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Abstract

Black carbon is a subset of the total atmospheric aerosol population that is formed
in the incomplete combustion of fossil fuels, biofuels, and biomass. This research
focused on the properties of black carbon particles measured in the boundary layer
and free troposphere, as well as the activation of black carbon particles by cloud
droplets. The primary motivation for this research is to increase our understanding
of the properties of black carbon under these different atmospheric conditions.

A single particle soot photometer was used to study properties of black car-
bon particles incorporated into cloud droplets at two field locations: 1) a marine
boundary layer site, and 2) a high elevation mountain site. At both sites, a size
dependence on the fraction of black carbon incorporated into cloud droplets was
observed; and for small (<100 nm) diameters, black carbon was efficiently incor-
porated into droplets. In addition, at the marine boundary layer site, thick coatings
were observed on the small diameter black carbon particles that were incorporated
into the droplets, which was consistent with theory.

The single particle soot photometer was also used at a high elevation mountain

site to investigate properties of black carbon from biomass burning and black car-
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bon within the free troposphere. The average mass concentration of black carbon
was found to be significantly higher (=~ 9x) during periods of biomass burning
than within the free troposphere, yet had similar mass median diameters. Coating
thicknesses of black carbon containing particles during the two subsets of data
were also investigated. Average coating thicknesses for black carbon core diame-
ters between 140 to 160 nm was 55 nm when sampling in the free troposphere, but
approximately 32 nm when sampling air masses influenced by biomass burning.
The results presented in this dissertation increase our understanding of the
properties of black carbon particles and how they vary as a function of location
and type of air mass sampled. This information can be used to further constrain

computer models that are used to predict how black carbon can affect climate.
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Chapter 1

Introduction

1.1 The Atmosphere

The Earth‘s atmosphere is divided into several layers as seen in Figure 1.1 top
panel, which shows a temperature profile as a function of altitude that typically
occurs near midlatitude regions (between approximately 23° and 66° for both
hemispheres) (Wallace and Hobbs, 2006). The troposphere is the bottom layer
and is characterized by a decrease in temperature with an increase in altitude. This
layer contains approximately 85% of the total mass within the atmosphere (Jacob,
1999), and extends from the Earth’s surface to approximately 11 km (depending
on latitude). The troposphere can be further classified into two regions known as
the atmospheric boundary layer (ABL) and the free troposphere (FT) (Figure 1.1
bottom panel). The ABL is the lowest portion of the troposphere, typically from

0-1 km, where the frictional forces of the Earth’s surface acting on wind direction



and velocity are greatest, causing turbulent vertical mixing of atmospheric com-
ponents (Stull, 2003). The altitude at which the Earth’s frictional forces on wind
direction and velocity diminish is called the FT. Within the FT vertical mixing is
slow (Stull, 2003).

The atmosphere is made up of gaseous, liquid, and solid materials that are
emitted from both natural and anthropogenic sources (e.g. volcanic eruptions,
dust storms, forest fires, and vehicular exhaust). It is within the troposphere that
these components can most greatly influence the quality of life for humans by
altering such parameters as visibility, or air quality, which in turn can impact
human health. All of the work performed in this document takes place in the

troposphere.

1.2 Aerosols

The liquid and solid components, mentioned above, are referred to as particulate
matter, or aerosol when that particulate matter is suspended in a gaseous medium
(Finlayson-Pitts and Pitts, 2000), such as air. Although the rigorous definition of
aerosol accounts for both the particles and the gas it is suspended in, it is com-
mon in atmospheric literature to use the word aerosol and particle interchangeably.
Therefore, for the remainder of this dissertation the word aerosol will refer to the
particles alone, without reference to the gas. Aerosols are ubiquitous in the atmo-
sphere and exist in a wide range of sizes, number concentrations, and chemical
compositions. The exact chemical and physical properties of aerosol particles are

governed by the source of emission and any chemical, or physical changes that



occur while the particles are suspended in the atmosphere.

Aerosols within an air mass can exist in different mixing states. The mix-
ing state describes the extent to which multiple different aerosols from different
sources have been atmospherically processed to form internal mixtures of compo-
sition within a single aerosol. The two extreme cases of mixing state are classified
as externally mixed and internally mixed. Externally mixed aerosols exist when
aerosols from multiple sources are present in the same air mass as independent
particles with chemical compositions that are characteristic of the initial source.
Alternatively, several aerosols from different sources can be combined into a sin-
gle aerosol particle through processes such as coagulation or condensation. These
are considered to be internally mixed as the chemical composition of a single par-
ticle is now a mixture of species from each of the different sources. For example,
a black carbon particle that has had ammonium sulfate condensed on its surface
is considered to be an internally mixed particle.

The presence of complex mixtures of aerosols that have different sizes, chem-
ical compositions, and mixing states within a given air mass creates a dynamic
system in which atmospheric gases and aerosols interact under different meteo-
rological conditions (e.g. temperature, pressure, relative humidity). Variations
in the meteorological conditions as well as the size and chemical composition of
the aerosols are important parameters as they greatly affect the amount of time
an aerosol spends suspended within the atmosphere (Seinfeld and Pandis, 2006),
referred to as the lifetime of an aerosol. The greater the aerosol‘s lifetime, the

greater the impact it can have on climate (see Section 1.4 for further discussion).



1.3 Black Carbon

Black Carbon (BC) is a subset of the aerosol population that is emitted as a result
of incomplete combustion. Historically, the term BC has not had a standardized
definition and has been used, in the literature, to represent various components
of the total carbonaceous material present in the atmosphere (Bond et al., 2013;
Petzold et al., 2013). Here, I adopt the recommendations laid out by Bond et al.
(2013), namely that BC is only produced in flames and is distinguished from other
forms of atmospheric carbonaceous material by the following four physical prop-

erties:
1. BC strongly absorbs visible light.
2. BC retains its form at high temperatures (referred to as refractory).

3. BC is insoluble in water, organic solvents, and other components of atmo-

spheric aerosols.
4. BC is an agglomerate of small carbon spherules.

Because the measurements of BC contained in this document were carried out
with a single particle soot photometer (SP2, see Chapter Chapter 3) I further adopt
the convention suggested by Petzold et al. (2013) and refer to the BC measured

by the SP2 as refractory black carbon, or rBC.



1.3.1 Black carbon emissions

BC emissions come from both naturally occurring and anthropogenic sources.
The only natural source of BC in the atmosphere is biomass burning initiated by
natural causes, such as lightning. However, biomass burning BC is also emitted
from anthropogenic sources such as wood based cook stoves, or stoves used for
heating, as well as the burning of agricultural waste, or prescribe forest fires used
in forest management.

Table 1.1 was adapted from Bond et al. (2013), and lists the best-estimates of
BC emissions from the year 2000 and the year 1750, which is often used as prein-
dustrial conditions. BC emissions are segregated into those emissions that are
associated with anthropogenic energy related BC and open vegetative, or biomass
burning emissions (Bond et al., 2013). Approximately 4.8 Tg of BC were emitted
in the year 2000 as a result of energy related anthropogenic combustion sources,
an 1100% increase from preindustrial conditions. A much smaller yet still sig-
nificant increase of 180% was observed for open burning BC emission sources.
The estimates for open burning listed here however, do not necessarily account
for agricultural waste burning due to a lack of direct measurements of such pro-
cesses (Bond et al., 2013). Combining BC emissions from both sources results
in a total increase of BC emissions from preindustrial levels of 436%. However,
based on the ranges of total BC emissions estimated from all sources in the year
2000 (shown in parenthesis in Table 1.1) a considerable uncertainty is associated
with these estimates. These large uncertainties have also been reported in other

studies (e.g. Bond et al., 2004; Koch et al., 2009).



1.4 The Effects of Aerosols on Climate

As mentioned in Section 1.2, aerosols can affect climate, and they can do so di-
rectly and indirectly. Figure 1.2 pictorially describes the different affects that

aerosols can have on climate.

1.4.1 Radiative forcing

The metric used by atmospheric scientists to quantify a particular aerosol ‘s effect
on climate is known as radiative forcing. The Intergovernmental Panel on Climate
Change (IPCC) defines, in general terms, radiative forcing as “the net change in
the energy balance of the Earth’s atmospheric system as a result of some imposed
perturbation, such as an aerosol. It is usually expressed in watts per square meter,
averaged over a particular period of time, and quantifies the energy imbalance that
occurs when the imposed change takes place” (IPCC-ARS, 2013). It is through
interactions with solar radiation and clouds that aerosols can impose either a cool-
ing or warming effect on the Earth’s atmospheric system. An aerosol that has a
positive radiative forcing is considered to be a warming forcer, while an aerosol

that has a negative radiative forcing is considered to be a cooling forcer.

1.4.2 Direct effects on radiative forcing

Aerosols can directly affect climate by absorbing, or scattering incoming solar
radiation (Figure 1.2). When incoming solar radiation is scattered by aerosols
the net amount of radiation reaching the Earth’s surface is reduced, leading to a

negative radiative forcing and cooling of the Earth’s atmospheric system (IPCC-



ARS; 2013). Opposite to scattering, when incoming solar radiation is absorbed by
aerosols the energy is emitted in the form of heat, leading to a positive radiative

forcing and a warming of the Earth’s atmospheric system (IPCC-ARS, 2013).

1.4.3 Indirect effects on radiative forcing

Aerosols can also affect climate indirectly through a variety of interactions with
clouds. The indirect effects on climate are classified into two categories; the 1%
indirect effect, or cloud-albedo effect, and the 2™ indirect effect, or cloud-lifetime
effect. Both of these effects are represented pictorially in Figure 1.2. In order for
an aerosol to impact climate indirectly it must have the ability to act as a cloud
condensation nuclei (CCN), which is a requirement to form cloud droplets (see
Chapter 2 for further details on cloud droplet formation).

The cloud-albedo effect is characterized by an increase in the cloud droplet
number concentration (CDNC) as a result of an increase in the number of CCN
active aerosols. The cloud-albedo effect assumes the amount of liquid water avail-
able remains the same as the clean cloud conditions (see Figure 1.2). The increase
in number of CDNC increases the reflectivity, or albedo of the cloud. An increase
in the cloud-albedo reduces the net radiation reaching the Earth’s surface produc-
ing a negative radiative forcing and hence a net cooling effect on climate.

The cloud-lifetime effect, on the other hand, is the result of the decrease in
droplet size, as a result of an increase in the number of CCN active aerosols. A
decrease in droplet size results in a decrease in the amount of precipitation and

therefore, an increase in the lifetime of the cloud. An increased lifetime, in turn,



reduces the amount of solar radiation reaching the Earth’s surface also producing

a negative radiative forcing.

1.5 Effects of Black Carbon on Climate

1.5.1 Direct effects of black carbon on climate

BC is a strong absorber of all wavelengths of visible light (Bond et al., 2013). In
fact, BC is the atmospheric species with the strongest known absorption of solar
radiation at these wavelengths (Bond et al., 2013). As a result of such efficient
absorption, BC has the potential to significantly influence climate directly. Based
on the current best-estimates the BC direct radiative forcing, from all present day
sources, is +0.88 W m™2, however this number has a 90% uncertainty. Accounting
for this uncertainty places BC direct radiative forcing estimates between +0.17
to +1.48 W m™2 (Bond et al., 2013). The uncertainty in the BC direct radiative
forcing estimates stems from uncertainties in the emission rates of BC, spatial and
temporal distributions of BC, as well as removal rates of BC from the atmosphere

through such processes as wet or dry deposition (Bond et al., 2013).

1.5.2 Indirect effects of black carbon on climate

BC particles have been shown to acquire hydrophyilic coatings (Bond et al., 2013).
Once coated with a hydrophyilic substance they can become CCN active, and
therefore contribute to the indirect effects on climate (Bond et al., 2013). The best-

estimates of the indirect radiative forcing of BC, based on current knowledge, is



+0.23 W m2 (Bond et al., 2013). However, similar to the direct radiative forcing
estimate, this indirect radiative forcing estimate has a 90% uncertainty associated
with it, thus giving a range of -0.47 to +1.0 W m? (Bond et al., 2013). Bond et al.
(2013) remark that it is a lack of scientific understanding in the BC-cloud effects
that is the largest source of uncertainty in calculating the contribution of BC to

climate change.

1.6 Dissertation Research Goals

To better understand the role of BC in climate, and to better quantify the direct
and indirect effects of BC on climate, the incorporation of rBC particles into cloud
droplets as a function of rBC particle size was investigated at two locations: 1)
La Jolla, CA, and 2) Whistler, BC. Measurements of rBC in cloud droplets as a
function of size is important to test our current understanding of the incorporation
of rBC particles into cloud droplets and to test our understanding of the CCN
properties of rBC. A better understanding of the CCN properties of BC should
eventually translate to better estimates of the direct and indirect effects of BC on
climate.

In addition to investigating the incorporation of rBC in cloud droplets, this
thesis also describes measurements of rBC at the Whistler High Elevation Site
(WHI) conducted during 2009, 2010, and 2012. This included measurements of
rBC from biomass burning and rBC in the free troposphere. From these studies,
properties of rBC, such as coating thickness and size distributions, that are needed

when calculating the direct effect of rBC on climate were determined. The three



year record also serves as a bench-mark that can be used to test current atmo-

spheric models that predict concentrations of BC in the atmosphere.

1.7 Overview of Dissertation

Chapter 1 (this chapter) gives an introduction to atmospheric aerosols, including
BC, and their potential effect on climate. It also outlines the research goals of this
dissertation. Chapter 2 discusses the theory used to determine if an aerosol will
activate to form a cloud droplet, and Chapter 3 describes the operational theory
and data analysis procedures for the SP2, the primary instrument used in this
research. Chapters 4-6 are the research chapters. For example, Wang et al. (2014)
compared modelled BC concentrations with ambient measurements of BC and
concluded that most models overestimate atmospheric BC concentrations, likely
indicating that activation of BC into cloud droplets is not simulated correctly,
and therefore contribute to the uncertainties of the direct and indirect estimates.
By directly measuring CCN properties of BC in cloud droplets at two distinct
locations, models can be further constrained to more accurately determine the
indirect effects of BC on climate.

Chapter 4 investigates the size-resolved activation of rBC measured at a ma-
rine boundary layer site during two liquid water cloud events. The size-resolved
activated fractions of rBC are compared to the activated fractions of the bulk
aerosol, and the average coating thickness of rBC containing particles are also
reported and discussed. In addition, the observed activation of rBC at this site is

compared with kappa-Kohler theory in order to validate the theory with observa-
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tions from a natural environment. Chapter 5 also investigates the size-resolved
activation of rBC in liquid water clouds, but at a high elevation mountain site.
Comparisons between the size-resolved activated fractions of rBC and the size-
resolved activated fractions of the bulk aerosol are also discussed in Chapter 5.
Chapter 6 presents results from a three year period of measurements taken at
the high elevation mountain site, and discusses properties (size distributions, mass
concentrations and distributions, as well as coating thicknesses) of rBC measured
during two types of sampling conditions: 1) during biomass burning episodes and
2) during free tropospheric sampling conditions. Finally, Chapter 7 summarizes

the research with some general conclusions and considerations for future work.
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1.8 Chapter 1 Figures and Tables

Table 1.1: Best-estimates of BC emissions in Tg yr'! with available esti-
mate ranges in parentheses (adapted from Bond et al. (2013) Table 6).
Energy related estimates are from energy-related combustion sources
while open burn refers to open vegetative, or biomass burning estimates.

Time frame BC Emissions

Year 2000
Energy related 4.8 (1.2-15)
Open burning 2.8 (0.8-14)
Total 7.5 (2-29)

Year 1750
Energy related 0.4 (-)
Open burning 1.0 ()
Total 1.4 (-)
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Figure 1.1: Vertical structure of the atmosphere (top panel) for a typical mid-
latitude temperature profile (adapted from Wallace and Hobbs (2006)),
and a schematic showing the components of the troposphere (bottom

panel).
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Chapter 2

Formation of Cloud Droplets and

kappa-Kohler Theory

2.1 Introduction

Given the numerous pathways by which aerosols can interact with clouds to affect
climate, it is important to determine a given aerosol’s ability to act as a CCN
(see Section 1.4.3). The following section describes the details of how Kohler
theory can be used to determine if an aerosol will act as a CCN, and provides the
necessary background theory for the rBC cloud studies described in Chapters 4

and 5.
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2.2 Theory Describing Droplet Formation for
Insoluble Particles Coated with Soluble
Material

The supersaturation of water vapor (S) over a droplet containing a dissolved solute

can be described by the following equation (Seinfeld and Pandis, 2006):

40,/,M,,
S = [awexp (Rf/ﬁ) . 1} X100, @.1)

where a,, is the activity of water in a solution, oy, is the surface tension of the
air/surface interface, M,, is the molecular weight of water, R is the universal gas
constant, T is temperature, p,, is the density of water, and D is the droplet diameter.
S is the supersaturation and is defined as the saturation minus one and is usually
expressed as a percent. For example, a supersaturation, S, of 1% corresponds
to a relative humidity of 101%. A more convenient form of Equation 2.1 that
incorporates a single hygroscopicity parameter kappa (k) for the aerosol (Petters
and Kreidenweis, 2007), has been widely adopted (e.g., Chang et al., 2010; Dusek
etal.,2011; Moore et al., 2012; Petters et al., 2009; Prenni et al., 2007; Rose et al.,

2010), and can be expressed as:

D’-D} 46M
§— P )exp< ° W>—1 X100, 2.2)

D’ -Di(1-« pwRTD

where D is still the droplet diameter; D), is the dry particle diameter; o is the
droplet surface tension, and is assumed to be that of water (0.072 J m‘z); and ¥

is a compositionally specific parameter that describes an aerosol’s hygroscopic-
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ity. For a complex internally mixed aerosol particle, such as an insoluble particle
coated with soluble material, the hygroscopicity of the entire particle (kp,;x) can

be calculated by following a simple mixing rule as follows:

Kpuik = Y, ViKi, (2.3)

1

where v; is the volume fraction and k; is the hygroscopicity parameter of the
i component present in an internally mixed aerosol (Petters and Kreidenweis,
2007). A large value for kp,;; would indicate a strongly hygroscopic aerosol that
would therefore be an efficient CCN.

