(2013b) noticed only an effect of thermodenuding at 410 °C (transit time of ~34 s) on the
morphology of soot during the removal of oleic acid coating. In another study, Slowik et
al. (2007) did not observe any measurable change in the structure of soot when fresh soot
(generated at ∅ = 2.1 and 3.5) was thermodenuded at 200 °C. Our results of the negligible

or minor restructuring of thermodenuded soot particles are in agreement with these
previous studies suggesting that these results are robust and reproducible.

3.5 Conclusions
In this study, we used scanning electron microscopy to investigate the morphology of
nascent soot aggregates prior to, and after, thermodenuding in a low-temperature regime
(<270 °C). Despite mass losses of up to ~29% in the nascent soot (removal of ~8 nm
coating layer from the soot surface), we detected only minor effects on the soot structure
after thermodenuding, irrespective of the fuel type and particle size. We observed no
significant change in the fractal dimension, although roundness and convexity showed
some minor changes in our case. Future work should focus on the effect on the structure of
nascent soot of higher thermodenuding temperatures.
Supplementary

Materials:
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material

is

available
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www.mdpi.com/link: a) procedure for the calculation of the coating thickness, b) procedure
for the estimate of the fractal dimension, and d) Figure S1: Plots of fractal dimension fits
for nascent-denuded soot pairs.
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4 Chapter 4: Optical properties and radiative forcing of
fractal-like tar ball aggregates from biomass burning 3
4.1 Abstract
Tar balls are frequently found in slightly aged biomass burning plumes. They are spherical
in shape, have diameters between ~100 and 300 nm, are amorphous and composed mostly
of oxygen and carbon. Tar balls are light absorbing and considered to be a component of
brown carbon. Tar balls have been typically reported and analyzed as individual spheres;
however, in a recent study, we reported the presence of significant fractions of fractal-like
tar ball aggregates in fire plumes from different geographical locations. Aggregation
affects the optical properties of particles; therefore, we use T-Matrix and Lorenz-Mie
simulations to explore the effects of aggregation on the tar balls’ optical properties in the
350–1150 nm wavelength range. We also evaluate the effects of different index of
refraction values available from the literature, different monomer numbers, and monomer
sizes, as these are key factors determining the aggregates optical properties. Furthermore,
we estimate the direct radiative forcing for low and high surface albedos. The single
scattering albedo of aggregates exceed by up to 77% that of individual tar balls. The
hemispherical upscatter fraction of tar ball aggregates are more than 100% larger than for
individual tar balls in many cases. The top of the atmosphere simple forcing efficiency
over dark surfaces shows large variabilities with differences up to ~53% between the tar
ball aggregates and individual tar balls. These results demonstrate that aggregation of tar
balls can have a significant impact on their optical properties and radiative forcing.

4.2 Introduction
Biomass Biomass burning releases large amounts of carbonaceous aerosol in the
atmosphere (Bond et al., 2004;Einfeld et al., 1991). The properties of carbonaceous aerosol