At a constant D, Figure 2.1 can be used to evaluate the relationship between
S and droplet growth. Figure 2.1 panel A shows an example of this relationship
for ammonium sulfate, a ubiquitous atmospheric aerosol, where supersaturation is
plotted as a function of droplet diameter. Equation 2.2 panel A is often referred to
as a Kohler curve. The maximum of the Kohler curve for a given dry diameter of
an aerosol with hygroscopicity k represents the minimum, or critical supersatura-
tion (S¢) required for that specific aerosol to be activated into a cloud droplet. At
any supersaturation > S¢ the droplet will continue to grow indefinitely, or at least
until it grows large enough to rain out. Sc¢ can be determined from Equation 2.2
as a function of aerosol dry diameter, to produce a plot similar to that shown in
Figure 2.1 panel B. In this figure, S¢ is plotted as a function of aerosol dry di-

ameter for ammonium sulfate using a x value of 0.61 (Petters and Kreidenweis,

2007). Figure 2.1 panel B can then be used to predict the minimum, or critical dry
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diameter (D)) of an aerosol with hygroscopicity x that will act as a CCN, if § of
the cloud is known. Alternatively, if the D is known, in a given cloud for a given
aerosol species, a plot similar to that in Figure 2.1 panel B can be used to predict
the maximum S¢ reached in the cloud.

In summary, kappa-Kohler theory can be used to predict whether or not an
aerosol with a given diameter and hygroscopicity will activate to form a cloud
droplet at a given S. However, Figure 2.1 panel B also indicates that for a given
aerosol at a constant S not all sizes of that aerosol will activate to form droplets.
As an example, if ammonium sulfate were exposed to a supersaturation of ap-
proximately 0.2% all diameters >~90 nm would activate, while all diameters <
90 nm would not activate to form cloud droplets. Therefore, a cloud will have both
activated particles, which have particles incorporated into cloud droplets, as well
as non-activated particles referred to as interstitial particles. This is represented
pictorially in Figure 1.2, where the cloud droplets are represented by grey circles
with smaller black circles inside, and the interstitial particles are represented by

small red circles.
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2.3 Chapter 2 Figures
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Figure 2.1: Panel A is an example Kohler curve for a 50 nm dry (NH,),SO,
particle using a Kk value of 0.61 (Petters and Kreidenweis, 2007). Panel
B is the critical supersaturation (S¢) as a function of ammonium sulfate

dry diameter.
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Chapter 3

Single Particle Soot Photometer

3.1 Introduction

The primary instrument used to measure the mass, number and coating properties
of rBC, throughout all of the research chapters in this dissertation, was a single
particle soot photometer (SP2). Since the SP2 was the principal instrument used
throughout the course of this thesis work, the following sections describe in detail

the SP2 theory of operation and procedures for data analysis.

3.2 Theory of Operation

The SP2 (Droplet Measurement Technologies, Boulder, CO) is a commercially
manufactured instrument designed to measure the mass of individual rBC parti-
cles via laser induced incandescence (Stephens et al., 2003). A schematic of the

SP2 is shown in Figure 3.1. The instrument is comprised of an aerosol inlet, an in-
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tracavity laser and four detectors. Ambient aerosol particles are drawn in through
the aerosol inlet at a flow rate of ~ 120 cm® min™! and introduced into a high
intensity (= 1 MW cm™), intracavity, continuous Nd:YAG laser beam. A diode
laser, operating at a wavelength (A) of 808 nm, is used to pump a Nd:YAG doped
crystal to produce laser light with an output A=1064 nm in a TEMO00 mode. Once
an aerosol particle intersects the intracavity laser, two events can occur: 1) the
particle can elastically scatter light and/or 2) the particle can absorb laser light.
By measuring the elastically scattered light and by measuring the incandescence
of the particle due to absorbed laser light, the SP2 can be used to obtain the rBC
mass, rBC volume equivalent diameter (VED), and the thickness of any coating
surrounding individual rBC particles. Each of these measurements is discussed in
further detail in Sections 3.3 to 3.5 below.

Two types of SP2s were used during the field studies discussed in this disser-
tation. One is a four channel instrument, which records either a low-gain, or a
high-gain signal for each of the four detectors shown in Figure 3.1 at any given
time. The second type of SP2 is an eight channel instrument that simultaneously
records both the high and low gain signals for each of the four detectors shown
in Figure 3.1, thus extending the size and mass detection limits. The detection
limits for each of the specific SP2s used during the experiments discussed in this
dissertation will be addressed in the corresponding chapters for which they were

used.
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3.3 Mass Calibration

If a particle efficiently absorbs at A=1064 nm, such as rBC, it will rapidly heat to
it’s vaporization, or boiling point, temperature (= 4000K for rBC) as it traverses
the laser beam profile. Once a rBC particle reaches its boiling point temperature,
incandescence occurs, and the visible light emitted is recorded by two Photomulti-
plier Tubes (PMT), labeled ‘Ch1 PMT Broadband Incandescence’ and ‘Ch2 PMT
Narrowband Incandescence’ in Figure 3.1. The incandescence signals measured
by the SP2 are only from the refractory portion of black carbon. Both of the in-
candescent PMT detectors are positioned to collect light over a solid angle of ~
n/2 sr. The broadband incandescent detector is optically filtered to collect light
with wavelengths between approximately 350 to 800 nm, whereas the narrow-
band incandescent detector is filtered to only collect light between wavelengths of
630 to 800 nm. The ratio of the broadband to narrowband signal can be used to
extract the boiling point temperature by utilizing the theory of two-color pyrom-
etry (Schwarz et al., 2006; Stephens et al., 2003). The boiling point temperature
is characteristic of the absorbing species and can be used as a means of particle
identification. However, since BC is considered to be the only species in the atmo-
sphere that absorbs in the near-IR and gives a significant incandescence signal at
the wavelengths measured, all incandescent signals used in the analysis included
in this dissertation were taken to be from rBC (McMeeking et al., 2010; Schwarz
et al., 20006).

The amplitude of the signal recorded by the incandescent detectors is propor-
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tional to the mass of rBC in a particle. The signal and rBC mass are related through
a calibration curve created using a known reference material (see Figure 3.2 as an
example). All SP2s used in this study were calibrated with a reference material
recommended by the manufacturer of the SP2. The calibration material is a col-
loidal graphite called Aquadag® (Moteki et al., 2009). The Aquadag® is first size
selected using a differential mobility analyzer (DMA) prior to being sampled by
the SP2. Data is recorded for ~10,000 to 100,000 Aquadag® particles for each
particle size selected by the DMA. The baseline corrected maximum signal am-
plitude, referred to as peak height, of the signal recorded by the broadband incan-
descent detector is determined for each particle. For a given size selected particle
a distribution of peak heights is obtained. In order to find the average peak height
for a given size the distribution of peak heights is fit with a Gaussian function.
Once the average peak height for a given size-selected particle is determined,
the corresponding mobility diameter is converted to a mass using the size depen-
dent effective densities reported by Gysel and Crosier (2007). The proportional-
ity between broadband incandescent peak height and mass is then determined by
fitting a second order polynomial function to the data (Figure 3.2). The fit param-
eters are then used to convert measured peak heights to mass for rBC particles in

the atmosphere.

3.4 Volume Equivalent Diameter

Once the mass is determined, the volume equivalent diameter (VED) for each

individual rBC particle can be calculated by assuming a density (pp.) of 1.8 g

23



cm™ (Bond and Bergstrom, 2006) and solving the following equation for VED:

3
Mass = in (@) Phe- (3.1)

3.5 Refractory Black Carbon Coating Analysis

Upon intersecting the intracavity laser beam, a particle will elastically scatter
light, and this scattered light is collected by two avalanche photodiodes (APDs)
positioned to capture light over a solid angle of ~ 7/2 sr (Schwarz et al., 2006).
These two scattering detectors are both optically filtered to only collect light be-
tween wavelengths of approximately 850 to 1200 nm, and are labeled ‘ChO APD
Scattering’ and ‘Ch3 APD Split Scattering’ in Figure 3.1 . The elastically scat-
tered light detected by these two APDs can be used to obtain a measure of any
coating thickness on an absorbing rBC particle.

The procedure for determining the coating thickness on a coated rBC parti-
cle requires three steps: 1) the amplitude of the scattering signal from a coated
rBC particle is determined; 2) a relationship between the calculated Mie scatter-
ing amplitude and the SP2 instrument response is established; and 3) a core and
shell Mie scattering model is used to determine the coating thickness required to
produce the same scattering amplitude as determined in step 1. Each of these steps

1s discussed in detail below.
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3.5.1 Step 1: Determining the scattering amplitude of coated
refractory black carbon particles

Since the SP2 laser beam is in a TEM0O mode and exhibits a Gaussian profile
the scattering signal from a non-absorbing (referred to as scattering only) particle
that intersects the laser will also exhibit Gaussian behavior, where the maximum
amplitude will occur at the most intense region of the beam, which for a Gaussian
profile is at the center. As an example, the scattering signal from a theoretical
scattering only particle is shown in Figure 3.3 panel A (blue trace), where the
maximum amplitude is shown to occur at the center of the beam.

When a rBC particle that has a non-refractive coating, such as sulfate, inter-
sects the laser beam the coating will begin to vaporize before incandescence of
the rBC core occurs (Schwarz et al., 2006). Therefore, when the coated particle
reaches the center of the laser beam the scattering amplitude no longer represents
the scattering produced from a particle with a diameter equal to its core plus its
coating. Figure 3.3 panel B shows the SP2 signals recorded from a theoretical
absorbing rBC particle, where the scattering signal is shown as a solid blue line,
and indicates that the maximum scattering amplitude occurs prior to reaching the
center of the beam and therefore no longer represents the true size of the particle
being sampled. However, for a short time before the coating begins to vaporize
the scattering signal measured does represent the scattering properties of the un-
affected coated rBC particle (Gao et al., 2007). Therefore, since the laser beam
is fixed in space and has a Gaussian profile the full scattering signal of the coated

rBC particle can be reconstructed by using only the leading edge of the measured
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scattering signal in order to determine the true scattering amplitude of the particle.
This technique is called the leading edge only (LEO) technique and was first im-
plemented, in conjunction with SP2 data, by Gao et al. (2007). The procedure for
determining a coated rBC particle’s scattering amplitude using the LEO technique

1s outline below.

3.5.1.1 Leading edge only fitting procedure
The scattering signal from a scattering only particle exhibits Gaussian behavior

and is therefore, mathematically represented by the following equation:

X=Hsp2

F(x)=A *exp_( 20502 ) + B, (3.2)

where A is the maximum scattering amplitude, and with respect to time, x is the
position of a particle within the laser beam at time ¢, L is the position of a par-
ticle at the center of the beam, O is the width of the beam, and B is the baseline
offset. Since the SP2 laser has a stable Gaussian profile and is fixed in space O
and [ are also fixed and can be characterized by using non-absorbing, purely
scattering, polystyrene latex (PSL) beads. The beam width is found by collecting
data for 50,000 to 100,000 PSL particles and each signal is fit with a Gaussian
function to extract the oy, parameter. The average Oy,o from all PSL particles is
then used as the fixed beam width.

The incorporation of a split-detector (labeled ‘Ch3 APD Split Scattering’ in
Figure 3.1) has a physical gap in between two detecting surfaces, which provides

an absolute positional reference for a particle in the laser beam, relative to the
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beam center (Gao et al., 2007). The signal produced by the split-detector from
a theoretical particle is shown in Figure 3.3 panels A and B as a sold green line.
The scattering signal drops to zero when the scattered light falls on the gap in the
detector. The signal shape seen in Figure 3.3 is produced when the initial portion
of the scattering signal, prior to crossing the split in detecting surfaces, is digitally
inverted in order to determine the position of the particle at the point at which
the signal crosses zero (zero-crossing) by means of linear interpolation. Using
PSL particles, an average offset of the time from the zero-crossing to the time
the particle reaches the center (referred to as the zero-crossing-to-peak time) of
the beam can be determined. This offset is then combined with the zero-crossing
time of an unknown rBC particle to determine the position at which the maximum
scattering amplitude would occur had the coating not volatilized, f,s.

The point at which the scattering signal is 5% of the maximum laser intensity
occurs defines the last point in the leading edge used to reconstruct the full scat-
tering properties (Gao et al., 2007). Similar to finding the zero-crossing-to-peak
time offset the ending point of the leading edge is relative to the zero-crossing,
and the constant offset needed can be determined from PSL data.

Once Oyp0, Usp2, and the leading edge data points are known, Equation 3.2
reduces to a linear function, where the slope represents the amplitude and the in-
tercept is the baseline offset. Thus, using this method the true scattering amplitude

of coated rBC can be determined on a single particle level.
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3.5.2 Step 2: Relating calculated Mie scattering amplitudes to
an SP2 instrument response (i.e. calibration of the
elastic scattering detectors)

In Section 3.5.3 a core and shell Mie model is used to predict scattering amplitudes

of coated rBC particles. However, prior to using the Mie model, it is necessary

to be able to relate the calculated Mie scattering amplitude to the SP2 signal re-
sponse. This is achieved by collecting data for different sizes of PSL particles
and calculating the scattering amplitude as determined by the LEO technique as
well as calculating the scattering amplitude by using Mie scattering calculations

(Leinonen Mie Code developed by (Mitzler, 2002a,b)). A PSL refractive index

of 1.59-0.0i was used in the Mie scattering calculation. Plotting the amplitude as

determined by the LEO technique as a function of the amplitude as determined by

Mie calculations and fitting the data to a linear function provides the parameters

needed to relate the core and shell Mie scattering amplitudes to the SP2 signal

response. An example calibration plot is shown in Figure 3.4, where data were

only available for two PSL sizes, 200 and 300 nm.

3.5.3 Step 3: Determining the coating thickness of a coated
refractory black carbon particle using a core and shell
Mie scattering model

For any rBC containing particles sampled by the SP2, the full scattering signal
derives from both the rBC core and any coating surrounding the particle. Since
the mass of the rBC is known from the incandescence signal (and can be used

to calculate the core VED) and the maximum scattering amplitude is determined
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from the LEO technique, a core and shell Mie scattering model can be employed
to determine what coating thickness would give the scattering amplitude as deter-
mined from the LEO technique (Metcalf et al., 2012; Schwarz et al., 2008b). In
this work a core and shell Mie scattering model was used to construct a lookup
table for core diameters from 60 to 220 nm (in 1 nm increments) and shell thick-
nesses from 0 to 360 nm (in 1 nm increments). The complex index of refraction
used for the core was 1.95-0.791 (Bond and Bergstrom, 2006) and for the shell was
1.5-0.0i, which is consistent with that of dry sulfate or sodium chloride (Metcalf
et al., 2012; Schwarz et al., 2008a,b). When calculating coating thicknesses, the
particles were idealized as a pure BC core uniformly coated with a non-absorbing
material, although the actual particle morphology may be more complicated (Sed-
lacek et al., 2012). The calculated amplitudes determined from the core and shell

Mie scattering model were all scaled by the calibration plot shown in Figure 3.4.

3.5.4 SP2 optical detection limits and the implications for
determining average coating thickness

The optical detection limits of the SP2 impose some restrictions on determining
average coating thickness across the full range of rBC core sizes that can be mea-
sured by incandescence. These optical detection limits impose restrictions on the
coating analysis for both small and large rBC-containing particles.

For small particles, although the incandescence measurements can size rBC
cores down to ~ 70 nm, the SP2 optical detection limit means that scattering from

bare rBC cores below ~ 100 nm cannot be measured. As particle size decreases
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below 100 nm, thicker and thicker coatings are required to produce a measurable
scattering signal. As a result, particles with smaller rBC cores and thin or no
coatings have no scattering signal that can be used in the LEO fitting procedure
and the coating thickness on them cannot be determined. In this analysis any
particle with no measurable scattering was assumed to have a coating thickness of
0 (i.e. they were assumed to be bare rBC cores). As a result of this assumption,
the average coating thickness reported for particles below 100 nm is a lower limit.

For large rBC cores the optical detectors become saturated when even rela-
tively modest coatings are present. For example, the scattering from a 220 nm
rBC core with a coating thickness of 40 nm would saturate the SP2 optical de-
tector. Since the contribution from particles with large scattering signals is not
included in the calculation of average coating thickness, it follows that the coating

thickness for particles larger than ~ 100 nm is considered an underestimation.
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3.6 Chapter 3 Figures

Aerosol Inlet

Nd:YAG

Ch2PMT Ch3 APD Crystal
Narrowband Incandescence Split Scattering A= ;;64 nm
Optically filtered to collect Optically filtered to collect -
~630 - 800 nm ~850 - 1200 nm
Power
Meter
Output
Coupler
Pump Laser
ChlPMT Cho APD 808 nm
Broadband Incandescence Scattering
Optically filtered to collect Optically filtered to collect
~350-800nm ~850-1200nm

Figure 3.1: Schematic of the SP2 showing the three main components: 1)
aerosol inlet; 2) intracavity laser; and 3) the two scattering and two
incandescence detectors.
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Figure 3.2: Example mass calibration plot for the broadband incandescence
channel of the SP2. This plot was created from pre (red circles) and
post (blue squares) campaign Aquadag data collected on one of the
SP2s used in Chapter 4. The calibration data was fit to a second order
polynomial function (solid black line) for the combined pre and post
measurement data to create the equation used to determine the mass
of an unknown rBC particle (shown in the box below the plot). Also
shown are the 95% prediction bands (pink dashed lines) corresponding
to the polynomial fit. The X axis is plotted in terms of Aquadag mass
on the bottom axis and in terms of volume equivalent diameter (VED)
on the top axis.
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Figure 3.3: Raw signals produced by the SP2 from a theoretical scattering
only particle in panel A and a theoretical coated absorbing rBC parti-
cle in panel B. For both particle types, the signals recorded from the
broadband incandescence detector (red lines), scattering detector (blue
lines), and split-detector (green lines) are shown. The reconstructed
leading edge only (LEO) scattering signal (blue dashed line) is also
shown in panel B. The center of the laser beam is represented by the
black dashed line and the point at which the signal recorded from the
split-detector crosses zero is indicated by the solid black line.
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Figure 3.4: An example calibration plot for the elastic scattering detector
created from 200 and 300 nm PSL particles. Each data point is the
median of ~ 25,000 particles and the error bars indicate one stan-
dard deviation. The black line is a linear fit with a forced intercept
at zero.The units for both axes are arbitrary.
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Chapter 4

Size-Resolved Observations of
Refractory Black Carbon Particles
in Cloud Droplets at a Marine

Boundary Layer Site

4.1 Introduction

BC particles, which typically have sizes less than 1 um, are emitted into the atmo-
sphere through incomplete combustion of fossil fuels or biomass burning (Bond
et al., 2013) (see Section 1.3) . When first emitted into the atmosphere these par-
ticles are thought to mainly be hydrophobic. During their atmospheric lifecycle

hydrophillic substances, such as sulfate or water soluble organics, can form a coat-
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ing surrounding the BC cores (Ching et al., 2012; Metcalf et al., 2012; Schwarz
et al., 2008b), enabling the particles to act as CCN (see Chapter 2). Modeling
studies have shown that this process can occur in the boundary layer on the order
of hours during the daytime (Riemer et al., 2004, 2010).

By absorbing solar radiation or by acting as CCN, BC particles can influence
climate both directly and indirectly (see Section 1.5 and Bond et al. (2013); Wang
(2013); Wang et al. (2013); Zhuang et al. (2010)). To predict both the direct and
indirect effects of BC on climate, a good understanding of the CCN ability of BC
is needed (Koch et al., 2011; Vignati et al., 2010; Wang, 2013). When describing
the CCN properties of BC in atmospheric models, different approaches have been
applied. Often BC is initially assumed to be CCN inactive and is converted to
a CCN active species after a prescribed time and at a constant efficiency (Koch
et al., 2011; Vignati et al., 2010; Wang, 2013). Alternatively, the CCN properties
of particles containing BC in models have been described by Kohler theory (see
Chapter 2 and Ching et al. (2012); Jacobson (2012); Koch et al. (2011); Riemer
et al. (2010)) .

The CCN ability of BC particles has been studied in both laboratory and field
studies (Cozic et al., 2007; Dusek et al., 2011; Hallberg et al., 1992, 1994; Hen-
ning et al., 2010, 2012; Hitzenberger et al., 2000, 2001; Kasper-Giebl et al., 2000;
Koehler et al., 2009; Kuwata et al., 2009; Noone et al., 1992; Petters et al., 2009;
Petzold et al., 2005; Popovicheva et al., 2011; Sellegri et al., 2003; Verheggen
et al., 2007). Laboratory studies have examined both coated and uncoated BC

particles (Dusek et al., 2011; Henning et al., 2010, 2012; Koehler et al., 2009;
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Petters et al., 2009; Petzold et al., 2005; Popovicheva et al., 2011). These stud-
ies have shown that for uncoated flame or spark generated BC the particles are
not activated into cloud droplets even with supersaturations of > 1% (Henning
et al., 2012). On the other hand, once BC is coated with hygroscopic material the
supersaturation required for activation is significantly decreased, a decrease that
can be described under laboratory conditions by Kohler theory (Chapter 2 and
(Henning et al., 2010, 2012; Petzold et al., 2005; Popovicheva et al., 2011)). Field
measurements of the activated fraction of BC in cloud droplets have also inves-
tigated the CCN ability of BC particles. Most measurements have shown that as
BC particles age in the atmosphere the fraction incorporated into cloud droplets
increases (Cozic et al., 2007; Hitzenberger et al., 2000, 2001; Kasper-Giebl et al.,
2000; Sellegri et al., 2003; Verheggen et al., 2007). An exception to this trend
is the work done by Granat et al. (2010) which showed that after several days
of travel in the winter subtropical marine environment, soot retained much of its
hydrophobic properties. However, the conclusions stated in this study assumed
that hygroscopicity controlled the removal of BC through wet scavenging, when
a more important factor is particle size. Furthermore, the washout ratio, which is
the metric used to interpolate scavenging efficiencies, was computed for BC mass
and not number. Therefore, direct comparisons of their work and the work pre-
sented here are difficult to make. Some field studies (Hallberg et al., 1992, 1994)
have shown that 10-20% of atmospheric BC can activate at supersaturations of
between ~ 0.2-0.5%. Several of the studies mentioned in the preceding discus-

sion used different measurement techniques than the one presented in this chapter.
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Slowik et al. (2007) presents a detailed inter-comparison of different methods for
measuring BC and possible corrections needed for making direct comparisons be-
tween differing techniques. None of the data reported here have been corrected
for sampling technique.

Although the activated fraction of BC in cloud droplets has been measured at
some locations, the true contribution of BC to CCN in the atmosphere is unknown,
yet potentially significant (Chen et al., 2010). Measurements of the activated frac-
tion of BC as a function of size are important to test our current understanding of
the incorporation of BC particles into cloud droplets. In this study we measured
rBC as a function of size in cloud residuals at a marine boundary layer site (251
m amsl) in La Jolla, CA during 2012 and compared the results with rBC as a
function of size measured from a total inlet that sampled both cloud residuals and
interstitial particles. Coating thicknesses on rBC cores in the cloud residuals were
also determined. The measurements of rBC as a function of size in cloud residuals

were further compared to predictions with kappa-Kdohler theory (see Chapter 2).
4.2 Sampling Site

4.2.1 Site description

The sampling site was located below the peak of Mt. Soledad (251 m above mean
sea level (a.m.s.1.)), which is 3 km from the coast of the Pacific Ocean in La Jolla,
CA (32.8400°N, 117.2769°W). The city of La Jolla is predominately residential

with a population of approximately 43,000 people and situated 24 km north of
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San Diego (population 1.3 million), the closest urban center.

Data were collected from 27 May to 18 June, 2012 using instruments housed in
a modified shipping container. A total of three stratocumulus clouds were sampled
during this time frame. The first cloud event was rejected from analysis due to an
instrumental error. The second cloud event occurred from 12 June 2012 20:43 to
13 June 2012 11:35 PDT, and hereinafter called Cloud 2. The third cloud event
took place from 17 June 2012 20:36 to 18 June 2012 07:52 PDT, and called Cloud

3 for the remainder of the document.

4.2.2 Inlets

Two inlets, referred to as the total inlet and residual inlet, were used during this
study (Figure 4.1). The total inlet measured both interstitial and cloud residual
particles during cloud events. This heated inlet was designed and built following
the specifications reported by Bates et al. (2002) and therefore assumed to have
the same transmission efficiency, namely > 95% for particles <6.5 um.

The intake of the residual inlet was a CVI (see Section 4.3.1) that enabled
the sampling of cloud droplets without interstitial particles, thus only the residual
particles of the cloud droplets were sampled. This inlet was used only during
cloudy periods and was connected to a branch of the total inlet by a 3-way valve
(Figure 4.1). During a cloud event, the valve was manually switched so that cloud
droplets were sampled through the CVI and cloud residuals were measured by
instrumentation connected downstream of the valve. At times when no clouds

were present the valve was switched such that all instruments sampled ambient
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particles.

Since much of the analysis performed in this study is based on a measured
ratio of particle number concentration it was necessary to ensure that there were
no significant losses of particles due to the inlet configuration. Therefore, parti-
cle losses from diffusion, sedimentation, turbulent inertial deposition and inertial
deposition from both bends and contractions for the total and residual inlets (as-
suming cloud free sampling) were calculated using the Particle Loss Calculator
(Von der Weiden et al., 2009) and found to be < 2% for particles with diameters

between 0.07 and 1 um, covering the size range used for this analysis.
4.3 Experimental

4.3.1 Counterflow virtual impactor

4.3.1.1 Theory of operation

In order to separate cloud droplets from interstitial particles a counterflow virtual
impactor (CVI) was used. A CVI separates droplets from interstitial particles by
using inertial separation. A schematic of the CVI probe is shown in Figure 4.2.
During operation, the CVI probe is placed inside a wind tunnel, which is con-
nected to a vacuum pump that accelerates droplet laden air (shown as green lines
in Figure 4.2) to high velocities (=100 m s'!). Since the air contains different
sizes of droplets and particles, the process of accelerating this air mass to a con-
stant velocity imparts different inertial forces on the droplets and particles. The

vacuum intake draws the accelerated air towards the CVI probe, which is made up
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of two concentric cylindrical tubes (see Figure 4.2). The tip of the outer cylinder
provides the inlet where cloudy air is sampled through an orifice with an outer
radius of r,. The inner concentric cylinder has a porous frit at its tip; which al-
lows a supply gas (shown as red lines in Figure 4.2) to permeate through. The
inner cylinder is also connected to a vacuum pump downstream, which creates
the sample flow (shown as a purple line in Figure 4.2), the counterflow (shown as
yellow lines in Figure 4.2), and the stagnation plane, which is a theoretical plane
within the porous frit that droplets must cross in order to be sampled (shown as a
black dashed line in Figure 4.2). Based on a CVI’s specific geometry and the flow
rates used a minimum droplet diameter exists that will be sampled by the CVI.
Once a droplet enters the CVI probe tip the water component of the droplet, as
well as any dissolved volatile gasses, begin to evaporate upon impacting with the
warm dry counterflow of gas (often purified air or N,). Droplets that are sampled
by the CVI are further evaporated by heated sections of the sample tubing, which
are typically held at a constant temperature of 40°C. Therefore, the instrumenta-
tion downstream of the CVI samples only the residuals of the cloud droplets that

remain after evaporation.

4.3.1.2 Calculating a CVI cut-size

The minimum droplet diameter sampled by a CVI is considered to be the CVI
cut-size (CVI — Dsp) and is the diameter for which a droplet’s stopping distance

(Dgtop) 1s greater than the length to the stagnation plane (Ly,e) (Anderson et al.,

41



1993; Noone et al., 1988), or:

CVI—Dsy = Dyop > Lgtag, 4.1)
where Ly, is comprised of three components, and is equal to:

Lstag = Lumin + Lpor + Leur, (4.2)

where L,,;, (see #2 labeled in Figure 4.2) is the amount of dead-space that exists
between the CVI orifice and the top of the porous frit, L, (see #3 labeled in
Figure 4.2) is the length from the top of the porous frit to the stagnation plane,
which is related to the counterflow (F'1), sample flow (F2), and the length of the

entire porous frit (X, see #4 labeled in Figure 4.2) by Equation 4.3:

Fl-r2 _Fz]x, (4.3)

L =

'por |: F 1
L., 1s a parameterization (Anderson et al., 1993) that estimates the length a

particle must traverse to deviate from the high velocity streamlines curving around

the CVI probe tip in order to enter the CVI orifice, and is considered a linear

function of the outer radius (r,) of the tip:
Lcur = CrOa (4~4)

where C can range from O to 1 (Anderson et al., 1993; Noone et al., 1988) and
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represents the uncertainty of the estimate. In this document, CVI — D5 is always
reported at C=0.5 and the uncertainty of the cut-size is calculated by averaging the
differences calculated when using the lower and upper bounds of C=0 and C=1,
respectively.

Dg;,p can be calculated as follows (Serafini, 1954):

T _
Dspop = —4PL_ [Re;/"*s'/z Tt (Re y 1/38_1/2>] : (4.5)
3ex Pair 2
where r, is the droplet radius, p, is the droplet density, € is a constant (0.158), pyir
is the density of air, and Re, is the droplet Reynolds number, which is represented
by:
. 2pdrdVoo

Rey = Fdid™= (4.6)
d Nair

where V., is the CVI air intake velocity, and 1, 1s the viscosity of air.

4.3.1.3 Calculating a CVI enhancement factor

Sampling through a CVI will also enhance the particle concentrations relative to
the initial ambient concentrations (Noone et al., 1988; Serafini, 1954). Therefore,
measurements made downstream of a CVI need to be corrected by what’s referred
to as the enhancement factor (EF), which can be calculated using the following

equation:

Voo TTF2

EF = ’ 4.7
77 4.7)

where r; is the inner radius of the CVI probe tip.

The CVI used during this study, as well as the study discussed in Chapter 5
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was based on the design by (Noone et al., 1988) with the following geometry: an
outer radius (r,) of 0.9 cm; an inner radius (r;) of 0.3 cm; and a 9.5 cm long porous

frit (X).

4.3.14 CVI cut-size and enhancement factor measured at La Jolla, CA

Based on Equation 4.5 above, a CVI — D5y of 11.5+0.7 pm and 11.6£0.7 um for
Cloud 2 and Cloud 3, respectively, were calculated for the two clouds sampled in
this study. In addition, using Equation 4.7, calculated EF values were 7.1 and 7.4

for Cloud 2 and Cloud 3, respectively.

4.3.2 Refractory black carbon measurements

4.3.2.1 Refractory black carbon mass measurements

Refractory black carbon (rBC) mass was measured from the total inlet and the
residual inlet using two separate SP2s (Droplet Measurement Technologies, Boul-
der, CO). These instruments are referred to as the total SP2 (SP2,) and the resid-
ual SP2 (SP2g¢s). The location of these instruments is shown in Figure 4.1. The
SP2 has been described in detail in Chapter 3 and elsewhere (Moteki and Kondo,
2008; Schwarz et al., 2006; Stephens et al., 2003). The two SP2s used in this study
were calibrated pre and post-campaign following the procedure discussed in Sec-
tion 3.3. The calibration parameters used to determine mass were taken from a
second order polynomial fit of the combined pre and post-campaign data. A VED
was also determined from the measured mass assuming a BC density of op.=1.8

g cm™ (Bond and Bergstrom, 2006). The SP2r.s was a 4 channel instrument with
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a detection range of 70-220 nm, whereas the SP21, was an 8 channel instrument

with a detection range of 70-558 nm.

4.3.2.2 Refractory black carbon coating thickness measurements

The information from the two scattering APDs (see Figure 1.1) was used to de-
termine the coating thicknesses on rBC cores as described in Section 3.5 and by
Gao et al. (2007). Due to a failure of the split detector on the SP2 connected to the
total inlet, coating thicknesses on rBC cores were only determined from the data
collected with the SP2 connected to the residual inlet. To determine coating thick-
nesses the scattering amplitudes for rBC containing particles were determined
using the LEO fitting method (see Section 3.5 and Gao et al. (2007)). In short, the
early part of the elastic scattering signal (up to 5% of the maximum laser intensity
(Gao et al., 2007)) was fit to a Gaussian function and the maximum scattering
amplitude was retrieved from the fit.

As mentioned above, only data collected with the SP2 connected to the resid-
ual inlet were analyzed for coating thickness. Approximately 99% of the rBC
containing particles detected with the SP2g. had elastic scattering signals above
the background signals on the APDs. Nevertheless, only 50% of the rBC contain-
ing particles detected with the SP2g.s were successfully fit with the LEO fitting
procedure. Hence, coating information reported here is only from a subset of the
rBC particles measured with the SP2g¢. Failure to fit the elastic scattering signals
with the LEO procedure was mainly due to either; a) large scattering signals that

saturated the APD detector, or b) time dependent scattering signals were above 5%
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of the maximum laser intensity at time zero. 11% and 27% of all rBC containing

particles detected with the SP2gr. had a failure due to a) and b), respectively.

4.3.3 Size distribution measurements of the bulk aerosol

Two instruments were used to measure particle size distributions (Figure 4.1).
Size distributions of particles sampled from the total inlet were determined with
a scanning electrical mobility spectrometer (SEMS, model 2002, BMI, Hayward,
CA), which counted particles into 61 discrete size bins from 0.01-1 um with a 5-
minute scan time interval. Size distributions of particles sampled from the residual
inlet were determined with a scanning mobility particle sizer (SMPS, model 3034,
TSI, St. Paul, MN), which recorded particle counts into 55 size bins from 10-487
nm with a 3-minute scan time interval. Both the SEMS and SMPS operate based
on the coupling of a size selecting DMA and a condensational growth particle
counter (CPC). During cloud free sampling the SMPS and SEMS agreed to within

4% for particles between 70 and 400 nm.

4.3.4 Aerosol mass spectrometry

An online high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS,
Aerodyne Reserch Inc., Billerica, MA) was operated downstream of the CVI on
the residual inlet to characterize the chemical composition of the cloud droplet
residuals. The HR-Tof-AMS measured non-refractory, sub-micrometer aerosol
chemical composition at high time resolution (DeCarlo et al., 2006). Here we

only consider data measured by the HR-ToF-AMS in its mass-spectrum and V-
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modes of operation. These data were recorded as 2 minute averages every 4-6
minutes, depending on how many other modes of operation (W-mode, light scat-
tering) the instrument was alternating between. Size-resolved composition data
for the residual particles measured by the HR-ToF-AMS in time-of-flight mode
are not considered here since the signal was generally at or below the detection
limit. Standard quantification procedures (Allan et al., 2004) were applied to the
mass spectra measured by the HR-ToF-AMS to determine the relative concen-
trations of the non-refractory species (organic, nitrate, sulfate, ammonium and

chloride) typically reported by aerosol mass spectrometry.

4.3.5 Back trajectories

Air mass back trajectories were calculated using the National Oceanic and At-
mospheric Administration (NOAA) Hybrid Single Particle Lagrangian Integrated
Trajectory Model (HYSPLIT) (Draxler and Rolph, 2013; Rolph, 2013). All trajec-
tory calculations used the National Centers for Environmental Predictions EDAS
meteorological dataset. Trajectories were calculated starting at 10 m above ground
level (a.g.l.), 96 hours backwards in time, and at hourly intervals throughout the

entire period of cloud sampling.

4.3.6 Cloud properties

A fog monitor (FM-100, model 100, Droplet Measurement Technologies, Boul-
der, CO), which is a forward scattering optical spectrometer, was stationed on top

of the shipping container providing an in-situ measurement of CDNC in 20 dis-
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crete size bins ranging from 2-50 um, whilst simultaneously monitoring the liquid

water content (LW C) present with a 1 second time resolution (Eugster et al., 20006).