3

The material in this chapter has been recommended for publication by the reviewers in the ‘Journal of
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from biomass burning depend upon parameters such as fuel type and moisture content,
plume age, and combustion conditions (Reid et al., 2004;Martins et al., 1998).
Carbonaceous aerosol emitted by low-temperature combustions (during the smoldering
phase) can result in the formation of abundant spherical particles, primarily composed of
organic carbon (OC). On the contrary, high-temperature combustions (during the flaming
phase) produce a large fraction of soot, fractal-like aggregates of carbonaceous monomers
(Chakrabarty et al., 2006;Martins et al., 1998). Tar balls (TBs) are a specific type of
spherical carbonaceous particles, often abundant in slightly aged (minutes to hours)
biomass burning plumes (Chakrabarty et al., 2010;Pósfai et al., 2003;Pósfai et al.,
2004;China et al., 2013;Girotto et al., 2018;Sedlacek III et al., 2018;Adachi and Buseck,
2011). TBs are typically detected using electron microscopy and they are resistant to the
electron beam. They generally have a size between ~100 and 300 nm, with an amorphous
nanostructure, and they are mostly composed of oxygen and carbon. TBs are found in
variable fractions in biomass burning smoke; for example, in a recent study of aged smoke
plumes from wildfires, Sedlacek III et al. (2018) found that a significant number fraction
of the smoke particles (64%) was made up of TBs. Pósfai et al. (2004) and Hand et al.
(2005), reported that up to ~90% of smoke particles from aged plumes were TBs. Similarly,
China et al. (2013) and Girotto et al. (2018) found that ~80% of the particles were TBs,
based on an analysis of smoke plume samples from different wildfires. In contrast, Adachi
and Buseck (2011) found a lower number fraction of TBs (only 14%) in aged smoke plume
samples.
Several studies from ambient and laboratory generated samples demonstrated that these
TBs can absorb light and affect climate (Adachi and Buseck, 2011;Hand et al., 2005;Hoffer
et al., 2016). TBs have been found to be made of high molecular weight organic matter,
similar to humic-like substances (Tivanski et al., 2007) with high absorption in the
ultraviolet-blue region of the electromagnetic spectrum. Therefore, TBs are often
considered to be a component of brown carbon (Laskin et al., 2015 and citations therein);
although, in a recent study, Hoffer et al. (2017) found that their laboratory generated TBs
were also absorbing light in the red and near infra-red region, in significant amount. The
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optical properties of TBs were measured by Hand et al. (2005) who found an ensemble
average complex refractive index (RI = n – ki) of 1.56 - 0.02i at 632 nm. However, followup studies showed a wide spread in the imaginary part (k) of the RI. On one extreme
Chakrabarty et al. (2010) found k values down to k = 0.002, while on the opposite extreme,
Alexander et al. (2008) reported k values up to 0.27, a two-order of magnitude range.
Recently, Sedlacek III et al. (2018) found that the optical properties of aerosol measured
during the Biomass Burning Observation Project were better simulated when using an
intermediate value of the TBs index of refraction (k = 0.02).
Alexander et al. (2008) concluded that the absorption cross section (Cabs) of a typical TB
collected above the Yellow Sea is ~ 5 times larger than that of a typical soot aggregate,
based on the relative size and proportion of soot and TBs present in their ambient samples.
In another study of an aged plume, Adachi and Buseck (2011) compared the estimated Cabs
at 550 nm of a single TB with that of a single soot particle and found the ratio to be between
84 and109%. They compared the absorption coefficient of the population of TBs to that of
the soot particles (14% and 16% by number, respectively) and found the ratio to be 7496%. These findings suggest that TBs can be a significant contributor to the light
absorption of biomass burning aerosol.
Unlike soot particles, in which monomers are clustered together to form an aggregate
(Köylü et al., 1995;Sorensen et al., 1992;Forrest and Witten Jr., 1979), TBs have been
typically reported and analyzed as individual spherical particles (Adachi and Buseck,
2011;Hoffer et al., 2016;China et al., 2013;Cong et al., 2010). However, TBs are also found
to form aggregates. Some sparse evidence has been reported in the literature; for example,
Chakrabarty et al. (2016) found that ~ 60% of analyzed particles from a laboratory
smoldering combustion consisted of TB aggregates. Other studies also found TB
aggregates consisting of a few monomers (Hand et al., 2005;Hoffer et al., 2016) in ambient
samples. In particular, during the analysis of samples from different wildfire plumes, we
found an abundant fraction of fractal-like TB aggregates. A significant fraction (27%) of
TB aggregates had more than 10 monomers, with some aggregates containing up to 110
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monomers. The aggregates were found to follow a scale invariant law, similar to that of
soot aggregates (Girotto et al., 2018). At a given wavelength, the optical properties of an
aggregate are determined by the monomer size and the monomer number, the structure of
the aggregate, and the material index of refraction (China et al., 2015a;Zhang et al.,
2008;Cross et al., 2010;Sorensen et al., 1992). For example, light scattering and extinction
cross sections by an aggregate change when the number of monomers in the aggregate
changes (Mountain and Mulholland, 1988;China et al., 2015b;Dong et al., 2015).
Compared to the smaller monomer size of soot (10-50 nm), TBs are larger in size (Pósfai
et al., 2004) and the aggregation of such larger particles could significantly change the
optical properties of the particle ensemble, and in turn have an effect on their radiative
forcing in the atmosphere.
In our previous work (Girotto et al. (2018)), we report a few preliminary simulations of the
optical properties of TB aggregates. In the current work, we expand that analysis by
carrying out several additional numerical simulations including the dependence of TB
aggregates optical and radiative properties on monomer size, monomer number,
wavelength, and index of refractions. We use T-Matrix and Lorenz-Mie simulations from
350 nm to 1150 nm. We compare simulations for aggregated with those for non-aggregated
particles, acting either as an ensemble of individual TBs, or as a single volume-equivalent
spherical particle.

4.3 Method
4.3.1 Simulation of optical properties
We simulated the optical properties of TB aggregates using the superposition T-Matrix
approach. With this method, we can obtain the orientation-averaged scattering matrix and
the absorption cross section for clusters of spheres (Mackowski, 1994). For this work, we
used the Java-based double precision T-Matrix software JaSTA (Java Superposition TMatrix App) developed by Halder et al. (2014) to generate fractal TB aggregates and to
compute their optical properties. Since our microscopy analysis showed TB aggregates
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with open structures (with a three-dimensional fractal dimension, D3f ~ 2) (Girotto et al.,
2018), we followed the ballistic cluster-cluster aggregation approach to generate model
lacy aggregates with different numbers of monomers (N = 8, 16 and 32), representative of
the number of monomers in the TB aggregates reported by Girotto et al. (2018).
For the refractive indices of TBs, we used several different values available in the literature
from laboratory and field studies. We list the literature sources of the various RI values, at
550 nm, in Table 4-1. In the case of Hoffer et al. (2016) and Hoffer et al. (2017), TBs were
generated by dry distillation of wood samples as described by Tóth et al. (2014), while
Chakrabarty et al. (2010) generated TBs from smoldering combustion of dry duffs
(Ponderosa pine duff and Alaskan duff) in the laboratory. Alexander et al. (2008) observed
TBs in ambient aerosols sampled above the Yellow Sea. We note that the values reported
in the literature for the imaginary part of the RI, k, span a range of up to two orders of
magnitude, even at the same wavelength. In some cases, we had to extrapolate the real and
imaginary parts of the reported refractive indices to 550 nm, using power-law fits. We
performed sensitivity analyses by varying the monomer numbers (N = 8, 16 and 32), at five
different wavelengths (350 nm, 550 nm, 750 nm, 950 nm and 1150 nm) at three different
monomer diameters. For this purpose, we used the extreme RI values obtained in the study
by Alexander et al. (2008) (highest k values, corresponding to the A-AA case) and by
Chakrabarty et al. (2010) (lowest k values, corresponding to the C-AK case in) (Table S1).
For Alexander et al. (2008), we extracted the RI values from their plot at the five
wavelengths listed above. For Chakrabarty et al. (2010), we calculated the imaginary part
of the RI using the fit values given in their paper and using a linear fit for the real part. We
assessed the sensitivity of the optical properties to the monomer diameter D, by comparing
simulations at D0 = 150.5 nm, D- = 100.0 nm and D+ = 200.0 nm. D0 = 150.5 nm is the
monomers’ geometric mean diameter that we measured on ambient TB aggregates, and Dand D+ are close to the lower and upper limit of the measured geometric standard deviation
(Girotto et al., 2018).
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Because global models typically assume spherical symmetry for the calculation of the
aerosol optical properties, we also performed Lorenz-Mie (shorten to “Mie” henceforth)
simulations using MiePlot v4600 developed by Laven (2003). For the Mie simulations, we
considered two extreme cases: a) a sphere with a radius equal to the volume equivalent
radius (VER) of the TB aggregates (MieVER); and b) N spheres (where N is the number of
monomers in the TB aggregate) of the same size as that of a single monomer, assuming
them optically independent from each other (MieN). In Fig. 4-1, we show a few microscopy
images of TB aggregates as an example, and cartoon representations of the particle models
used in the T-Matrix and the Mie simulations.