4.4 Results and Discussion

4.4.1 Back trajectories

The back trajectories for Cloud 2 (Figure 4.3 panels A and C) show that the air
mass spent most of the previous 96 hours over the Pacific Ocean and arrived at
the sampling site from a northwesterly direction. During the first part of Cloud 2
(12 June 21:00 to 13 June 08:00 PDT) the back trajectories became progressively
more northerly and the air mass began traveling near large populated urban re-
gions. Towards the end of the cloud event (at ~ 09:00 PDT on 13 June) the winds
shifted to southwesterly. Based on the back trajectories the air mass for Cloud
2 traveled ~ 40-50 km over land before reaching the sampling site. In addition,
the air mass spent a significant amount of time close to the ocean surface prior to
being lifted up to the sampling site (Figure 4.3 panel C).

The back trajectories for Cloud 3 (Figure 4.3 panels B and D) also show that
the air mass spent the majority of the previous 96 hours over the Pacific Ocean
before arriving at the site. At the start of Cloud 3 (17 June 21:00 to 22:00 PDT) the
air mass arrived from the northwest. Throughout the remainder of the cloud event
(17 June 23:00 to 18 June 08:00 PDT) the air mass continued to shift farther north
and by the end of the cloud event (18 June 08:00 PDT) the air mass was traveling

south along the coastline before arriving at the sampling site. The back trajectories
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indicate that the air mass traveled ~10-20 km over land prior to arriving at the
sampling site. Similar to Cloud 2, the air spent a significant amount of time close
to the ocean surface prior to being lifted up to the sampling location (Figure 4.3
panel D). Since the trajectories during both clouds are close to the coastline for
a period of time, it is likely these air masses contained both marine particles and

anthropogenic emissions.

4.4.2 Meteorological conditions and cloud properties

For the purposes of this study, the data were classified as in-cloud and included
for analysis if they met the following criteria: 1) the five-minute-averaged CVI
counterflow was within 50y, of the mean counterflow to ensure only periods of
stable CVI flows were included; and 2) the five-minute-averaged LW C was greater
than 0.05 g m™ to remove periods of entrainment, or “patchy”’regions of the cloud
as much as possible (Cozic et al., 2007).

The measured cloud properties as a function of time are shown in Figure 4.4
(panels A to C), where Cloud 2 is shown on the left side and Cloud 3 is shown on
the right side of the plot. Cloud 2 was characterized by an average temperature of
13.44-0.2 °C with light and variable winds (0.54+0.2 m s™! and 1904+90°respectively),
and an average LWC of 0.134-0.07 g m™>. During the middle portion of Cloud 2
(13 June 01:00 to 02:00 PDT) the droplet distributions clearly show an interval
where the number of droplets above the CVI — D5 (black trace overlaid on panel
C) increases significantly, which coincides, in time, with a sharp increase in LW C.

Cloud 3 was characterized by an average temperature of 15.240.1 °C, northerly
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(330410°) winds with an average speed of 1.54+0.4 m s’!, and an average LWC
of 0.0940.02 g m™.

The cloud droplet number and volume size distributions, averaged over the
entire event, are shown in Figure 4.5, and further summarized in Table 4.1. Cloud
3 had a CDNC of 146 cm™, a factor of two higher than during Cloud 2 (68 cm?).

From the calculated CVI — Dsg and the fits to the droplet size distribution
(Figure 4.5) the number and volume fraction of droplets sampled by the CVI were
determined. The results are summarized in Table 4.1. During Cloud 2 the number
fraction of droplets larger than the CVI — D5y was about 38% and for Cloud 3
the fraction sampled was about 24%. Since only the larger droplets were sampled
by the CVI during these two cloud events, the results presented herein are only

representative of the larger droplet population.

4.4.3 Size distributions

Average size distributions of the bulk aerosol particles and rBC particles measured
from the total and residual inlets for both Cloud 2 and Cloud 3 are shown in
Figure 4.6. Data are plotted in two ways: on a log scale, in panels A and B, and
normalized to the respective maximum, in panels C and D. Table 4.2 summarizes
the results obtained from the size distribution analysis.

4.4.3.1 Size distributions measured from the total inlet (BulkAeror, and
rBCryt)

The average size distributions of the bulk aerosol measured from the total inlet (re-

ferred to as BulkAeroy for the remainder of the document) and the average size
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distributions of rBC measured from the total inlet (referred to as rBCry for the re-
mainder of the document) are shown in Figure 4.6. The BulkAeror, distributions
for both clouds show evidence of at least two overlapping modes. A single mode
lognormal distribution function was fit to the data yielding mean geometric diam-
eters (Dg) of 108 and 81 nm with geometric standard deviations (o) of 1.58 and
1.70 for Cloud 2 and Cloud 3 respectively. Integration of the number distribution
during Cloud 2 results in a total number concentration (N7,;) for the bulk aerosol
of 981 cm™. Likewise, N7, during Cloud 3 was measured to be 994 cm™. Previ-
ous measurements in the marine boundary layer have classified the environment
as “clean” marine if the number of particles is < 300-500 cm™ and “polluted”
marine if the number concentrations are > 400-1500 cm™ (Andreae, 2009; Bates
et al., 2000; Glantz and Noone, 2000; Hawkins et al., 2010; O’Dowd et al., 2001;
Pirjola and O’Dowd, 2000; Twohy et al., 2005). Thus, the particle concentrations
measured at Mt. Soledad, in addition to the back trajectories, suggest that for both
clouds the air masses can be classified as polluted marine aerosols. The size dis-
tributions of the BulkAerory as a function of time are also included in Figure 4.4
panel D for comparison.

The rBCry size distributions for each cloud are shown in Figure 4.6. The D,
for rBCty¢ (assuming the number distributions are lognormal) during both events
lies somewhere in the nucleation mode at <70 nm, which is outside the detection
range of the SP2. Integration of the rBCrty distributions, from 70-220 nm, yields
an Nrp of 75 em™3 during Cloud 2 and 62 cm™ in Cloud 3. Assuming a rBC

density of 0,.=1.8 g cm the total mass concentrations (My,,;) are 73 and 62 ng
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m™ for Cloud 2 and Cloud 3 respectively (Table 4.2). The rBCr, mass concentra-
tions observed at Mt. Soledad were higher than concentrations measured in clean
marine air (Cooke et al., 1997; Shank et al., 2012), but considerably lower than
concentrations measured in most urban environments (see Table 1 in Metcalf et al.
(2012)).

4.4.3.2 Size distributions measured from the residual inlet (BulkAeroges
and rBCRges)

Average size distributions of the bulk aerosol measured from the residual inlet
(referred to as BulkAerogeg for the remainder of the document) are also shown in
Figure 4.6. The size distributions of the BulkAeroges indicate that it was mostly
the larger particles of the BulkAeroty distributions that were incorporated into
the sampled cloud droplets. The size distributions of BulkAeroges as a function of
time for both cloud events are included in Figure 4.4 panel E for comparison.

The size distributions for BulkAeroges shown in Figure 4.6 have a local min-
imum at 110 nm for Cloud 2 and 90 nm for Cloud 3. The particles observed at
sizes less than the local minima may be due to droplet “splash”, or due to a leak in
the CVI. (Pekour and Cziczo, 2011; Schwarzenboeck et al., 2000; Vidaurre et al.,
2011).

Figure 4.6 also shows the size distributions of the rBC residuals (rBCges) mea-
sured with the CVI. Figure 4.6 shows that rBC cores smaller than 100 nm are
incorporated into cloud droplets. In addition, Figure 4.6 shows that most of the
rBCres have effective sizes of less than 100 nm and that the rBCges are overall

larger than the rBCry. Fitting the rBCgeg size distributions (assuming these dis-
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tributions are lognormal) results in mean geometric diameters of 87 and 81 nm for

Clouds 2 and 3 respectively.

4.4.4 Size-resolved activated fractions

The size-resolved activated fraction [AF(D))] for rBC and the bulk aerosol were
calculated by taking the ratio of the number size distributions measured from the
residual inlet and the number size distributions measured from the total inlet. Prior
to calculating AF (D)), a spline interpolation algorithm was applied to the rBC and
bulk aerosol number size distributions. After a spline interpolation was applied to
the data, the following equation was used to calculate the size-resolved activated

fraction:

AF(D,) =
(Dp) Nrot(Dp) *EF DT’

(4.8)

where Nges(D),) is the number of residual particles as a function of size, CF (D))
is the size-resolved instrument sensitivity correction factor, Nz, (D)) is the num-
ber of particles measured from the total inlet as a function of size, EF is the CVI
enhancement factor (see Section 4.3.1.3) and DT is the droplet transmission fac-
tor through the CVI. Calculations of the droplet transmission factor are given in
Appendix B and plotted in Figure B.1. CF(D,), which corrects for variances in
instrument detection efficiencies, were determined from a 12hr period of cloud
free air on 5 June 2012 for the bulk aerosol and from side by side ambient sam-
pling of room air during the post-campaign calibration for rBC.

The AF (D)) for the bulk aerosol and rBC are presented in Figure 4.7, where

the error bars represent one standard deviation (10y,,) of the AF for each 10 nm
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size bin. The AF as a function of size for the bulk aerosol is similar to previous
measurements in similar clouds (Hallberg et al., 1994). Figure 4.7 panels A and
B show that the AF of rBC cores is significant, even for core diameters of < 100
nm. Figure 4.7 panels A and B also show that during both clouds the AF for rBC
cores is larger than the AF for the bulk aerosol at diameters <~150 nm. These re-
sults can be explained by the presence of large coatings surrounding the core (see
Section 4.4.5). Since the fraction of droplets sampled by the CVI was <100%, the
calculated AF should be considered as a lower limit to the total fraction activated

during these two cloud events.

4.4.5 Coating thickness of refractory black carbon residuals

Coating thicknesses were determined using a core and shell Mie model (see Sec-
tion 3.5) and are shown in Figure 4.7 panels C and D, where the error bars rep-
resent 10y, and the symbols represent the averages. When calculating coating
thicknesses, the particles were idealized as a pure BC core uniformly coated with
a non-absorbing material, although the actual particle morphology may be more
complicated (Sedlacek et al., 2012). As mentioned in Section 4.3.2.2, only 50% of
the rBC containing particles detected with the SP2g.s were successfully fit with
the LEO fitting procedure. Hence, coating information reported below is only
from a subset of the rBC residual particles measured.

Both cloud events show a similar trend, namely that the coating thicknesses
are larger at smaller rBC core diameters than larger rBC core diameters, which has

also been observed elsewhere (Metcalf et al., 2012). At small core diameters (70-
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100 nm) the coating thicknesses range from roughly 45-115 nm, while at larger
core diameters (200-215 nm) the coatings range from roughly 0-60 nm. Coat-
ing thicknesses measured in this study fall between values measured in previous
studies. For example, coating thicknesses ranging from 20410 nm, in fresh urban
plumes (Schwarz et al., 2008a), up to 188+31 nm on more aged rBC particles

(Metcalf et al., 2012) have been reported.

4.4.6 In-cloud aqueous phase chemistry

In the discussion above, we assume the coatings on the rBC cores were present
before incorporation into the cloud droplets. However, some of the coating ma-
terial may have formed after the rBC cores were incorporated into the cloud by
aqueous phase chemistry. Although stratus cumulus decks can persists for hours,
large eddy simulations of non-precipitating stratocumulus suggest that in-cloud
residence times of air parcels can be on the order of 12 minutes (Stevens et al.,
1995). Based on this work, we assume that an upper limit of 1 hour for the clouds
measured in this study is reasonable. Whether significant aqueous phase chem-
istry can occur on this time scale depends on the level of SO, and oxidants. When
SO, is absorbed by a cloud droplet, it partitions in different forms as a function of
pH: at lower pH values, the primary aqueous phase oxidant of dissolved SO,, or
S(IV) is H,0,; for higher pH values, ozone and catalyzed aerobic oxidation are
important oxidation pathways. Depending on the pH and available oxidants, con-
version of the dissolved S(IV) to S(VI) can be fast or slow. The absorption of large

amounts of HNO; or N,Os can reduce the pH significantly, which will require the
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presence of H, O, in order to significantly convert S(IV) to S(VI). Since the clouds
at Soledad were mostly overnight, the primary oxidant (H,O,) was likely lower
(and probably near zero). Also, analysis of the cloud water indicated that nitrate
was high, and thus the pH was probably low. Based on these factors, we suspect
that aqueous phase production of sulfate was not large. However, a quantitative
estimate of the sulfate produced is not possible since the measurements of SO,
and H,O, were not performed at this site. Based on the discussion above, we as-
sumed that a large fraction of the coatings were present before rBC particles were
incorporated into the cloud droplets. However, the production of coating material

from in-cloud aqueous phase chemistry cannot be ruled out.

4.4.7 Size distributions of rBCgres(Core+Coating)

For rBC particles measured from the residual inlet, a core diameter (determined
from the incandescence signal) and a coating thickness (determined from the Mie
scattering calculations discussed in Section 3.5) were combined to calculate the
overall rBC particle diameter (Core + Coating). These data are plotted in Fig-
ure 4.8, where the distributions are shown to be shifted to larger sizes when com-
pared with the distributions plotted as a function of core diameter [rBCges(Core)]
alone. These results suggest that the coated rBC particle diameters were likely
the dominant factor in activation ability over composition. This is a result that has
also been seen elsewhere (Fierce et al., 2013). For example, Fierce et al. (2013)
investigated how different particle characteristics (e.g. size, supersaturation, and

24 hour aging) at emission influence CCN activity and found that for S¢ ¢ 0.2%
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CCN activity had a greater sensitivity to emission size than composition.

4.4.8 Comparison of rBCges as a function of size with
predictions based on kappa-Kohler theory

Sections 4.4.5 and 4.4.7 provide a qualitative explanation for why rBC cores
smaller than 100 nm are incorporated into cloud droplets, namely that rBC cores
have thick coatings which lead to overall particle diameters >100 nm. In the fol-
lowing, we expand on this qualitative explanation by carrying out a quantitative
analysis showing that the presence of rBC cores smaller than 100 nm in the cloud
residuals is consistent with kappa-Kohler theory. This quatitative analysis con-
sists of the following steps: 1) an estimation of the bulk aerosol composition; 2)
an estimation of the critical diameter for activation of the cloud droplets sampled;
3) an estimation of the critical supersaturation required to form the droplets sam-
pled; and 4) a prediction of the critical diameter for activation of rBC cores. Steps

1-3 are required to carry out the predictions in step 4.

4.4.8.1 Bulk aerosol composition

An HR-Tof-AMS was used to measure the bulk aerosol composition downstream
of the CVL. Five species (organic, nitrate, sulfate, ammonium and chloride) were
quantitatively differentiated. Then, based on a simplified ion-pairing scheme sim-
ilar to Gysel and Crosier (2007) (see Appendix A), the mass fractions of am-
monium nitrate, ammonium sulfate, ammonium bisulfate, sulfuric acid, and am-
monium chloride were calculated. The results of these calculations are shown

in Figure 4.9. In order to determine the bulk aerosol hygroscopicity (see Equa-
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tion 2.3), mass fractions, of these individual components, were first converted to
volume fractions using an organic density of 1.4 g cm™ (Moore et al., 2012) and
densities reported in Lide (2001) for the inorganic salts.

4.4.8.2 The critical diameter for activation of the bulk aerosol in the cloud
droplets sampled

The critical diameter for activation (D,) of the bulk aerosol is often calculated by
integrating the residual number distribution from the largest to the smallest diam-
eters until the number concentration equals the CDNC sampled (see for example
Hersey et al. (2013)). Using this method, D, was found to be 241 nm and 239
nm for Cloud 2 and Cloud 3 respectively. Note these D, apply only to the cloud
droplets sampled (i.e. cloud droplets >~11 um). Different D, values would be

expected if the entire droplet population were sampled.

4.4.8.3 Critical supersaturation for the cloud droplets sampled

To estimate the critical supersaturation (S¢) for the formation of cloud droplets
sampled during the two cloud events (i.e. cloud droplets >~11 um) the single
parameter kappa-Kohler model was used (see Chapter 2). The individual x values
used in Equation 2.3 for the species discussed in Section 4.4.8.1 were; 0.1 for
organic (Lance et al., 2013; Moore et al., 2012; Rose et al., 2010); 0.67 for am-
monium nitrate (Petters and Kreidenweis, 2007); 0.61 for ammonium sulfate and
ammonium bisulfate (Petters and Kreidenweis, 2007; Wu et al., 2013); and 0.71
for sulfuric acid, which is the average of the range reported in Shantz et al. (2008).

The value for ammonium chloride k was calculated according to Equation A28 in
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Rose et al. (2008) using a Van’t Hoff factor of 2.

Using the above k; values and the values for v;, discussed in Section 4.4.8.1,
in Equation 2.3, kg, values of 0.50 and 0.41 were calculated for Cloud 2 and
Cloud 3 respectively. The values determined during this study are consistent with
the values suggested by Andreae and Rosenfeld (2008) for Cloud 2 and lower than
the values suggested for Cloud 3, for marine aerosols.

Shown in Figure 4.10 panel A are plots of S¢ as a function of dry diameter
for Cloud 2 (solid line) and Cloud 3 (dashed line) calculated using Equation 2.2
and Equation 2.3. Combining D, (see Section 4.4.8.2) with the results plotted in
Figure 4.10, Sc for the cloud droplets sampled can be determined. The points at
which D, intersects with the calculated S¢ traces shown in Figure 4.10, result in
estimations of S¢ values of approximately 0.05% for both clouds. Note, these S¢
apply only to the droplets sampled by the CVI. Different S¢ values would be ex-
pected if the entire droplet population had been sampled. However, it also should
be noted that theory predicts that the largest droplets in the distribution should
have been the first to form, thus formed on particles activated at the lowest super-
saturations. The SC calculated for the coated rBC particles shown in Figure 4.10
are consistent with this theory.

In this determination of S¢ several assumptions were made, which are ad-
dressed separately below: 1) the predominant mechanism for incorporation of
particles into droplets was nucleation scavenging, and influences by impaction
were negligible (Noone et al., 1992); 2) the contribution from sea salt aerosols

could be neglected. Based on sea salt mass concentrations measured by the HR-
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Tof-AMS behind the CVI and calibrated against collocated ion chromatography
measurements following a procedure similar to that introduced by Ovadnevaite
et al. (2012), we estimated an upper limit of approximately 15% for the sea salt
mass fraction of cloud residuals. By including an estimated sea salt mass fraction
of 15% into the bulk aerosol composition, bulk kappa values of 0.57 and 0.49
were calculated and used to estimate S¢. Using these kappa values reduced the
reported estimated Sc of 0.05% by <8%; 3) we assumed that the particles were
internally mixed and the composition did not depend on size. Since, during this
study, the size dependent HR-ToF-AMS data were at or below the detection limit
we could not determine if the composition was dependent on size. Additionally,
no measurements of the bulk aerosol mixing state were carried out; and 4) we as-
sumed that the entire fraction of organics was water soluble and represented by a
k of 0.1. To determine if S¢ was sensitive to this value, k for organics was varied
from 0-0.2, which is roughly consistent with the range of x values reported in the
literature for organics (Chang et al., 2010; Lathem et al., 2013; Mei et al., 2013).
Over this range of k values, S¢ varied by <4%.

4.4.8.4 Predictions of the critical diameter for activation of refractory
black carbon cores

In Figure 4.10 panel B the critical diameter for activation of rBC cores, for cloud
droplets sampled, is calculated using kappa-Kohler theory (see Chapter 2) and
assuming coating thicknesses ranging from 0-200 nm, which covers the range
of coating thicknesses measured. In these calculations the composition of the

coating was assumed to be the same as determined by the HR-ToF-AMS (see
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Section 4.4.8.1), and the rBC cores were assumed to be insoluble with a kx = 0
(Rose et al., 2010). As expected, in Figure 4.10 panel B, S¢ decreases as the
coating thickness increases at a constant rBC core diameter. Figure 4.10 panel
B also shows that if the S¢ is >= 0.05%, for both clouds, the critical diameter
for activation of the rBC cores is <50 nm for all cores with coating >100 nm.
The combinations of core + thicknesses shown in Figure 4.10 can be translated
into the equivalent volume fractions and kappa values, assuming the coating has
a kappa of 0.5 and the core has a kappa=0. The smallest kappa in this figure is
for a 1 um core with a 25 nm coating, k=0.07; however the size is so large the
critical supersaturation is very low anyways despite the low kappa. The smallest
total particle size (and highest critical supersaturation) represented in Figure 4.10
is a particle with a 50 nm core and 25 nm coating, total 100 nm diameter; the
corresponding kappa is 0.44. For cores between 50 and 200 nm and thicknesses
between ~ 25 to 200 nm, kappas range from ~ 0.35 to 0.5. As can be seen for
the two lines in Panel A this much variability in overall kappa does not create a
large change in critical supersaturation. This suggests that the uncertainties of the
estimated S¢ should have minimal influence on the predicted critical activation
diameter of rBC using kappa-Kohler theory. Furthermore, the results from kappa-
Kohler theory are consistent with the observations of rBC cores of 100 nm and

less being activated into the sampled cloud droplets.
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4.5 Summary and Conclusions

Cloud residuals were measured during two cloud events at the top of Mt. Soledad
in La Jolla, CA. Back trajectories showed that air masses for both cloud events
spent at least 96 hours over the Pacific Ocean and traveled near, or over popu-
lated regions before arriving on site. Based on measured bulk aerosol number
concentrations the two air masses sampled were classified as polluted marine air,
a classification consistent with the back trajectories and measured concentrations
of black carbon mass.

The size distributions of the bulk aerosol residuals were shifted to larger sizes
for both cloud events compared to the size distributions measured from the to-
tal inlet. The size distributions of rBC cloud residuals were also shifted towards
larger diameters when compared to the size distributions of rBC measured from
the total inlet. The measurements of cloud residuals clearly show that rBC cores
less than 100 nm can be incorporated into cloud droplets, assuming that the coat-
ings surrounding these cores are at least moderately hygroscopic and sufficiently
large enough to increase the overall particle diameter so that they can contribute
to the CCN at low supersaturations. The activated fraction of 70-80 nm rBC cores
was 0.01 and 0.045 for Cloud 2 and Cloud 3 respectively. Since the fraction of
cloud droplets sampled by the CVI was less than 100%, the measured activated
fractions of rBC are lower limits to the total fraction of rBC activated during these
two cloud events. The coating analysis of the SP2 data shows that the rBC cores

that were activated into cloud droplets had thick coatings, with average coating
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thicknesses of ~75 nm at core diameters between 70-80 nm and ~29 nm coatings
for core diameters between 200-210 nm. Furthermore, the presence of rBC cores
less than 100 nm in cloud residuals is consistent with kappa-Kohler theory and

the measured rBC coating thicknesses.
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4.6 Chapter 4 Figures and Tables
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Figure 4.1: Schematic showing the configuration of the inlets and instru-
mentation housed in the shipping container.
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Figure 4.2: Schematic of the CVI showing ambient air (green dashed lines)
being drawn towards the CVI probe. The supply flow (red lines) are
shown to permeate the porous frit (blue dotted region) creating the
counterflow (orange lines) and sample flow (purple dash-dot line). The
theoretical stagnation plane (black dashed line) and CVI geometry pa-
rameters needed to calculate the stopping distance of a droplet entering
the CVI probe (see Section 4.3.1 for further details) are also shown and
labeled 1 to 4.
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Figure 4.3: In-cloud HYSPLIT 96hr back trajectories ending at hourly inter-

vals for Cloud 2 (12 June 21:00 to 13 June 12:00 PDT) in panels A and
C, and Cloud 3 (17 June 21:00 to 18 June 08:00 PDT) in panels B and
D. All back trajectories started at 10 m a.g.l.. Darker yellow regions on
land in panels A and B indicate densely developed urban areas contain-
ing 50,000 or more people (United States Census Bureau). Panels C
and D show the vertical profiles over the same hourly intervals shown
in panels A and B.
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Figure 4.4: Time series data for both Cloud 2 (left side) and Cloud 3 (right
side) showing; liquid water content (LWC, blue trace) and ambient
temperature (red trace) in panel A; wind speed and direction in panel
B; cloud droplet number size distributions with the CVI — D5 (black
trace) overlaid in panel C; the number size distribution for the total
aerosol in panel D, and the residual aerosol in panel E. All data shown
are five-minute averages and meet the criteria discussed in the text.
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Figure 4.5: Average cloud droplet number size distributions for Cloud 2
(panel A) and Cloud 3 (panel B) measured by the FM-100 (black cir-
cles) and fit to a lognormal distribution function (black dashed lines).
The average cloud droplet volume distributions (blue squares) and log-
normal fits (blue dashed lines) are also shown for each cloud event.
The CVI — Ds is indicated on each panel by a red dashed line.
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Figure 4.6: Summary of the averaged number size distributions for Cloud 2
(panels A and C) and Cloud 3 (panels B and D) for the total aerosol
(red solid lines); residual aerosol (red dashed lines); total rBC as a
function of core diameter (black solid lines); and residual rBC as a
function of core diameter (black dashed lines). Both the aerosol and
rBC for each cloud event are shown in two ways, a log scale (panels
A and B) to highlight the relative differences between the aerosol and
rBC as well as normalized to the respective maximum value (panels C
and D) to highlight the shift in size distributions. All residual distri-
butions have been corrected for CVI enhancement (see Section 4.3.1.3
and droplet losses (see Appendix B).
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Figure 4.7: Shown in panels A and B are the mean size dependent activated
fraction (AF) for the aerosol (red circles), and rBC (black triangles)
for Clouds 2 and 3, respectively, where the error bars represent one
standard deviation (10y,) of the mean AF. The bottom axes represent
particle diameter for the aerosol and core diameter for rBC. Since the
fraction of the cloud droplets sampled by the CVI was less than 100%,
the calculated activated fractions should be considered as lower limits
to the total AF during the two cloud events. Shown in panels C and
D are the averaged rBC coating thicknesses (blue circle) in nm with
10y4 as the error bars. Since only 50% of the rBC containing particles
detected with the SP2g.s were successfully fit with the LEO fitting
procedure, the coating thicknesses shown in panels C and D are only
from a subset (50%) of the rBC particles measured with the SP2g;.
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Figure 4.8: Normalized number size distributions from Cloud 2 (panel A)
and Cloud 3 (panel B) for residual rBC as a function of particle di-
ameter [TBCgres(Core+Coating)]. The residual bulk aerosol distribu-
tion (BulkAeroges) and rBC distribution as a function of core diameter
[rBCRres(Core)] are also shown for comparison. Since only 50% of the
rBC containing particles detected with the SP2r.s were successfully
fit with the LEO fitting procedure, the rBCres(Core+Coating) shown
in panels A and B are only from a subset (50%) of the rBC particles
measured with the SP2ges.
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Figure 4.9: Sub-micrometer non-refractory average aerosol mass fractions
for Clouds 2 and 3 based on an ion-pairing scheme (see Section 4.4.8.1
and Appendix A) and measured from a high resolution time-of-flight
aerosol mass spectrometer.
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Figure 4.10: Panel A shows the critical supersaturation (Sc, black lines) as
a function of particle dry diameter based on measured HR-ToF-AMS
bulk compositions and an ion-pairing scheme. Panel B shows S¢ as
a function of rBC core diameters with coating thicknesses ranging
from 0-200 nm. In panel B, the coatings are assumed to have the
same composition as the bulk residual aerosol (Figure 4.9). The solid
lines are for Cloud 2 and the dashed lines are for Cloud 3.
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Table 4.1: Summary of cloud microphysical properties showing the average CVI cut-size (CVI — Dsp) where
the uncertainty stems from the calculated cut-size (see Section 4.3.1.2 for details); average liquid water

content (LW C) and one standard deviation; and the cloud droplet number (CDNCr,;) and volume (Volr,;)
concentrations for droplets with diameters between 2-50 um. Also shown is the number (CCDLQVN—CCS;’:’”>

%) fractions of droplets sampled, where CDNCs,y, and Vols,y), are the number and

volume concentrations, respectively, for the fraction of droplets sampled.

and volume (

Cloud Date CVI—Dsy LWC CDNCry <CDNCSamP> Vol <Volsamp>
# Sampled (um) (gm3)  (cm?) CDNCry (um? m>) Volro
12-13 June 2013 11.5 0.13
2 2043-1135PDT  +072 4007 0797 0.38 1.24E5 091
3 17-18 June 2013 11.6 0.09 145.8 0.24 8 8804

2036-0752 PDT £0.72 +0.02 0.68




Table 4.2: Averaged number (N) and mass (M) concentrations, modal pa-
rameters D, and o, for aerosol and rBC particles during the two cloud
events measured at Mt. Soledad. The subscripts Tot and Res represent
measurements made from the total and residual inlets respectively.

Cloud 2 Cloud 3
Aerosol rBC Aerosol rBC

Nror (cm™) 980.8 7524 994.0 62.13

Mty (ng m>) - 73.41 - 61.83
Dy 1or (nm) 107.7 <70  80.54 <70
Oy, Tot 1.577 - 1.703 -

Nges (cm™) 4346 2000 83.15 3.86
Mpes (ng m™) - 2.741 - 4.735
Dgges (mm) 3319 8730 269.2 80.72
Oy Res 1.187 1259 1.281 1.268
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Chapter 5

Size-Resolved Activation of
Refractory Black Carbon in Cloud
Droplets at a Canadian High

Elevation Site

5.1 Introduction

As mentioned in the previous chapter, several studies have looked at the activated
fraction of BC mass in cloud droplets (Chylek et al., 1996; Cozic et al., 2007;
Hitzenberger et al., 2000, 2001; Kasper-Giebl et al., 2000; Sellegri et al., 2003).
Reported values of the average BC mass activated fractions range from 0.06 to

0.8 (Cozic et al., 2007) (and references within), where lower values were typi-
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cally seen at urban sites closer to anthropogenic emission sources, and the higher
activated fractions were seen at more remote higher elevation sites where it is
thought that the air mass is aged to some extent providing the BC an opportunity
to form a hydrophilic coating. However, not all data are consistent with this pic-
ture. For example, Granat et al. (2010) has shown that BC was three times less
efficiently activated compared to sulfate, even after a travel time of several days,
suggesting that BC containing particles from India have retained much of their hy-
drophobicity after a travel time of several days. However, the conclusions stated
in this study assumed that hygroscopicity controlled the removal of BC through
wet scavenging, when a more important factor is particle size. Furthermore, the
washout ratio, which is the metric used to interpolate scavenging efficiencies, was
computed for BC mass and not number. Therefore, direct comparisons of their
work and the work presented here are difficult to make.

Even though there have now been several studies on the activated fraction
of BC mass in cloud droplets in the natural environment, only one size-resolved
field study (Schroder et al., 2014), to the best of our knowledge, has been carried
out (see Chapter 4). Additional studies on the activated fractions of BC in cloud
droplets as a function of size are useful to test the current understanding of BC
activation in cloud droplets and the CCN properties of BC in the atmosphere.

In this study we present data collected at a remote mountain site during the
Whistler Aerosol and Cloud Study (WACS) that took place in 2010 (Macdonald
et al., 2014) (manuscript in preparation). The size-resolved activated fractions of

rBC were measured and compared to the size-resolved activated fractions of the
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bulk aerosol during two cloud events.
5.2 Sampling Site

5.2.1 Site description

Sampling took place during the Whistler Aerosol and Cloud Study (WACS) dur-
ing 2010, and occurred at the Whistler High Elevation Site (WHI). The WHI is
located at the peak of Whistler mountain (50.06°N, 122.96°W) at an elevation of
2182 m a.m.s.l.. This site is approximately 120 km north of Vancouver, British
Columbia, its nearest major urban center, and sits above the Whistler Village (650
m a.m.s.l.). A full description of the site and instruments present during this cam-
paign can be found in the campaign overview paper (Macdonald et al., 2014).
Briefly, there were two facilities used to house the instrumentation; a lift oper-
ator‘s hut, which includes a year round monitoring station maintained by Envi-
ronment Canada (Ahlm et al., 2013; Leaitch et al., 2011; Macdonald et al., 2011;
McKendry et al., 2010; Takahama et al., 2011); and a shipping container that was
used only during the campaign. The cloud portion of the study took place from 1

July to 28 July 2010.

5.2.2 Inlets

Three inlets were used in this study (Figure 5.1), the total aerosol inlet and residual
inlet were connected to instrumentation housed in the shipping container by a 3-

way valve. During cloud-free periods of sampling the valve was switched so
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that ambient air was sampled through the total aerosol inlet (Figure 5.1). When
clouds were present the valve was manually switched so that droplet residuals
were sampled through the residual inlet (Figure 5.1), which included a CVI as its
intake (see Section 4.3.1). The total aerosol, which is the sum of both the residual
and interstitial particles, was sampled through the total aerosol inlet (Figure 5.1).
Droplets sampled through the total inlet were dried by evaporation as they entered
a temperature controlled room, held at approximately room temperature (20-25
°C). The third inlet, labeled total rBC inlet in Figure 5.1, was the inlet connected
to the lift operator ‘s hut and was used to measure the total rBC. Similar to the total
inlet, droplets sampled through the total rBC inlet were dried by evaporation as
they entered the temperature controlled room, which on average was at 23.5 °C.
A CVI (see Section 4.3.1) sampled cloud droplets but excluded interstitial
particles based on the principle of inertial separation (Noone et al., 1988). After
separation from interstitial particles the droplets were dried by a warm dry coun-
terflow as well as heated sections of the sample tubing, leaving only the residual
particles of the cloud droplets to be sampled by downstream instrumentation.
The CVI — D5, for the two clouds sampled during this study were calcu-
lated based on Equation 4.5 and were found to be approximately 10 um for both
clouds. Sampling through the CVI enhanced the particle concentrations sampled
when compared to ambient concentrations. Enhancement factors (E'F') for the two
clouds sampled were calculated to be approximately 11 and 9 using Equation 4.7.
To account for droplet losses during CVI sampling a droplet transmission (D7)

factor was determined (see Appendix C). All residual distributions have been cor-
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rected for both the enhancement of particles and droplet losses.

5.3 Experimental

5.3.1 Refractory black carbon measurements

Two SP2s (Droplet Measurement Technologies, Boulder, CO) were used to mea-
sure rBC (Figure 5.1). One SP2 was connected to the total rBC inlet and is referred
to as the total SP2 (SP2t), and the second SP2 sampled from the residual inlet
and is referred to as the residual SP2 (SP2ges) (see Chapter 3 for a more thor-
ough description and details on the SP2 theory of operation). Both the SP2t
and the SP2g¢s used in this study had a rBC size detection range of 70 to 210 nm
VED. As discussed in Section 3.5 the SP2 can be used to measure the thickness
of any coating surrounding the core of a rBC particle if the elastic scattered light
from the particles is measured with a split detector. However, the split detector on
the SP2 connected to the residual inlet was not functioning throughout this study.

Therefore, no coating thickness analysis was possible.

5.3.2 Size distribution measurements of the bulk aerosol

Bulk aerosol size distributions (here bulk aerosol refers to all aerosol particles re-
gardless of composition) from the total aerosol inlet were measured with a wide
range particle spectrometer (Liu et al., 2010a) (WPS, model 1000XP, MSP, Shore-
view, MN), which combines a DMA coupled to a CPC and an optical particle

counter (OPC) to provide particle counts for particles with diameters between
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10 nm to 10 um. For this analysis, particles with diameters of up to 500 nm
were taken from the DMA CPC counts and all diameters greater than 500 nm
were taken from the counts recorded by the OPC portion of the instrument. Size
distributions of the residual bulk aerosol, sampled from the residual inlet, were
measured with an ultra-high sensitivity aerosol spectrometer (UHSAS, Droplet
Measurements Technologies, Boulder, CO). The UHSAS sampled particles be-
tween 0.06 and 1 um every 10 seconds. These measurements have been discussed

in further detail by Pierce et al. (2012) and Macdonald et al. (2014).

5.3.3 Back trajectories

Air mass back trajectories were obtained using the NOAA HYSPLIT model (Draxler
and Rolph, 2012; Rolph, 2012). For the trajectory calculations the National Cen-
ters for Environmental Predictions EDAS meteorological dataset was used. All
trajectories were calculated at 10 m a.g.l., 24 hours backwards in time and at

hourly intervals for the entire duration of cloud sampling.