Figure. 4-1a) Collage of SEM images of TB aggregates, the horizontal bar on each image
represents a length of 300 nm. Cartoon representation for the particle model used for b) Tmatrix, c) MieN, and d) MieVER simulations.
MieVER simulates the optical properties of a sphere of the same mass as the entire TB
aggregate. While MieN simulates the optical properties as if the TBs were of the same
number to that in the aggregate, but optically independent from each other (i.e., not
aggregated). For MieN, we obtained the total cross sections by multiplying the absorption
cross section (Cabs) and the scattering cross section (Csca) of a single monomer by N.
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Table 4-1. Refractive index values, at 550 nm, from published studies on ambient and
laboratory generated TBs and from different fuel types. The last column provides the
acronym used in this paper to refer to the different index of refraction cases.
TBs

RI (n – ki)

Reference

Acronym

Alaskan duff

1.74 – 0.002i*

(Chakrabarty et al.,

C-AK

2010)

(laboratory smoldering
combustion)

Ponderosa pine duff

1.87 – 0.006i*

C-PP

(laboratory smoldering
combustion)
European turkey oak

1.84 – 0.21i

(Hoffer et al., 2016)

H-EO

1.88 – 0.24i

(Hoffer et al., 2017)

H-NS

(laboratory dry distillation)
Norway spruce
(laboratory dry distillation)

Black locust

1.86 – 0.25i

H-BL

1.67 - 0.27i

(Alexander et al., 2008) A-AA

(laboratory dry distillation)
Ambient aerosol
*

Extrapolated from the RI values given in Chakrabarty et al. (2010).
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4.3.2 Top of the atmosphere radiative forcing by TB aggregates
We further estimated the radiative forcing of TB aggregates at the top of the atmosphere in
terms of simple forcing efficiency (SFE), reported in Wg-1, by considering the two extreme
cases of the imaginary part of the RI, k (C-AK and A-AA from Table 4-1), at two different
surface albedos of 0.06 and 0.80, as discussed below. In our calculations, we used the
spectral SFE (dSFE/dλ) equation (Bond and Bergstrom, 2006;Chen and Bond, 2010;Saliba
et al., 2016), which is substantially equivalent to the formulations given by, Haywood and
Shine (1995), Chylek and Wong (1995) and (Lenoble et al., 1982):
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑λ

where

1 𝑑𝑑𝑆𝑆(λ)

= −4
𝑑𝑑𝑑𝑑(λ)
𝑑𝑑λ

𝑑𝑑λ

𝑇𝑇 2 (𝜆𝜆)(1 − 𝐶𝐶)[2(1 – 𝑎𝑎𝑠𝑠 )2 𝛽𝛽 (𝜆𝜆) ∙ 𝑀𝑀𝑀𝑀𝑀𝑀 (𝜆𝜆) – 4𝑎𝑎𝑠𝑠 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀 (𝜆𝜆)],

(1)

is the extraterrestrial extraterrestrial spectral solar irradiance (in Wm-2nm-1), T

is the atmospheric transmission, C is the cloud fraction (assumed here to be equal to 0.6),
and as is the surface albedo taken as 0.06 for the ocean and 0.80 as an upper value for land
(Haywood and Shine, 1995), β is the hemispherical upscatter fraction (section 4.3.3), MSE
and MAE are the mass scattering and the mass absorption efficiencies, respectively. These
mass efficiencies are derived from Cabs and Csca, which are obtained from numerical
simulations (section 4.4.1) and using 1.5 gcm-3 as the density for the TBs (Alexander et al.,
2008;Sedlacek III et al., 2018). For T, we used 0.79, which is the geometric mean value of
the wavelength-averaged atmospheric transmission for the upwelling (0.87) and
downwelling (0.72) radiation (Penner et al., 1992). Finally, the net top of the atmosphere
forcing in the spectral range of 350-1150 nm was calculated by integrating the SFE
equation (1) using the solar spectral irradiance at the top of the atmosphere (extraterrestrial)
ASTM G173-03 Reference Spectra https://www.nrel.gov/grid/solar-resource/spectra.html.
For completeness, we also calculated another parameter relevant to the aerosol radiative
forcing, the single scattering albedo (SSA = Csca/[Csca+Cabs] = MSE/[MSE+MAE]).
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4.3.3 Calculation of hemispherical upscatter fraction (β)
To calculate the hemispherical upscatter fraction, β, we used the first element of the
scattering matrix S11(θ) with the normalization condition given in equation (2), as discussed
by Wiscombe and Grams (1976):
1

π

(2)

∫ 𝑆𝑆11 (𝜃𝜃) sin 𝜃𝜃𝜃𝜃𝜃𝜃 = 1

2 0

where θ is the scattering angle. Then, β is calculated as (e.g., Wiscombe and Grams,
1976;Andrews et al., 2006;Schwartz, 1996):
π/2

𝛽𝛽 = ∫0

(3)

𝛽𝛽𝜃𝜃0 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃0 𝑑𝑑𝑑𝑑0

where 𝛽𝛽𝜃𝜃0 represents the fraction of solar radiation scattered toward the upward hemisphere
for a solar zenith angle 𝜃𝜃0 (Pandey and Chakrabarty, 2016):
1

π

+𝜃𝜃0

𝛽𝛽𝜃𝜃0 = 2𝜋𝜋 ∫π−𝜃𝜃 𝑆𝑆11 (𝜃𝜃) sin 𝜃𝜃 𝑐𝑐𝑐𝑐𝑐𝑐 −1 (𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃0 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝑑𝑑𝑑𝑑 +
2

2

0

1
2

𝜋𝜋

∫𝜋𝜋+𝜃𝜃 𝑆𝑆11 (𝜃𝜃)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
2

0

(4)

Other related and commonly used parameters such as the backscatter fraction (b) and the
asymmetry parameter (g) were also calculated, and are discussed in the SI; however, here
we focus only on β.

4.4 Results and discussion
4.4.1 Absorption, scattering and single scattering albedo
First, we present the simulation results for Csca, Cabs, and SSA for the different cases
mentioned in section 4.3.1.
4.4.1.1 Effects of monomer number and refractive index
In Fig. 4-2, we compare Csca, Cabs, and SSA for TB aggregates calculated with T-Matrix to
the Mie simulations, for D = 150.5 nm at 550 nm. The data points are arranged from left
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to right, with increasing imaginary part of the refractive index. In the following figures, the
blue, red, and green colors always indicate T-Matrix, MieN and MieVER, respectively, while
the size of the circles indicates the number of monomers (N = 8, 16 and 32). The MieVER
simulations for N = 8, 16 and 32 corresponds to volume equivalent spheres of radius 150.50
nm, 189.62 nm and 238.90 nm, respectively.

Figure 4-2. Comparison of scattering cross section, absorption cross section, and single
scattering albedo for TB aggregates at 550 nm from T-Matrix and Mie simulations for
different index of refractions (see Table 4-1), and for a monomer diameter D = 150.5 nm.
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The size of the circles increases for increasing number of monomers in the aggregate (N =
8, 16 and 32). Notice the different y-axis scales.
As one might expect, all the scattering and absorption cross sections increase with
increasing N. T-Matrix and MieVER show higher Csca than MieN suggesting that TB
aggregates can scatter more than N individual TBs, at this monomer diameter (150.5 nm).
Unlike Csca, Cabs shows closer values for all three types of simulations, except for the duff
cases (C-PP and C-AK). Owing to the smaller k, C-AK and C-PP absorption values are
much smaller, compared to the other cases.
The SSA simulations show a large spread (from 0.29 to 0.99) for the different cases. This
is not surprising, considering the large spread in the k values reported in literature (Table
4-1). The T-Matrix SSA values increase with N, implying that scattering increases quicker
than absorption. In contrast, MieVER shows higher SSA values for N = 8 and lower SSA
values for N = 16 and 32, except for A-AA.
4.4.1.2 Wavelength dependence
We now present the dependence of Csca and Cabs on the wavelength (from 350 to 1150 nm
with 200 nm steps), and for different monomer numbers (N = 8, 16 and 32) for the C-AK
and A-AA cases (Fig. 4-3). Csca and Cabs increase with increasing N while Csca and Cabs
decrease with increasing wavelength, for most cases. For longer wavelengths, Cabs is
highest for MieVER for all the aggregate sizes. For C-AK, TBs show higher Csca and Cabs
with increasing monomer number, except for Csca at 350 nm owing to the strong
wavelength dependence of k resulting in a rapidly increasing absorption at shorter
wavelengths.
The SSA values are higher for MieVER compared to T-Matrix and MieN for all wavelengths
and aggregate sizes (except at 350 nm) and the discrepancy generally increases for larger
volume equivalent radii. For C-AK, the SSA value for MieVER decreases drastically with
monomer number (and therefore, volume equivalent size) at 350 nm.
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C-AK

A-AA

Figure 4-3. Comparison of absorption cross section, scattering cross section, and single
scattering albedo for T-Matrix and Mie simulations for the TBs from the Alaskan-duff (CAK) and the ambient (A-AA) cases, at different wavelengths. The size of the circles
increases for increasing number of monomers (N = 8, 16 and 32).
4.4.1.3 Monomer diameter dependence
As mentioned earlier, we performed Csca, Cabs and SSA simulations at 550 nm for three
different monomer diameters (D): 1) a lower limit D- = 100.0 nm, 2) a value at the
geometric mean D0 = 150.5 nm, and 3) an upper limit D+ = 200.0 nm; this range was
selected because it is close to the measured values (Girotto et al., 2018). The simulations
were performed for the maximum and the minimum values of k for the C-AK and A-AA
cases (Fig. 4-4).
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As expected, the Cabs increases for larger D, for both C-AK and A-AA cases and for each
monomer diameter, Cabs increases for higher N. For the smallest monomer diameter (D =
100.0 nm), Cabs for the MieVER is the highest, while the T-Matrix Csca is larger for the
largest D (200.0 nm) and N (32).
Like Cabs, Csca increases with increasing D for all simulations. For the C-AK case, MieVER
Cabs is the highest, while for the A-AA case, MieN Cabs is the highest when the monomer
diameter is the largest (D = 200.0 nm), irrespective of N.
A-AA