5.3.4 Cloud properties

A fog monitor (FM-100, model 100, Droplet Measurement Technologies, Boul-
der, CO), which is a forward scattering optical spectrometer, was stationed on top
of the container providing an in-situ measurement of the cloud droplet number
concentration (CDNC) and the liquid water content (LW C) present. Droplets with
diameters between 2 and 50 um were counted into 20 discrete size bins with a

one-second time resolution (Eugster et al., 2006).
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5.4 Results and Discussion

Two cloud events are analyzed in this study: the first cloud event took place on 2
July 2010 10:48 to 12:02 PST and is referred to as Cloud 1, and the second cloud
event was sampled from 12 July 2010 07:38 to 11:15 PST and is referred to as
Cloud 2.

5.4.1 Back trajectories

The 24 hour back trajectories that arrived at the onset of each cloud event as well
as at every subsequent hour until the end of the event are shown in Figure 5.2.
According to Figure 5.2 panels A and B, the trajectories during Cloud 1 arrived
on-site roughly from the west, whereas the trajectories for Cloud 2 arrived at the
peak from the northwest. The trajectories calculated for Cloud 1 and 2 did not pass
over any heavily populated regions, suggesting little influence from recent fresh
urban emissions. The corresponding vertical profiles for each of the air masses
sampled are shown in Figure 5.2 panels C and D. In general, both air masses show
some level of vertical lifting prior to being sampled.

Forest fires reported within the previous 24 hours by the Canadian Wildland
Fire Information System (CWFIS, vertical red triangle) as well as fires detected
by the Moderate Resolution Imaging Spectroradiometer (MODIS, horizontal red
triangle) are also plotted on Figure 5.2 panels A and B to indicate if the air masses
sampled may have been influenced by biomass burning aerosols. No fires were
reported within the 24 hours prior to the sampling of Cloud 1, indicating there

was likely no influence from biomass burning aerosols immediately preceding this
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event. However, several forest fires were reported within the 24 hours prior to the
sampling of Cloud 2 and within roughly 500 km of the sampling site, suggesting
the possibility of some biomass burning influence. Trace gas measurements of
acetonitrile (Macdonald et al., 2014), a marker for biomass burning (Holzinger
et al., 2005), show a sharp rise in the mixing ratio at the beginning of Cloud 2,
further suggesting that the air mass sampled during Cloud 2 most likely had some

influence from biomass burning aerosols.

5.4.2 Meteorological conditions and cloud properties

Data were classified as in-cloud and included for analysis if the one-minute-
averaged LWC was greater than 0.05 g m™ and if the one-minute-averaged CVI
counterflow rate varied by less than +£50;,; of the mean counterflow rate. This
filtering of the data removed periods of unstable flows and regions of “patchy”
clouds as much as possible (Cozic et al., 2007).

Measured cloud properties as a function of time are shown in Figure 5.3 panels
A and B, where Cloud 1 is shown on the left side and Cloud 2 is shown the right
side of the plot. Panel A shows the LZWC as a function of time for each of the
clouds. Averaging the data shown in panel A gave LWC values of 0.074+0.04
and 0.11£0.06 g m™ for Clouds 1 and 2, respectively. Figure 5.3 panel B shows
the droplet number distributions as a function of time for each of the clouds with
the calculated CVI — D5 overlaid as a solid black line. The time-dependent data
shown in Figure 5.3 panel B were used to calculate the average droplet number

distributions for each cloud event (Figure 5.4). Integration of the lognormal fits
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between 2 and 50 um in Figure 5.4 gave cloud droplet number concentrations
(CDNC) of 194 cm™ and 258 cm™ for Clouds 1 and 2, respectively. Applying
the CVI — D5 to the droplet distributions shown in Figure 5.4 indicates that 28%
and 41% of the droplet number were sampled during Clouds 1 and 2 respectively.
Sampling only a fraction of the cloud droplet number distribution indicates that
the results presented in this study apply only to the larger diameter cloud droplets.
Averaged relevant properties of Clouds 1 and 2 are summarized in Table 5.1 for

reference.

5.4.3 Size distributions

Average size distributions of the bulk aerosol and rBC particles, measured from
the total and residual inlets for both clouds are presented in Figure 5.5. Data
are plotted in two ways; on a log scale (panels A and C), and normalized to the
respective maximums (panels B and D). Table 5.2 summarizes the results of the
size distribution analysis.

5.4.3.1 Size distributions measured from the total inlet (BulkAeror, and
I'BCTot)

The average size distribution of the bulk aerosol measured with the total aerosol
inlet (referred to here as BulkAeroy) and the average size distributions of rBC
measured with the total rBC inlet (referred to here as rBCry) are shown in Fig-
ure 5.5. The BulkAeroTy size distributions (red solid lines in Figure 5.5) for both
clouds show two distinct modes with Dy, as determined by fitting a lognormal

function to the data, of 78 and 47 nm for the smaller diameter mode and 148 and
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137 nm for the larger diameter mode (Table 5.2) for Cloud 1 and 2 respectively.
Integration of these number distributions from 10 nm to 1 pm resulted in total
number concentrations (Nz,;) of 736 and 376 cm™ for Clouds 1 and 2, respec-
tively. The size distributions of the BulkAerot, as a function of time are also
shown in Figure 5.3 panel C for comparison.

The average rBCry size distributions for each cloud are also shown in Fig-
ure 5.5 (black solid lines). Assuming that the rBC distributions follow a lognor-
mal function the Dy values are less than 70 nm, which is below the detection limit
of the SP2s. Integration of the rBC number distributions, for core V EDs between
70 and 210 nm, results in an N7, of 8.1 cm™ during Cloud 1 and 1.6 cm™ during
Cloud 2. The total mass (M7,;) of rBC was found to be 8.9 and 2.1 ng m™ for

Clouds 1 and 2, respectively, assuming a density of 6,.=1.8 g cm™.

5.4.3.2 Size distributions measured from the residual inlet (BulkAeroges

Average size distributions of the bulk aerosol measured from the residual inlet
(referred to here as BulkAeroges), are shown in Figure 5.5 (red dashed lines). Ap-
plying lognormal fits to the BulkAeroges yields D, values of 122 and 128 nm for
Clouds 1 and 2, respectively. The D, values found for the BulkAeroges distribu-
tions indicate that the majority of the particles activated into cloud droplets were
from the larger diameter mode of the BulkAerot size distributions. Integration
of the BulkAeroges size distributions between 60 nm and 1 um gave measured
cloud residual number concentrations (Nges) of 91 and 77 cm™ during Clouds 1

and 2, respectively.
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Average rBCgeg distributions are shown in Figure 5.5 (black dashed lines),
and, assuming these distributions follow a lognormal function, the D, values
would be below the detection limit of the SP2 (70 nm), similar to the rBCrpy;.
Integration of these distributions, for rBC particles with core VEDs between 70
and 210 nm, result in Ng.,; values of 2 cm™> and 0.3 cm™, and residual mass
concentrations (Mg,s) were found to be 2.1 and 0.4 ng m™ for Clouds 1 and 2,

respectively.

5.4.4 Size-resolved activated fractions

The bulk aerosol and rBC size-resolved activated fraction, AF (DP), was calcu-
lated similar to Section 4.4.4 using Equation 4.8. In order to account for differ-
ences in bin widths counted by the WPS and UHSAS a spline interpolation algo-
rithm was applied to all distributions prior to calculating AF (DP). The CF (DP)
in this study represents the size-resolved correction factor that accounts for dif-
ferences in instrument sensitivity, which were calculated by taking the ratio of
the total bulk aerosol number distribution measured from the WPS to the resid-
ual number distribution measured from the UHSAS during periods of cloud-free
sampling, when the two instruments should have been measuring the same con-
centrations. The determination of DT in this study is discussed in Appendix C.
Figure 5.6 shows the calculated AF (DP) for the bulk aerosol (red circles) and
rBC (black triangles) for both clouds sampled, where AF (DP) of the bulk aerosol
was plotted as a function of particle diameter and the rBC size-resolved activated

fractions were plotted as a function of rBC core VED. The error bars shown in
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Figure 5.6 are taken as 10, of the mean AF determined within each size bin. The
AF values show a dependence on size for both the bulk aerosol and rBC during
both clouds. The AF of rBC ranged from approximately 0.2 at the smallest size
bin (70 to 80 nm) in Cloud 1 to 0.6 at the largest size bin of 200 to 210 nm during
Cloud 2. Since the fraction of droplets sampled by the CVI was <100%, the
calculated AF should be considered as a lower limit to the total fraction activated
during these two cloud events.

The size-resolved activated fractions of rBC cores shown in Figure 5.6 also
indicate that even the small 70 nm rBC cores are efficiently activated. Although,
since rBC core diameter is not the only factor that needs to be considered in CCN
ability and the coating thicknesses could not be determined for these rBC cores,
the extent to which the overall particle size influences the activation of these par-
ticles could not be investigated. Since 70 nm cores (uncoated) are only expected
to be activated at relatively high cloud supersaturations (~1%, see Figure 4.10), it
is likely that the rBC cores here were coated with soluble material. During Cloud
1 the rBC activated more efficiently than the bulk aerosol for all sizes. This ob-
servation also strongly suggests that the rBC particles during Cloud 1 were coated

with soluble material.

5.5 Comparison with Previous Measurements

The study described in Chapter 4 is the only other study in which the size-resolved
activation of rBC was measured. In that study, there was also a significant quantity

of smaller (sub-100 nm) diameter rBC particles that were activated into cloud
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droplets, a result that is consistent with the current study. The previous study
showed that rBC cores with diameters less than 100 nm that were activated in
cloud droplets had thick coatings ranging from approximately 45 to 115 nm.
Although there has only been one previous study to measure size resolved acti-
vation of rBC in cloud droplets, there have been several previous studies that have
investigated the average BC mass activated fraction (Cozic et al., 2007; Hitzen-
berger et al., 2000, 2001; Kasper-Giebl et al., 2000; Sellegri et al., 2003). How-
ever, in these studies size-resolved information was not obtained, and only the
total activated fraction of BC mass over the entire size range measured was re-
ported. For comparison purposes, we calculated the average BC mass activated
fractions for both clouds measured at Whistler by taking the ratio of the rBC resid-
ual mass (Mg,s) to the rBC total mass (M7,;). Using this method, and values for
Mpg.s and M7, shown in Table 5.2, resulted in average BC mass activated frac-
tions of 0.24 and 0.19 for Clouds 1 and 2 respectively. Since less than 100% of
the droplet number distribution was sampled for both Clouds 1 and 2, these acti-
vated fractions of rBC mass are likely lower limits to the true activated fractions.
Another uncertainty, when determining the mass activated fractions, is the frac-
tion of the total mass sampled by the SP2 instruments. Shown in Figure 5.7 are
the rBC mass distributions sampled from both the residual and total inlets. By
assuming that the mass distributions are lognormal, Figure 5.7 suggests that the
SP2s captured most, but not all, of the rBC mass during both of the cloud events.
In Table 5.3 we compare the activated fractions of rBC mass measured here

with the average activated fraction of BC mass determined at other remote moun-
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tain sites. The average activated fractions of rBC mass for clouds measured at
Whistler are smaller than the values reported at other remote mountain sites. The
differences may be due to the fact that less than 100% of the droplet number dis-
tributions were sampled in the current study and therefore, the activated fractions
of rBC mass likely represent lower limits.

As discussed above, the air mass for Cloud 2 was likely influenced by biomass
burning particles. A few studies have shown that freshly emitted biomass burn-
ing aerosols can have large diameters as well as reasonably high k values making
them fairly hygroscopic, and therefore efficient CCN (see Chapter 2) at or near the
point of emission (Petters et al., 2009; Pratt et al., 2011). Andreae and Rosenfeld
(2008) summarized previous studies of CCN properties of biomass burning parti-
cles and concluded that, in general, the CCN efficiency of biomass burning parti-
cles increases with aging. Combining these previously reported results, biomass
burning aerosols, whether freshly emitted or aged, can act as efficient CCN. The
size-resolved activated fractions measured here, for both bulk aerosol and rBC,

appear to be consistent with the conclusions from these previous studies.

5.6 Summary and Conclusions

The size-resolved AF of rBC was measured for two clouds at the peak of Whistler
Mountain during the WACS-2010 campaign. Back trajectories calculated for both
clouds showed that the air masses sampled did not travel over or near highly popu-
lated areas within the previous 24 hours. The first cloud sampled had no influence

from biomass burning aerosols within the previous 24 hours. However, 24 hours
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prior to sampling Cloud 2, several forest fires were reported or detected within
the vicinity of the sampling site. Elevated mixing ratios of acetonitrile were also
detected at the beginning of the cloud, indicating that the air mass sampled during
Cloud 2 likely had at least some influence from biomass burning aerosols.

The fractions of bulk aerosol and rBC that activated both show a dependence
on size from the two clouds measured. The AF of rBC ranged from approximately
0.2 at the smallest size bin (70 to 80 nm) to 0.6 at the largest size bin (200 to 210
nm). Since the fraction of droplets sampled by the CVI was less than 100%, the
calculated AF should be considered as lower limits to the total fractions activated
during these two cloud events. The size-resolved AF of rBC cores shown in Fig-
ure 5.6 indicate that even the small 70 nm rBC cores are efficiently activated.
Since 70 nm uncoated cores are only expected to be activated at relatively high
cloud supersaturations, it is likely that the rBC cores were coated with soluble ma-
terial. In addition, during Cloud 1 the fraction of rBC cores was more efficiently
activated than the bulk aerosol for all diameters measured. This result strongly
suggests that large hygroscopic coatings surrounded these cores since, as seen in
Chapter 4, the overall rBC particle diameter likely is the dominant factor in de-
termining the CCN ability. These results should be useful for testing models and
parameterizations used to predict activation of BC in cloud droplets. For example,
the size resolved activated fractions presented in this chapter could be used to test

simulated activated fractions at similar supersaturations and similar elevations.
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5.7 Chapter S Figures and Tables
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Residual Aerosol

Figure 5.1: Schematic showing the configuration of the inlets and relevant
instrumentation used in this study.
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Figure 5.2: HYSPLIT 24hr back trajectories. Panels A and C are trajecto-
ries ending at hourly intervals for Cloud 1 (2 July 10:00 to 12:00 PST);
panels B and D are trajectories ending at hourly intervals for Cloud 2
(12 July 07:00 to 11:00 PST). All back trajectories started at 10 m
above ground level. Red vertical triangles are fires reported by the
Canadian Wildland Fire Information System (CWFIS) and red hori-
zontal triangles are fires detected from MODIS for all fires within 24
hours prior to the start of the cloud. Panels C and D show the vertical
profiles over the same hourly intervals shown in panels A and B.
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Figure 5.3: Time series data for Cloud 1 (left side) and Cloud 2 (right side)
showing; liquid water content (LW C) in panel A; cloud droplet number
size distributions with the CVI — D5 (black trace) overlaid in panel B;
the number size distributions for the total bulk aerosol in panel C, the
residual bulk aerosol in panel D, and acetonitrile mixing ratio in panel
E. All data shown in panels A to D are one-minute averages and meet
the criteria discussed in Section 5.4.2. Data in panel E are 15-minute
averages.

93



O Average
LogN Fit
CVI—D50

700 | | L 1 111 IEI
(A) Cloud 1

600

500 ~
400
300
200 -

dN/dLog(D) (cm™)

100

1000 I |||||||§| | R
(B) Cloud 2

800

600

400 -

dN/dLog(D) (cm™>)

200 -

0 L/ T ||||§| T
1 10 50 100

Diameter (um)
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Figure 5.5: Summary of the averaged number size distributions for Cloud
1 (panels A and B), and Cloud 2 (panels C and D) for the total bulk
aerosol (red solid lines); residual bulk aerosol (red dashed lines); total
rBC as a function of core diameter (black solid line); and residual rBC
as a function of core diameter (black dashed lines). Both the aerosol
and rBC for each cloud are shown in two ways, a log scale (panels A
and C) as well as normalized to the respective maximum values (panels
B and D). All residual distributions have been corrected for the CVI
enhancement (see Section 4.3.1.3) and droplet losses (see Appendix
©)
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Figure 5.6: Mean size dependent activated fractions (AF) for the bulk
aerosol (red circles) and rBC (black triangles) for Clouds 1 and 2 in
panels A and B, respectively. The error bars represent one standard
deviation of the mean activated fraction within each 10 nm bin. The
bottom axis represents particle diameter for the bulk aerosol and core
diameter for rBC. Since the fraction of cloud droplets sampled by the
CVI was less than 100%, the calculated activated fractions should be
considered as lower limits to the total activated fraction.
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Table 5.1: Summary of cloud microphysical properties showing the dates
and times sampled; the average CVI cut-size (CVI — Dsg), where the
uncertainty comes from the calculated cut-size; average liquid water
content (LWC) and one standard deviation; total cloud droplet number
concentration (CDNCry); and the number fraction of droplets sampled
(CDNCsymp/CDNCrot), where CDNCgyypyp, is the droplet number con-
centration greater than the CVI cut-size.

Cloud Date CVI—Dsy LWC CDNCry (CDNCSam p)
# Sampled (um) (gm3)  (cm™) CDNCro
2 July 2010 9.67 0.07
L 0481202 PST  +0.08  +0.04 1OH14 0.28
) 12 July 2010 9.63 011 g ne 0l

0738-1115 PST +0.48 £0.06

Table 5.2: Average number (N) and mass (M) concentrations, modal param-
eters D, and o, for bulk aerosol and rBC particles during Clouds 1
and 2. The subscripts Tot and Res represents measurements made from
the total and residual inlets respectively. All values reported for resid-
ual particles have been corrected for the CVI enhancement (see Sec-
tion 4.3.1.3) and droplet losses (see Appendix C)

Cloud 1 Cloud 2

Aerosol rBC Aerosol rBC
Nror (cm™) 736.32 8.1¢ 375.6% 1.6
My, (ng m™) - 8.9¢ - 2.1°¢

Mode 1: 77.8 (1.4) Mode 1: 46.8 (1.3)
Dy(0g)tor (m) 465 1483 (14) <70 Mode 2: 137.1 (1.3) <10
Nges (cm™) 90.5° 2.0° 77.20 0.3¢
Mges (ng m™) - 2.1¢ - 0.4¢
Dy (0g)Res (nm) 122.2 (1.2) <70 127.9 (1.2) <70

410 to 1000 nm
560 to 1000 nm
¢70 to 220 nm
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Table 5.3: Summary of average black carbon mass activated fractions (AF) measured at other remote moun-
tain locations (adapted from Cozic et al. (2007)), as well as from this study.