C-AK

Figure 4-4. Comparison of scattering and absorption cross section, and SSA of TBs at 550
nm between the T-Matrix and the Mie simulations for the C-AK and A-AA cases at three
different monomer diameters. The size of the circles increases for increasing number of
monomers (N = 8, 16 and 32).
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The SSA in general increases with increasing D for the T-Matrix and MieN simulations.
However, the SSA for MieVER decreases for the largest N and D. For C-AK, SSA is close to
unity (> 0.95 up to 0.99). The SSA for A-AA varies from a minimum of 0.13 (MieN) to a
maximum of 0.55 (T-Matrix). This dynamic range shows that for highly absorbing TB
aggregates the size of the TBs making up the aggregate can have a strong influence on the
aggregate single scattering albedo, and it is probably partially related to the decreasing ratio
of the skin depth to the monomer size. We remind the reader that the k value for C-AK is
much smaller than for A-AA, which accounts for the large differences in SSA.
4.4.2 Hemispherical upscatter fraction
In this section, we present our result for the hemispherical upscatter fraction (β). As
mentioned earlier, the results for b and g are presented in the SI, for interested readers.
4.4.2.1 Effects of monomer number and refractive index on β
The β-values for T-Matrix and MieVER are very similar, except for the duff, but are
considerably smaller than for MieN at 550 nm; owing to the general increase of the forward
scattering with increasing particle size parameter, implying that β decreases for larger
particle sizes (Fig. 4-5).

Figure 4-5. Comparison of hemispherical upscatter fraction (β) for T-Matrix and Mie
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calculations at 550 nm. The size of the circles increases for increasing number of monomers
in the aggregate (N = 8, 16 and 32).
For a given simulation, the β values are similar irrespective of the RI. The exception is the
the MieVER C-PP case for N = 32; the increase in β for that simulation may be due to a Mie
resonance at the specific volume equivalent particle size, correspondent to N = 32, and for
the given RI and wavelength.
4.4.2.2 Dependence of β on wavelength
We also quantified the increase of β with wavelength for the C-AK and A-AA (Fig. 4-6).
The T-Matrix β values are lower than MieVER at wavelengths larger than ~750 nm for both
samples. Individual TBs always scatter light more effectively in the upward hemisphere
compared to the TB aggregates.
A-AA

C-AK

Fig. 4-6. Comparison of hemispherical upscatter fraction (β) for T-Matrix and Mie at
different wavelengths for TBs from the C-AK and A-AA cases. The size of the circles
increases for increasing number of monomers in the aggregate (N = 8, 16 and 32).
4.4.2.3 Effects of monomer size on β
Finally, we studied the effect of monomer diameter on β. As before, we selected the C-AK
and A-AA cases as they represent the extremes of the k values. For both cases, the β values
are higher for MieN than the Mie-VER and T-Matrix (Fig. 4-7). For A-AA, β decreases
when the monomer diameter or the number of monomers increases; but for C-AK, MieVER
β in some cases increases with N.
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C-AK

A-AA

Figure 4-7. Comparison between T-Matrix and Mie simulations of upscatter fraction (β)
for TBs at 550 nm for the C-AK and A-AA at different monomer diameters. The size of
the circles increases for increasing number of monomers in aggregate (N = 8, 16 and 32).
4.4.3 Top of the atmosphere radiative forcing by TB aggregates
Finally, we present the top of the atmosphere radiative forcing estimates in term of SFE
(W g-1) integrating the spectral SFE in the 350-1150 nm spectral region, for two different
surface albedos. We calculated the SFE for the C-AK and A-AA cases to estimate the
extreme range of radiative forcing by TBs and TB aggregates in the atmosphere.
4.4.3.1 High surface albedo
We estimated the SFE for a surface albedo (as) of 0.8, which is representative of highly
reflective surfaces, such as snow. The spectral forcing efficiency for the TB aggregates
consisting of eight monomers is shown in Fig. 4-8, as an example. The dSFE/dλ values (at
5 nm intervals) are mostly positive and higher for the A-AA (dashed lines) than for the CAK case (solid lines). For C-AK, the dSFE/dλ decreases steeply from 450 nm to 550 nm,
after which it becomes almost constant and oscillates around zero.
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Figure 4-8. Comparison of dSFE/dλ between the T-Matrix and Mie simulations from 350
nm to 1150 nm at high surface albedo (as = 0.8) and for N = 8.
Integrating the curves in Fig. 4-8, we found that for high as, the SFE ranges between 69
and 96 Wg-1 for C-AK, and between 523 and 646 Wg-1 for A-AA. We found that the SFE
by TB aggregates is close to the SFE of the volume equivalent single TBs (< 9%) for the
A-AA case, but the value differs by more than 15% for the C-AK case. The SFE for TBs
for high surface albedo are tabulated in Table S2 in the supplement.
4.4.3.2 Low surface albedo
Finally, we calculated the dSFE(λ)/dλ from 350-1150 nm, for the C-AK and A-AA cases,
and for low as = 0.06, which is representative of highly absorbing surfaces, such as the
ocean; an example is shown in Fig. 4-9 for N = 8. The dSFE/dλ plots for N = 16 and 32
monomers for high and low surface albedos are provided in the SI (see Fig. S4 and S5).
Integrating the spectral efficiencies, we found that the SFE is always negative and varies
between -89 and -269 Wg-1 for the C-AK case, and between -10 and -48 Wg-1 for the A118

AA case. The SFE for TBs for low surface albedo are tabulated in Table S3 in the
supplement. In the SI (Fig. S6) we also provide plots of dSFE/dλ at 550 nm from all cases
for low as and high as.