Location AF  Site Elevation Reference Dates
Puy de Dome (France) 0.33 1465 m Sellegri et al. (2003) Feb. - Apr. 2001
Rax (Austria) 0.54 1644 m Hitzenberger et al. (2001) Apr. 1999 & Mar. 2000
. . 0.45 Kasper-Giebl et al. (2000) Sept. 1995
Mt. Sonnblick (Switzerland) ) 75 3106m o erger et al. (2000) Sept 1996 & Apr. - May 1997

Junfraujoch (Switzerland)  0.61 3850 m Cozic et al. (2007) Jul. - Aug. 2004

. 0.24 . 2 July 2010

Mt. Whistler 019 2182 m This work 12 July 2010




Chapter 6

Measurements of Refractory Black
Carbon at a High Elevation
Mountain Site during 2009, 2010,
and 2012

6.1 Introduction

In order to assess the role of BC particles in climate and health, knowledge of
the properties of BC (e.g. size distribution, mass loading, and mixing state) in
the atmosphere is needed, and this information needs to be represented accurately
in atmospheric models. In this study we present measurements of rBC at the

Whistler High Elevation Site (WHI) in British Columbia, Canada. The data were
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collected during the summertime of 2009 and 2010, as well as the spring of 2012.
WHI is a remote station which is often in the free troposphere (FT). It sees little
influence from any nearby large urban centers (Macdonald et al., 2011), but in
the summer it can be impacted by local and regional biomass burning (Takahama
et al., 2011).

A number of studies have measured BC mass concentrations in remote loca-
tions. In the INTEX-B campaign a SP2 was used to measure rBC during flights
over the US Pacific Northwest (Dunlea et al., 2009). In the INTEX-B campaign,
the sampled air was classified into several groups, one of which was the back-
ground (free troposphere) aerosol. Mass concentrations in the FT were low rel-
ative to air masses influenced by regional sources and averaged 90 ng m>. In
the HIAPER Pole-to-Pole Observations (HIPPO) project, five sets of flights were
conducted between 2009 and 2011 over the remote Pacific with an SP2 on board
(Kipling et al., 2013; Schwarz et al., 2010b, 2013; Shen et al., 2014). In these,
rBC mass concentrations ranged from 1-40 ng m™ for latitudes of 20-60 °N and
altitudes up to Skm. Measurements of rBC mass concentration have also been
performed at the remote Jungfraujoch station in Switzerland (3580 m a.m.s.l.).
There rBC mass concentrations in late winter ranged from median values of 8.11
to 24.08 ng m™ (scaled by a factor of ~1.6 for STP) for FT background or bound-
ary layer aerosol respectively (Liu et al., 2010b)

In this study a seasonal and time-of-day approach is combined with back tra-
jectory analysis to separate periods of FT sampling from the general dataset. Peri-

ods of biomass burning influence are also identified using chemical speciation of
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the total aerosol.
6.2 Site, Sampling and Analysis

6.2.1 Site description

Sampling for these experiments also took place at WHI (see Section 5.2.1). Since
Whistler Mountain is the location of a large ski resort, the periodic arrival of
snow-grooming machines, snowmobiles, and trucks near the sampling site results
in very sharp spikes in the rBC mass and number concentrations. The data have
been filtered to remove these spikes and, although it is believed that all of these
have been removed from the dataset, the possibility that some lesser influences re-
main means that the data presented represents an upper limit for mass and number

concentration.

6.2.2 Refractory black carbon mass measurements

For this study two SP2s (see Chapter 3 for details on the SP2) were used during the
three collection periods . SP2-1 was used during 2009 and 2010 and SP2-2 was
used during 2012. Both SP2s were calibrated with Aquadag® using the procedure
discussed in Section 3.3. Using a BC density of 6,.=1.8 g cm™ VEDs were also
calculated from the measured masses of ambient particles using Equation 3.1.
One issue that arises with the SP2 is reduced detection efficiency at smaller
rBC diameters (Laborde et al., 2012; Schwarz et al., 2010a). In this study SP2-1

had 100% detection efficiency down to an rBC mass of 1.26 fg (110 nm VED) and
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reached 50% detection efficiency at 0.41 fg (76 nm VED). SP2-2 had 100% de-
tection efficiency down to an rBC mass of 0.68 fg (90 nm V ED) and reached 50%
detection efficiency at 0.26 fg (66 nm VED). Because of this we have used 0.41
fg (76 nm VED) as a lower detection limit. At this mass the detection efficiency
of SP2-2 was approximately 80%. We have not attempted to correct for this issue
since the fraction of the total rBC mass arising from these small particles is not
known at all times, and because the shape of the detection efficiency curve can

vary with particle morphology and mixing state (Laborde et al., 2012).

6.2.3 Refractory black carbon coating thickness
measurements

rBC particles were analyzed to determine the thickness of any coating surrounding

the core. Section 3.5 describes, in detail, the procedure used to calculate the

coating thickness.

In this work a coating analysis was done for two subsets of the full data record.
These were particles measured during periods of biomass burning influence and
particles measured during periods of FT sampling.

For the biomass burning periods, approximately 30% of the leading-edge fits
failed due to the time dependent scattering signal being above 5% of the maximum
laser intensity at a time of zero. Another 5% of the particles were rejected from
the coating analysis because the leading edge fit gave a result that was above
the scattering detector saturation limit and therefore outside the calibration range.

This means that the coating thicknesses were determined for only 65% of the rBC
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particles detected.

For the FT sampling periods, only 6% of the leading-edge fits failed due to
the time dependent scattering signal exceeding 5% of maximum laser intensity at
a time of zero. Another 3% failed when the leading edge fit gave a result above
the scattering detector saturation limit. In this case the mixing state analysis was

done for 91% of the particles detected.

6.2.4 Total aerosol measurements

In order to identify periods of biomass burning, an Aerodyne aerosol chemical
speciation Monitor (ACSM) (Ng et al., 2011) was used for chemical speciation of
the total aerosol during the measurements in 2009 and 2012. The ACSM is part of
the regular suite of instruments operating at the WHI site (Takahama et al., 2011)
and is similar to the Aerodyne Aerosol Mass Spectrometer (Jayne et al., 2000),
with the main differences being that it does not measure particle size and it has
reduced sensitivity.

In 2010 the ACSM was offline and total aerosol speciation was performed
with a C-mode time-of-flight aerosol mass spectrometer (C-ToF-AMS, Aerodyne
Research). The C-ToF-AMS measures aerodynamic diameter and provides higher

mass resolution and increased sensitivity relative to the ACSM.

6.2.5 Back trajectories

Air mass back-trajectories were calculated using the NOAA HYSPLIT model
(Draxler and Rolph, 2012; Rolph, 2012) with the GDAS 1-degree meteorologi-

104



cal dataset. This has a 3-hour time resolution, a 1-degree horizontal resolution,
and 23 vertical layers. The back trajectories were calculated at the elevation of
Whistler peak (2182 m a.m.s.l.) as well as at 200 m below the peak to account for

uncertainties in the initial conditions.

6.3 Results and Discussion

6.3.1 Size distributions

The range of rBC diameters measured in this study was 76-220 nm VED. It is pos-
sible, however, to estimate what portion of the rBC mass is not being measured.
If we assume that the mass distribution of rBC containing particles is lognormal
with a single mode we can fit the distributions measured by the SP2 and estimate
what portion of the actual mass distribution is outside of our measurement range.
This was done for two subsets of the full rBC record at WHI: all particles from
biomass burning periods, and all particles from FT periods (Figure 6.1). The frac-
tion of the distribution being sampled was 55% and 60% for biomass burning and
FT periods respectively. All mass concentrations reported here have been scaled
by a factor of 1.8 to account for the fraction of mass not sampled.

In Figure 6.1 the red trace shows the mass distribution for all rBC containing
particles collected during periods of biomass burning. The full distribution (from
the fit) has a mass median diameter of 218 nm and o, of 1.6 (Table 6.1). This is in
reasonable agreement with other SP2 measurements of biomass burning particles.

Kondo et al. (2011) observed a mass mean diameter of 20731 nm for biomass
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burning plumes of Asian origin measured over Alaska and a mass mean diameter
of 187+10 nm for biomass burning plumes a few hours old measured over north-
ern Canada. Sahu et al. (2012) measured a mass mean diameter of 193+16 nm for
fresh biomass burning plumes in California and Schwarz et al. (2008a) measured
a mass mean diameter of 210 nm for fresh biomass burning plumes over Texas.
The mass distribution for periods of FT sampling is also shown in Figure 6.1
(blue trace). The full distribution (from the fit) has a mass median diameter of
185 nm and a o, of 1.7 (Table 6.1). Liu et al. (2010b) measured a geometric
mean diameter of 220-240 nm for FT rBC particles sampled at the Jungfraujoch
station in late winter. They noted that the diameters measured during periods of FT
sampling did not differ significantly between periods of FT and non-FT sampling.
In addition, Metcalf et al. (2012) found a mass median diameter of 1614+41 nm

from rBC measurements made in the FT over Los Angeles, CA.

6.3.2 Refractory black carbon measurements at WHI

rBC mass concentrations measured at WHI, binned into 10 minute intervals, is
shown in Figure 6.2. Data are available for June-August of 2009; June-July of
2010; and April-May of 2012. Figure 6.3, panel A, shows a histogram of rBC
mass concentrations for the full measurement record. Over the full measurement
period, the median rBC concentration was aproximately 15 ng m with 10" and

90'" percentile values of about 2 and 42 ng m™ respectively (Table 6.1).
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6.3.3 Identifying periods of biomass burning sampling

Periods where the sampled particulate matter was influenced by biomass burning
are indicated by the shaded regions in Figure 6.2 and highlighted by the boxed re-
gion in Figure 6.4. These were isolated from the general dataset using a procedure
based on that of Takahama et al. (2011). First, non-anthropogenic sources were
separated from anthropogenic sources using the ratio of organic material (OM)
to organic material plus sulfate aerosol (OM+SQO,), as measured by the ACSM
or C-ToF-AMS. Periods dominated by non-anthropogenic aerosols are character-
ized by an OM/(OM+S0O,) ratio of greater than 70%. Second, periods of biomass
burning were then separated from biogenic sources by the increased concentration
(> 50,4 of back ground concentrations) of levoclucosan fragments in the ACSM
or C-ToF-AMS signal at m/z 57, 60, and 73 (see Figure 6.4 and Figure 6.5).
Levoglucosan is a commonly used tracer for biomass burning aerosols (Simoneit
et al., 1999; Takahama et al., 2011). Third, to ensure there were forest fires within
the area, the number of forest fires reported by the CWFIS within 200 km of WHI
was also taken into account.

6.3.3.1 Refractory black carbon mass concentrations during periods of
biomass burning

Periods where the sampled particulate matter was produced by biomass burning
are indicated by the shaded region in Figure 6.2. Higher rBC mass concentrations
were observed during biomass burning events than during any other period. Fig-

ure 6.3 panel B shows a histogram of rBC mass concentrations for all periods of
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biomass burning influence. These periods had a mean concentration of approxi-
mately 124 ng m™ and a median concentration of about 94 ng m- with 10" and
90" percentile values of about 41 and 234 ng m™ respectively (Table 6.1).

6.3.3.2 Refractory black carbon coating thicknesses during periods of
biomass burning

Figure 6.5 panel A shows a 2D histogram of coating thickness as a function of
rBC core diameter for all rBC containing particles measured during the biomass
burning period that occurred from July 26-28, 2010. A scattering calibration was
not done for the 2009 data, so coating thicknesses could not be determined for the
2009 biomass burning period.

The SP2 scattering detectors limit the range for which coating thicknesses can
be measured. Small bare, or thinly coated, particles are below the threshold for
detection of scattered light, while large rBC particles with thick coatings are above
the saturation limit of the instrument. These limits are evident in Figure 6.5 panel
A, where the data are cut off in the lower left and upper right areas of the plot.
We‘ve set the lower limits in Figure 6.5 panel A at 20, above the minimum
detectable scattering signal of the instrument to avoid the random uncertainty in
the scattering from any given particle resulting in a calculated scattering amplitude
below our detection limits.

A frequency distribution of coating thicknesses for rBC core particles with
diameters between 140-160 nm VED (see Section 6.2.3) measured during the
period of biomass burning is shown in Figure 6.5 panel B. The average coating

thickness during this period was 55 nm with 10% and 90™ percentile values of 3
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and 100 nm respectively. This average coating thickness was within the range of
coating thickness observed by others. For example, Laborde et al. (2013) found
an average coating thickness of biomass burning influenced rBC in Paris of 15
nm for 200 nm rBC core VED, and Schwarz et al. (2008a) observed an average

coating thickness of 65 nm for rBC core VED between 190 and 210 nm.

6.3.4 Identifying periods of free tropospheric sampling

Macdonald and colleagues considered a number of strategies for determining
when WHI is in the FT (Macdonald et al., 2011). They examined diurnal cycles
in ozone, CO, and water vapor as well as measurements of atmospheric stability
in the air mass extending from the bottom of Whistler valley up to the peak. In all
cases the data showed that in the nighttime (20:00 to 08:00 PST) Whistler Peak is
almost entirely free of boundary layer influences, a conclusion that is supported
by more detailed meteorological analysis of the area (Gallagher et al., 2011), and
by approaches employed for other mountain-top sites (Andrews et al., 2011).
Following their work, we have restricted our analysis for the FT to the 2012
April-May nighttime data (20:00-08:00 PST) as a conservative approach to elimi-
nating boundary layer influences. As a further measure to eliminate possible local
or regional influences we have combined this seasonal and time-of-day approach
with analysis of air mass back trajectories generated with HYSPLIT (see Sec-
tion 6.2.5). Ten day back trajectories were calculated for every hour from 20:00
to 08:00 PST and analyzed so that air masses could be classified as non-FT or FT.

In order to qualify as a FT air mass, free of valley influence, the back trajectory
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had to show the air mass having spent less than 12 of its final 48 hours at pres-
sures above 900hPa (about 1km in altitude) (Macdonald et al., 2011). Once this
condition was met, the SP2 data collected from 30 minutes prior until 30 minutes
after that air masses arrival time was classified as FT.

6.3.4.1 Refractory black carbon mass concentrations in the free
troposphere

Figure 6.3, panel C, shows a histogram of measured rBC mass concentrations for
periods when Whistler was determined to be in the FT. These periods had a mean
rBC mass concentration of about 14 ng m, and a median rBC mass concentration
of about 11 ng m™ with 10™ and 90" percentile values of around 1 and 46 ng m™
respectively (Table 6.1).

Table 6.2 summarizes the rBC mass concentrations measured for the FT in this
study, and also gives values for some comparable measurements made at other
locations. The Jungfraujoch high elevation site in Switzerland is located at 3580
m a.m.s.] and like WHI, it is well removed from significant pollution sources
(Cozic et al., 2007). Free troposphere rBC concentrations measured in late winter
at Jungfraujoch are similar to those measured in April and May of 2012 at WHI.
They are slightly lower than WHI for general FT periods (median values of about
11 ng m> for WHI and about 8 ng m™ for Jungfraujoch) and drop lower for
periods when the Jungfraujoch station is influenced by precipitation (median value
of around 3 ng m~ for Jungfraujoch) (Liu et al., 2010b). rBC mass concentrations
measured in the FT over the US northwest coast during INTEX-B (average of 90

ng m~) are considerably higher than those measured in this study. In the HIPPO
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campaigns, rBC mass concentrations in the central Pacific from 20°N-60°N (0-10

km altitude) ranged from 0.1 to 40 ng m™ depending on season and altitude.

6.3.4.2 Refractory black carbon coating thicknesses in the free troposphere

Figure 6.5 panel C shows a 2D histogram of coating thickness as a function of rBC
core diameter for all rBC containing particles measured during the FT sampling
periods in April-May of 2012. As in Figure 6.5 panel A, we‘ve set the lower limits
in Figure 6.5 panel C at +20y,, of the minimum detectable scattering signal of the
instrument.

From the coating thickness frequency distribution of rBC particles with core
VEDs in the 140-160 nm range (see Figure 6.5 panel C), the average coating
thickness was 32 nm with 10® and 90™ percentile values of 4 and 60 nm respec-
tively. A study that reports on the rBC coating thicknesses measured in the FT
was a study conducted by Metcalf et al. (2012). This study measured the coating
thicknesses of rBC particles in the FT near the Los Angeles basin, and found that
the mean coating thickness over LA was 188431 nm for all rBC core diameters

between 80-227 nm VED.

6.4 Summary and Conclusions

A 3 year period of rBC measurements from a high elevation mountain site at
Whistler, BC were investigated with a SP2. From the full 3 year rBC record, two
subsets of data were identified; 1) periods that were influenced by biomass burning

and 2) periods of free tropospheric sampling. Air masses that were influenced
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by biomass burning were identified by using measurements of aerosol chemical
speciation, while free tropospheric periods were identified by using a seasonal
and time-of-day approach. Each subset of data was analyzed to investigate the
size distributions, mass concentrations, and coating thicknesses of rBC containing
particles.

Fitting lognormal functions to the rBC core mass size distributions resulted
in median mass diameters of 208 nm for periods of biomass burning influence,
a median mass diameter that was consistent with other measurements made of
biomass burning influenced rBC. The median mass diameter found for periods of
free tropospheric sampling was 192 nm. The mass size distributions during both
periods of sampling show a similar spread in the distribution, where the width pa-
rameter 0 was found to be 1.6 and 1.7 for biomass burning and free tropospheric
sampling periods respectively.

The median mass concentration found for periods of free tropospheric sam-
pling was appoximately 11 ng m, which was significantly lower than free tro-
pospheric air measured in the northwestern part of the US. However, the median
mass concentrations measured at the remote high elevation site at Whistler agreed
to within 75% of mass concentrations measured at another remote mountain high
elevation site (Jungfraujoch).