Figure 4-9. Comparison of dSFE/dλ between the T-Matrix and the Mie simulations from
350 nm to 1150 nm at low surface albedo, as = 0.06, and for N = 8.
For comparison, Chakrabarty et al. (2016) estimated mean forcing efficiencies of 20 and
38 Wg-1 for brown carbon aerosols from Alaskan peat and Siberian peat, respectively, for
as = 0.8. In another study on aerosols from wood burning, Chen (2011) reported brown
carbon SFE values reaching up to 41 W g-1 over bright land surfaces (as = 0.8), which is
lower than our values (see Table S2). The author also reported a black carbon SFE value
of 210 W g-1 for as = 0.19; for comparison, our T-Matrix SFE value is 94 Wg-1, about half
of Chen’s value, for the A-AA case for as = 0.19 (N = 16). We should caution, that different
studies use somewhat different spectral range limits for the integration of dSFE/dλ.
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4.5 Summary and Conclusions
Our Because of the large parameter space investigated, we summarized the spread of all
the results of our simulations in graphical form in Fig. 4-10, by incorporating all the data
points (including the simulation results for different monomer sizes and numbers, different
wavelengths and different RI, when applicable) in a single plot. We summarize the relative
differences between the different simulations as ratios:
𝑅𝑅𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁 [%] =
And

𝑋𝑋𝑇𝑇−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑋𝑋𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁
𝑋𝑋𝑇𝑇−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑅𝑅𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉 [%] =

𝑋𝑋𝑇𝑇−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑋𝑋𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉
,
𝑋𝑋𝑇𝑇−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

where 𝑋𝑋𝑇𝑇−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 , 𝑋𝑋𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁 and 𝑋𝑋𝑀𝑀𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉 represent the scattering or absorption cross section,

the SSA, β or SFE, for the T-Matrix, MieN, and MieVER simulations, respectively.

For the SFE, we simulated only the C-AK and A-AA, cases as discussed earlier in section
4.4.3, which reduces the number of data points. The data points are the relative differences
between the integrated SFE values for the TBs from 350 -1150 nm.
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Figure 4-10. Comparison of different parameters between T-Matrix and Mie simulations.
The open circles in blue color represent the comparison between the T-Matrix and MieN,
while the crosses in red color represent the comparison between the T-Matrix and MieVER.
The dashed horizontal line in black color represents zero deviation.
The numerical simulations show that fractal-like TB aggregates have considerably
different optical and radiative properties when compared to individual TBs. The broad
range of k values reported in the literature results in a wide range of values for scattering
and absorption cross sections and therefore, for the SSA values (from 0.10 to 0.99).
Although this issue was not the focus of our current work, these results further underscore
the need to narrow the range of RI values, endeavor that should be a subject of future
studies. However, when comparing simulations with the same RI, the SSA for the
aggregates is larger than for individual TBs. The values of SSA for the TB aggregates, as
calculated using T-Matrix, are different from those calculated using MieN by up to 77%
and from those calculated from MieVER by up to 37%. The simulations also show that
aggregation has a strong effect on β. TB aggregates always have smaller β values compared
to individual TBs. The calculations of the top of the atmosphere SFE show that TB
aggregates have different forcing from that of individual TBs. For high surface albedo, the
SFE for the volume equivalent Mie model is within ~17% of that calculated from T-matrix.
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This finding suggests that, over bright surfaces, Mie simulations might provide reasonable
SFE, when one uses the aggregate volume equivalent diameter. However, the relative
discrepancy is much larger (up to ~170%) for low surface albedo, suggesting that Mie
might not be a good approximation, even when using the volume equivalent model. These
findings suggest that aggregation must be considered to accurately assess the influence of
TBs on the Earth radiative balance. Accounting for aggregation might be needed also when
retrieving aerosol properties from remote sensing measurements and for heating rates
calculations, and to correct for potential biases introduced by sampling artifacts that might
arise due to their large sizes, all topics that should be further investigated. We note that we
purposely performed these comparisons on single particles. Therefore, the results will not
reflect necessarily the net effect of a population of particles that might contain different
fractions of individual TBs, TB aggregates, soot and organic particles that are often also
abundant in biomass burning smoke. Future work should also focus on assessing the
relative abundance of these TB aggregates.
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4.7 Supplemental information
Table S1. Refractive index values, at five wavelengths from the ambient TBs measured
by Alexander et al. (2008) and the Alaskan duff TBs by Chakrabarty et al. (2010).
Wavelength (nm)

RI (A-AA)

RI (C-AK)

350

1.57 - 0.33900i

1.86 -0.07485i

550

1.67 - 0.27000i

1.74- 0.00187i

750

1.73 - 0.23400i

1.62 - 0.00142i

950

1.76 - 0.20600i

1.50 - 0.00135i

1150

1.79 - 0.17800i

1.38 - 0.00133i

SI section 1: Backscatter fraction (b) and asymmetry parameter (g) for different
refractive indices at 550 nm
Using the first element of the scattering matrix S11 (𝜃𝜃), b and g are calculated as (Wiscombe
and Grams, 1976;Andrews et al., 2006;Schwartz, 1996)
π

(S1)

𝑏𝑏 = ∫π 𝑆𝑆11 (𝜃𝜃) sin 𝜃𝜃 𝑑𝑑𝑑𝑑
2

Notice that for the case of zero solar zenith angle, b and β are equal.
1

π

(S2)

𝑔𝑔 = 2 ∫0 𝑆𝑆11 (𝜃𝜃) sin 𝜃𝜃 cos 𝜃𝜃 𝑑𝑑𝑑𝑑

Like β, the b values for T-Matrix and MieVER simulations are considerably smaller than
those obtained from MieN (Fig. S1a). However, the T-Matrix values for most cases are
higher than the MieVER values. Also, b values for T-Matrix decrease for increasing
aggregate size for all RI, while for MieVER simulations, b shows increasing trend for N =32.
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(a)

(b)

Figure S1. Comparison of a) backscatter fraction (b) and b) asymmetry parameter (g)
between the T-Matrix and Mie calculations. The size of the circles increases for increasing
number of monomers in the aggregate (N = 8, 16 and 32).
Finally, we compared g between the T-Matrix and the Mie calculations (Fig. S1b). For both
T-Matrix and MieVER simulations, g increases with N. The only exception being the C-PP
and N = 32 case, which may be due to a Mie resonance, as discussed in the main paper.
Since g is size-dependent, the values are smaller for the MieN compared to the T-Matrix or
the MieVER, especially for aggregates with many monomers. Except for the C-AK and CPP, the MieVER calculations give higher g compared to the T-Matrix. Overall, g reaches up
to 0.72 for TB aggregates while the value lies below 0.20 for the individual TBs, suggesting
that the aggregation of TBs can significantly increase g.
SI section 2: Backscatter fraction (b) and asymmetry parameter (g) at different
wavelengths from the C-AK and A-AA cases
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Like β, simulations show higher b values at longer wavelengths (Figs. S2a, b) for the TBs
from both cases. Simulations show an opposite trend for g where the values decrease with
increasing wavelengths (Figs. S2c, d). The g values from MieN are lower than MieVER and
T-Matrix.
C-AK (a)

A-AA (b)

C-AK (c)

A-AA (d)

Figure S2. Comparison of a, b) backscatter fraction (b) and c, d) asymmetry parameter
(g) between the T-Matrix and the Mie calculations at different wavelengths for C-AK and
A-AA. The size of the circles increases for increasing number of monomers in the
aggregate (N = 8, 16 and 32).
SI section 3: Backscatter fraction (b) and asymmetry parameter (g) at different
monomer sizes for the C-AK and A-AA cases
For the MieN simulation for both C-AK and A-AA, b decreases with increasing monomer
size (Figs. S3a and b, respectively). For the case of MieVER and T-Matrix simulations for
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C-AK, b does not show a clear pattern of increase/decrease with D or N; while for the case
of A-AA, the b values in general decrease for increasing D and N.
Regarding the g values, they are higher at larger D and N for both samples for most
simulations. For D = 200.0 nm, g values for MieVER decreases as N increases for the C-AK
case. The values of g for the MieN simulation are always smaller than for the MieVER and
T-Matrix simulations. The plots of g for C-AK and A-AS are shown in Figs. S3c and d,
respectively.
C-AK (a)

A-AA (b)

C-AK (c)

A-AA (d)

Figure S3. Comparison between T-Matrix and Mie simulations of backscatter fraction (b)
and asymmetry parameter (g) at 550 nm for the Alaskan duff (C-AK) case (Figs. S3a and
c, respectively) and the ambient (A-AA) case (Figs. S3b and d, respectively) at different
monomer diameters. The size of the circles increases for increasing number of monomers
in aggregate (N = 8, 16 and 32).
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Our simulations show that both parameters, b and g, are affected by wavelength, monomer
size and aggregate size with a minor effect of the refractive index, which agrees with the
previous observations for example Horvath et al. (2016).
SI section 4: Simple forcing efficiency (SFE) at different wavelength for the TBs from
C-AK and A-AA cases for N = 16, 32 for (a, c) high surface albedo and (b, d) low
surface albedo
The dSFE/dλ plots for the high and low surface albedo for N = 16 and 32 show similar
features like those for N = 8.

(a)

(b)

Figure S4. Comparison between T-Matrix and Mie simulations of dSFE/dλ for TBs at 550
nm for the TBs from Alaskan duff (C-AK) and ambient aerosols (A-AA) for N = 16 for: a)
as = 0.8) and b) as = 0.06.
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(a)

(b)

Figure S5. Same as Fig. S4 but for N = 32.
Table S2. SFE (W g-1) from 350- 1150 nm for high surface albedo (as = 0.8)
N

C-AK

A-AA

T-Matrix

MieN

MieVER

T-Matrix

MieN

MieVER

8

86.57

95.87

85.58

623.46

646.08

642.28

16

84.10

95.87

81.76

595.95

646.08

599.91

32

81.80

95.87

69.04

574.40

646.08

522.74

Table S3. SFE (W g-1) from 350-1150 nm for low surface albedo (as = 0.06)
N

C-AK

A-AA

T-Matrix

MieN

MieVER

T-Matrix

MieN

MieVER

8

-102.34

-88.57

-268.89

-22.17

-10.45

-47.80

16

-96.97

-88.57

-249.64

-19.88

-10.45

-45.16

32

-90.58

-88.57

-242.21

-16.71

-10.45

-36.92
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S6. Plots of
cases.

𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

at 550 nm for a) high and b) low surface albedo for different RI

(a)

(b)

Figure S6. Simple Forcing Efficiency (SFE) at 550 nm. The dashed lines separate the TBs
from three different cases
Here, we took the

𝒅𝒅𝒅𝒅(𝝀𝝀)
𝒅𝒅𝒅𝒅

value of 1.863 W m-2 nm-1 at 550 nm from the ASTM G173-03

Reference Spectra and calculated

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

by using equation (1) in the main document.
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5 Chapter 5: Research implications and Future
Directions
Soot and tar balls are both light absorbing carbonaceous aerosol, the first generated from
any combustion process involving carbonaceous material, the second mainly produced
during biomass burning. Soot strongly absorbs light and warms our atmosphere, therefore,
exerting a positive, but highly uncertain, radiative forcing at the top of the atmosphere.
Soot is potentially the second warming agent in the atmosphere after carbon dioxide
(Ramanathan and Carmichael, 2008;Jacobson, 2001). The role or light absorbing tar balls
is even less understood, also because of large uncertainties in the imaginary part of their
index of refraction. However, an additional source of uncertainty that is a common thread
for these two types of particles is the complexity in the morphology of soot as well as, TB
aggregates, and their mixing with other aerosol and condensable vapors. The morphology
and mixing state change over time due to atmospheric processing, and an understanding of
their evolution is, therefore, necessary for a full representation in numerical models.
During the last five years of my doctorate studies, I focused my research on the detailed
investigation of soot at a single particle level using electron microscopy. Our research can
provide radiative transfer modelers with accurate information on the morphology and
mixing state of individual particles. Therefore, this information can contribute to reducing
the uncertainties in the aerosol radiative forcing.
In one of my research projects, we investigated the morphology of cloud processed soot
particles from laboratory and field samples and found that soot particles undergo
compaction. Many previous studies speculated that compaction of soot particles was the
result of cloud processing (Huang et al., 1994;Mikhailov et al., 2006;China et al., 2015).
Our research tested and validated this hypothesis, quantifying the degree of compaction
using laboratory as well as ambient data. Compaction of soot directly affects its optical
properties. In general, light scattering by soot particles increase upon compaction by large
amounts, while absorption can increase or decrease by a few percent (Radney et al.,
2014;Liu and Mishchenko, 2005). Soot compaction can also have effects on health. Several
136

studies have shown that the surface area of inhaled soot plays a key role in determining its
toxicity in the lungs (Oberdörster, 2000;Schmid and Stoeger, 2016). Also, compaction
affects the particle lung deposition; in fact, fiber-like fresh soot more easily penetrates
through the respiratory tract during inhalation compared to compact spherical particles of
the same mass (Asbach et al., 2016;Scheckman and McMurry, 2011). A recent study
showed that the ability of soot to become ice-nuclei is affected by the availability of pores
(mesopores) on its surface (Mahrt et al, 2018). The availability of mesopores is modified
upon soot compaction. It has been demonstrated that the molecular roughness of the soot
surface directly affects the heterogeneous ice nucleation efficiency (Lupi et al., 2014).
Finally, when a lacy soot collapses and become compact, the effective density increases
affecting dry deposition rates and the soot atmospheric life time in the atmosphere. All
these aspects are interesting topics for future research efforts.
The third chapter of my dissertation explores potential biases introduced by the use of
thermodenuders. During atmospheric processing, it is likely that the soot particles are
internally mixed with other aerosol or condensable vapors (China et al., 2015). Coating
affects how the particle interacts with light, typically enhancing the scattering and
absorption cross sections. To calculate the optical enhancements, coatings should be
removed and thermodenuders are often used to strip off the coating materials (Cappa et al.,
2012;Cross et al., 2010). However, it is assumed that the thermodenuder removes the
coating material without disturbing/deforming the backbone structure of the soot core. Our
investigation showed that indeed, the structural integrity of soot remains intact after
thermodenuding. This finding suggests that the thermodenuding technique itself is not
affected by this bias. It should be noted that other biases could affect the enhancement
calculation, but those issues were not the focus of our study. During our investigation, we
studied the morphology of soot particles that were denuded up to the temperature of 270
0C. We suggest that further investigation at higher temperatures should be carried out in
the future. Also, we suggest investigating the thermodenuding effect on core soot structure
involving the removal of the high surface tension and low surface tension coating materials
to examine whether the surface tension of coating material introduce bias during the
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thermodenuding. A future research direction could be that of examining soot morphology
changes in the new scanning transmission electron microscope at MTU using an existing
temperature controlled heated holder as a “thermodenuder”.
Another important aspect of my research was the study of tar ball aggregates, covered in
chapter 4. Fractal aggregates of TBs are present in significant fraction (up to 60% by
number) in biomass burning plumes (Chakrabarty et al., 2016;Girotto et al., 2018). We
found that TB aggregates exhibit fractal-like morphologies consisting of tens of monomers,
similar to that of soot (Girotto et al., 2018). TB aggregation affects the particle optical
properties and their direct radiative forcing. To quantitatively study these effects, I used
two different numerical methods, T-Matrix and Lorenz-Mie. We found that the correct
representation of the TB aggregates morphology is indeed necessary. Future studies should
focus on determining the abundance of these aggregates and how the burning conditions
and fuel type affect their concentrations. Additionally, their formation mechanisms are
currently unknown and should be investigated. Their effects on heating rates and remote
sensing retrievals should also be determined. Finally, understanding their aerodynamic
properties would be important to understand sampling biases (that arise from their rather
large size) and deposition rates.
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