Coating thicknesses of rBC containing particles during the two subsets of data
were investigated, and frequency distributions of coating thickness were investi-
gated for rBC particles with core diameters between 140 and 160 nm. The coat-

ing frequency distribution for the biomass burning period had a median coating
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thickness of about 55 nm and was quite broad in shape where the 10" and 90"
percentiles were 5 and 106 nm respectively. The coating thickness frequency dis-
tribution during free tropospheric sampling had a median thickness of nearly half
that found for the biomass burning period, at approximately 32 nm, and was much
narrower in shape with 10™ and 90™ percentiles of 6 and 63 nm respectively.

The results found from this study contribute to the body of evidence for mea-
surements of refractory black carbon at remote mountain sites and under different
sampling conditions. Adding to this body of evidence aids in increasing our un-
derstand of how black carbon properties (e.g. size distributions, mass concentra-
tions, and coating thicknesses) vary as a result of location as well as the type of
air mass. Increasing our understanding of these rBC properties can then be used
to further constrain computer models that are used to predict how rBC can affect
climate. For example, Wang et al. (2014) used atmospheric BC data collected over
the ocean and in the free troposphere to constrain the application of a commonly
used global climate model (GEOS-Chem) coupled to a radiative transfer model
to infer a direct radiative forcing of BC to be 0.19 W m™, with an uncertainty
range of 0.17-0.31 W m™. They found that this large range of uncertainty was
primarily a result of the uncertainty in BC distribution in the atmosphere. Fur-
thermore, the constrained estimate of 0.19 W m™? they computed was lower (by as
much as 21%) than results of other modeled estimates reported in the literature,
which was primarily driven by BC concentrations over the oceans and in the free
troposphere. Data from the study presented in this chapter could also be applied

in a similar manner as was done in Wang et al. (2014) to constrain direct radiative
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forcing estimates at similar locations as Mt. Whistler.
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6.5 Chapter 6 Figures and Tables
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Figure 6.1: Normalized mass distributions for periods of free troposphere
sampling and biomass burning. Lines are single lognormal fits.
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Figure 6.2: Measured rBC mass concentrations for 2009, 2010, and 2012
with periods of biomass burning marked by red shaded areas.
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Figure 6.3: Histograms of measured rBC mass concentration at WHI for the
full record (panel A), periods of biomass burning (panel B), and peri-
ods of free troposphere sampling (panel C). All concentrations are 10
minute averages.
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Figure 6.4: Identification of biomass burning periods in 2009 (left side) and
2010 (right side). Panel A Shows rBC mass concentration as measured
by the SP2 (binned into 10 minute intervals); panel B shows the ratio of
organic material (OM) to OM plus sulfate (SO, ), where aratio of > 0.7
is considered to be from non-anthropogenic sources; panel C shows the
raw ion signals of the levoglucosan fragments at m/z 57, 60, and 73
as measured by the ACSM in 2009 and the C-ToF-AMS in 2010. Ion
signals that were greater than 56,,; were considered to be influenced
by biomass burning. Panel D shows the number of fires reported by
day within 200 km of Whistler Mountain (CWFIS). The red boxes
indicate the portion of the data included from biomass burning.
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Figure 6.5: 2D histograms of coating thicknesses and core diameters for all
rBC containing particles measured during the biomass burning period
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Table 6.1: Summary of basic statistics for rBC mass concentrations and mass distributions measured at WHI
for the full record period, periods of biomass burning (BB), and periods of free troposphere sampling

(FT).
10™ Percentile 50" Percentile 90™ Percentile Mean MMD?
[Mass] ng m3 [Mass] ng m3 [Mass] ng m3 [Mass] ng m (0y) nm
Full record 2.31 14.99 43.05 23.20 -
BB periods 40.92 94.03 234.09 123.91 218 (1.6)
FT periods 1.05 10.57 32.63 14.16 185 (1.7)

“Mass median diameter



ICI

Table 6.2: Comparison of rBC mass concentrations measured in the free troposphere from this study and
several other locations.

Dataset 10" Percentile 50" Percentile 90" Percentile Mean Reference
[Mass] ng m>  [Mass] ng m>  [Mass] ng m>  [Mass] ng m
WHI FT 1.05 10.57 32.63 14.16 This work
Jungfraujoch FT 0.62 8.11 27.44 13.24 Liu et al. (2010b)
Jungfraujoch FT? 0.45 2.68 14.31 6.23 Liu et al. (2010b)
Northwest Coast (USA) FT - - - 90 Dunlea et al. (2009)
Central Pacific® - 0.1-40 - - Wang et al. (2014)

“Influenced by precipitation
bResults are from 20°N to 60°N, 0-10 km, and depend on the season.



Chapter 7

Conclusions

7.1 Activation of Refractory Black Carbon into
Liquid Water Cloud Droplets

Refractory black carbon in liquid water cloud residuals was measured during
cloud events at a marine boundary layer site in La Jolla, CA, and at the top of
Whistler Mountain in Whistler, BC.

In Chapter 4 two liquid water clouds were sampled at La Jolla, CA, and based
on the calculated back trajectories, bulk aerosol number concentrations, and rBC
mass concentrations, the air masses were classified as polluted marine air. Num-
ber size distributions were determined for both clouds, and it was found that the
size distributions of both the bulk aerosol and rBC measured in cloud residuals
displayed a shift towards larger diameters when compared to the respective mea-

surements made from the total inlet. The number size distributions of rBC resid-
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uals also showed that rBC particles with small (< 100 nm) core diameters can be
incorporated into cloud droplets and therefore contribute to the CCN population.
The coating analysis of the SP2 data showed that the smaller rBC cores that were
activated into cloud droplets had thick coatings, with average coating thicknesses
of ~75 nm at core diameters between 70-80 nm compared to ~29 nm coatings
for core diameters between 200-210 nm. These results suggest that for larger di-
ameter rBC particles only a modest coating (= 25 nm) of hygroscopic material is
needed to become CCN active at relatively low critical supersaturations ( 0.05%).
Furthermore, incorporating the coating into the rBC size distributions resulted in
greater similarities with the size distributions of the residual bulk aerosol mea-
sured at the marine boundary layer site.

Size-resolved activated fractions of rBC were determined and compared to
size-resolved activated fractions of the bulk aerosol, and it was found that during
both clouds sampled, the activated fractions for rBC cores were larger than the
activated fractions for the bulk aerosol at diameters <~150 nm. These results
were explained by the presence of thick coatings surrounding the smaller rBC
cores. In addition, the activated fractions of rBC particles with core diameters <
100 nm were significant, where the activated fractions of the smallest diameters
measured (70-80 nm), were found to be 0.01 and 0.05 for Cloud 2 and Cloud 3
respectively. Since the fraction of droplets sampled by the CVI was <100%, the
calculated activated fractions found during this study should be considered lower
limits to the total fractions activated.

The presence of rBC core particles with diameters < 100 nm seen in the obser-
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vations made at La Jolla were quantitatively validated using kappa-Kohler theory.
Based on the bulk aerosol chemical compositions and estimations of the critical
activation diameters of the bulk aerosol, the cloud critical supersaturations were
found to be approximately 0.05% during the two clouds sampled in this study.
Using the estimated critical supersaturation of the clouds sampled and applying
kappa-Kohler theory to rBC particles with different coating thickness showed that
the critical diameter for activation of rBC cores was <50 nm for all cores with
coating thicknesses >100 nm. This quantitative prediction using kappa-Kohler
theory was consistent with the observations of rBC cores with diameters < 100
nm being activated into the sampled cloud droplets, if the measured coating thick-
nesses are factored in.

Measurements of rBC in liquid water cloud droplets were also measured dur-
ing two clouds at the peak of Whistler Mountain and presented in Chapter 5. Back
trajectory analysis showed that neither of the two clouds sampled had traveled
near, or over any highly populated regions within 24 hours prior to being sam-
pled. Combining calculated back trajectories with forest fire locations, reported
or detected by satellite, indicated that the first cloud sampled had no influence
from biomass burning aerosols. However, it was concluded that the second cloud
sampled most likely had some influence by biomass burning aerosols since there
were several forest fires located in the vicinity of the back trajectories. High levels
of the biomass burning marker, acetonitrile, further confirmed this conclusion.

The number size distributions of the residual bulk aerosol measured at Whistler

Mountain showed that the majority of the activated aerosol came from the larger
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diameter mode of the total bulk aerosol. However, unlike the residual rBC mea-
sured in La Jolla, the maximum of the residual rBC measured at Whistler Moun-
tain was below the detection limit (=70 nm) of the SP2. By assuming the rBC
residual distribution is lognormal, the mean diameter would therefore be < 70
nm. This result is consistent with the observations of smaller rBC core diameter
particles being activated into liquid water droplets at Whistler Mountain.

The average rBC mass fractions activated during the two clouds sampled at
Whistler were found to be 0.24 and 0.19 for Clouds 1 and 2 respectively. These av-
erage rBC mass fractions activated were lower than those values reported at other
remote mountain sites. The differences may have been due to the fact that less
than 100% of the droplet number distributions were sampled during the Whistler
study and therefore, the rBC mass fractions activated were likely lower limits.

Finally, the size-resolved activated fractions of both the bulk aerosol and rBC
observed at Whistler also showed a size dependence for the two clouds sampled
at this remote mountain site. The activated fractions of rBC ranged from approx-
imately 0.2 at the smallest size bin (70 to 80 nm) to 0.6 at the largest size bin
(200 to 210 nm). Since the fraction of droplets sampled by the CVI during this
study was also less than 100%, the calculated activated fractions measured here,
should also be considered lower limits to the total fractions activated. The results
from the size-resolved activated fractions calculated from Whistler also showed
that smaller diameter (= 70 nm) rBC cores were significantly incorporated into
the droplets measured at this site. Since 70 nm uncoated cores are only expected

to be activated at relatively high cloud supersaturations (~0.5%, see Figure 4.10),
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it is likely that the rBC cores were coated with soluble material. In addition, dur-
ing the first cloud sampled the rBC activated more efficiently than the bulk aerosol
over all sizes measured, which strongly suggests the presence of hydrophilic coat-
ings surrounded the rBC cores making the overall particle diameter larger and

therefore more easily activated.

7.2 Refractory Black Carbon Properties During
Biomass Burning and Free Troposphere
Sampling

In Chapter 6, rBC measurements from the summer of 2009 and 2010 as well as

the spring of 2012 at a high elevation mountain site at Whistler were presented.

From the three sampling periods, two subsets of data were identified: 1) periods

that were influenced by biomass burning and 2) periods of free tropospheric sam-

pling. Each subset of data was analyzed to investigate the size distributions, mass
concentrations, and coating thicknesses of rBC containing particles.

Fitting of the mass size distributions resulted in median mass diameters of 208
nm for periods of biomass burning influence, and 192 nm for periods of free tro-
posphere sampling. Both of these mass median diameters measured at the WHI
site were consistent with previously reported values. Median mass concentrations
were also investigated and found to be approximately 94 ng m™ during periods
of biomass burning influence, and 11 ng m during free troposphere sampling
(scaled by a factor of 1.72 for STP). The free tropospheric rBC mass concentra-

tions measured at WHI were significantly lower than similar measurements in the
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northwestern part of the US, but agreed to within 65% of mass concentrations
measured at the remote mountain high elevation site on top of the Jungfraujoch.
Based on the histograms of rBC coating thicknesses for rBC particles with
core diameters between 140-160 nm the average coating thickness during periods
of biomass burning (55 nm) was nearly two times thicker than the average coating
thickness measured during periods of free troposphere sampling (32 nm). A com-
parison of the average coating thickness for all rBC core particles with diameters
from 80-200 nm measured at WHI with another study that measured coated rBC
particles in the free troposphere over the Los Angeles basin showed that the rBC
measured in the free troposphere at WHI had significantly thinner coatings.
Figure 5 shown in Bond et al. (2013) shows the modelled S¢ of BC from both
diesel and gasoline exhaust as a function of both particle diameter and BC mass
fraction. In general this figure shows that the overall particle diameter has a greater
effect on activation than the mass fraction of BC present in a mixed particle, at a
constant Sc. More specifically, Figure 5 shows, at a constant S¢ of ~0.05% the
increase in mass fraction of BC is negligible for particle diameters greater than
approximately 200 nm. Although the source of rBC measured during the studies
presented in both Chapters 4 and 5 are most likely not pure engine exhaust, the
results presented in these chapters are consistent with the results of the model
shown in Figure 5 of Bond et al. (2013). The results presented in Chapter 4 are
consistent with these results as even for the smallest core diameters measured
at the marine boundary layer site the overall particle diameters were larger than

200 nm, on average, when the coating thickness were taken into account. Figure 5
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further shows that for small diameter BC (=~70-100 nm) at 70% BC mass fractions
would require very large (>1%) Sc are required. Therefore, the conclusion in
Chapter 5 that the rBC cores activated at the high elevation mountain site had large
coatings surrounding the cores is supported by Figure 5 in Bond et al. (2013) since

the supersaturations experienced at Whistler were likely much lower than 1%.

7.3 Considerations for Future Work

Based on the high degree of uncertainty (= 90%) associated with current best-
estimates on the radiative forcing of BC due to indirect effects, it is clear that more
studies similar to the ones presented in Chapters 4 and 5 are needed to evaluate
and constrain model simulations. Although the research presented in these chap-
ters does add to the body of knowledge on the properties of BC that drive CCN
activation, there were some limitations to the conclusions that could be drawn.
Since only larger (> ~ 10-11 pm) droplets were investigated during these studies,
the question remains of whether BC particles are activated into smaller droplets
in a similar manner to larger droplets. Future field studies with a CVI that is
optimized to sample smaller droplets would help to answer this question.
Chapters 4 and 5 also showed that smaller (< ~ 100 nm) rBC particles can act
as CCN when large hygroscopic coatings are present. A number of studies (e.g.,
Metcalf et al., 2012; Rose et al., 2006; Schwarz et al., 2008a) have shown that a
significant fraction of the atmospheric BC number distributions are from smaller
(< =~ 100 nm) diameter particles and, if coated, these particle may substantially

influence the CCN population. In the quantitative coating analysis presented in
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Chapter 4, an assumption was made that the composition of the coating was iden-
tical to that of the bulk aerosol for all rBC core diameters. It would be worthwhile
to investigate the chemical compositions of coatings on activated BC particles
to test if this assumption is valid over all BC diameters. Such an investigation
could also increase our knowledge of what properties drive the CCN ability of at-
mospheric BC. Furthermore, because such large uncertainties are associated with
model estimates of the contribution of BC to the indirect effects on climate exist,
it would be informative to design a field study that measures the exact components
needed by a specific model to simulate a cloud event. This type of study would al-
low for direct comparison of ambient observations with model simulation, which
could provide useful information on necessary model constraints and direction
for future ambient studies. It would also be informative to conduct similar studies
discussed in Chapters 4 and 5 at other sites and for different cloud types to better

understand the global role that clouds play in processing rBC.
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Appendix A

HR-ToF-AMS Ion Pairing Scheme

used in Chapter 4

The inorganic ions (NHJ, NO3, SOLZ[, CI™) mass fractions measured with the HR-
ToF-AMS were converted to mass fractions of ammonium nitrate, ammonium

sulfate, ammonium bisulfate, sulfuric acid, or ammonium chloride using the sim-
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plified ion-pairing scheme below:

IINH,NO, = nN();
ANH,C1 = Nic)~
n(NH,),50, = Max(0; iy — Ng02- ~"Noy ncr-)
MINH,HSO, = min(Znsoéz‘f — Nmp T No; s
"NHy ~'wo; T ncr-)

nH,50, = max(()?”soj* —nnm; +iNo; Tt nep-)

Where 7 is the number of moles of that species. This ion scheme is the same as the

one used by Gysel and Crosier (2007) except it has been modified to incorporate

ammonium chloride.
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Appendix B

Calculation of the Droplet
Transmission Factor Through the

CVI used in Chapter 4

The droplet transmission factor (DT') through the CVI was determined by plot-
ting the number of droplets measured by the FM-100 that were greater than the
CVI — D5 as a function of the number of residual particles (see Figure B.1). The
number of residual particles plotted in Figure B.1 were corrected for the CVI en-
hancement factor (EF’) and only residual particles >100 nm were included since
particles smaller than this size were likely not due to nucleation scavenging (see
Section 4.4.3.2 for further discussion). From 1/slope in Figure B.1 panels A and B,
the DT values were determined to be 26% during Cloud 2 and 45% during Cloud

3. DT values less than 100% may be attributed to ; 1) particle or droplet losses in
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the CVI; 2) incomplete drying of the droplets; 3) misalignment of droplets in the
wind tunnel prior to entering the CVI; and 4) insufficient acceleration of some of

the larger droplets.
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Figure B.1: Correlation plots between the cloud droplet number concentra-
tion (CDNC) greater than the CVI — D5y (CDNC > Dsg) and the

enhancement factor (EF) corrected residual number concentration

greater than 100 nm (Nges~100nm) 10 cm’.
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Appendix C

Calculation of the Droplet
Transmission Factor Through the

CVI used in Chapter 5

To account for droplet losses during CVI sampling a droplet transmission (D7)
factor was determined by plotting the CDNC that was greater than the CVI cut-
size as a function of the number of residual particles counted by a CPC (TSI-
3775), which counted all residual particles behind the CVI with diameters be-
tween 10 nm and 1 pm (Figure C.1). The number of residual particles counted by
the CPC was corrected for the enhancement of particles by the CVI. The droplet
transmissions were calculated from 1/slope of linear fits to the data shown in Fig-
ure C.1 panels A and B, and were found to be 33 and 35% for Clouds 1 and 2, re-

spectively. A DT value of less than 100% may be due to; particle or droplet losses
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in the CVI or tubing downstream of the CVI; droplets improperly aligned within
the wind tunnel prior to entering the CVI; incomplete drying of the droplets; and
insufficiently accelerating some of the larger droplets, which would result in re-
jection of the droplet by the counterflow. Droplet transmission values reported

here are similar to values reported in the study described in Chapter 4.
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Figure C.1: Correlation plots for Clouds 1 and 2 in panels A and B, respec-
tively, of the cloud droplet number concentration (CDNC) for droplets
that are greater than the CVI cut-size as a function of the enhancement
factor corrected residual number concentration. The slope of the lin-
ear fits to the correlation data represent the scaling factor needed to
account for droplet losses and 1/slope represents the droplet transmis-
sion.
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