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Abstract

The interaction between aerosols and sun light plays an important role in the radiative
balance of Earth’s atmosphere. This interaction is obtained by measuring the removal
(extinction), redistribution (scattering), and transformation into heat (absorption) of light by
the aerosols; i.e. their optical properties. Knowledge of these properties is crucial for our
understanding of the atmospheric system.

Light absorption by aerosols is a major contributor to the direct and indirect effects on
our climate system, and an accurate and sensitive measurement method is crucial to further
our understanding. A homebuilt photoacoustic sensor (PAS), measuring at a 532nm
wavelength, was fully characterized and its functionality validated for measurements of
absorbing aerosols. The optical absorption cross-sections of absorbing polystyrene latex
spheres, to be used as a standard for aerosol absorption measurements, were measured and
compared to literature values. Additionally, a calibration method using absorbing aerosol of
known complex refractive index was presented.

A new approach to retrieve the effective broadband refractive indices (Mproagefr) OF
aerosol particles by a white light aerosol spectrometer (WELAS) optical particle counter
(OPC) was achieved. Using a tandem differential mobility analyzer (DMA)-OPC system, the
Nbroad eff are obtained for both laboratory and field applications. This method was tested in the
laboratory using substances with a wide range of optical properties and it was used in
ambient measurements to retrieve the Npreagerr OF bDiomass burning aerosols in a nationwide
burning event in Israel. The retrieved effective broadband refractive indices for laboratory
generated scattering aerosols were: ammonium sulfate (AS), glutaric acid (GA), and sodium
chloride, all within 4% of literature values. For absorbing substances, nigrosine and various
mixtures of nigrosine with AS and GA were measured, as well as a lightly absorbing
substance, Suwannee river fulvic acid (SRFA). For the ambient measurements, the calibration
curves generated from this method were to follow the optical evolution of biomass burning
(BB) aerosols. A decrease in the overall aerosol absorption and scattering for aged aerosols
during the day after the fires compared to the smoldering phase of the fires was found.

The connection between light extinction of aerosols, their chemical composition and
hygroscopicity for particles with different degrees of absorption was studied. The extinction
cross-section (Gex) at 532nm for different mobility diameters was measured at 80% and 90%
relative humidity (RH), and at an RH<10%. The ratio of the humidified aerosols to the dry
ones, fRHq(%RH,Dry), is presented. For purely scattering aerosols, fRHex(%RH,Dry) is
inversely proportional with size; this dependence was suppressed for lightly absorbing ones.
In addition, the validity of the mixing rules for water soluble absorbing aerosols is explored.
The difference between the derived and calculated real parts of the complex RIs were less
than 5.3% for all substances, wavelengths, and RHs. The obtained imaginary parts for the
retrieved and calculated RIs were in good agreement with each other, and well within the
measurement errors of retrieval from pulsed CRD spectroscopy measurements. Finally, a



core-shell structure model is also used to explore the differences between the models, for
substances with low growth factors, under these hydration conditions. It was found that at
80% RH and for size parameters less than 2.5, there is less than a 5 % difference between the
extinction efficiencies calculated with both models. This difference is within measurement
errors; hence, there is no significant difference between the models in this case. However, for
greater size parameters the difference can be up to 10%. For 90% RH the differences below a
size parameter of 2.5 were up to 7%.

Finally, the fully characterized PAS together with a cavity ring down spectrometer
(CRD), were used to study the optical properties of soot and secondary organic aerosol
(SOA) during the SOOT-11 project in the AIDA chamber in Karlsruhe, Germany. The fresh
fractal-like soot particles were allowed to coagulate for 28 hours before stepwise coating
them with SOA. The single scattering albedo for fresh fractal-like soot was measured to be
0.2 (x0.03), and after allowing the soot to coagulate for 28 hours and coating it with SOA, it
increased to 0.71(x0.01). An absorption enhancement of the coated soot of up to 1.71 (+0.03)
times from the non-coated coagulated soot was directly measured with the PAS.
Monodisperse measurements of SOA and soot coated with SOA were performed to derive the
complex refractive index (m) of both aerosols. A complex refractive index of m =
1.471(x0.008) + i0.0(x0.002) for the SOA-aO3; was retrieved. For the compact coagulated
soot a preliminary complex refractive index of m = 2.04(+0.21/-0.14) + i0.34(+0.18/-0.06)
with 10nm(+4/-6) coating thickness was retrieved.

These detail properties can be use by modelers to decrease uncertainties in assessing
climatic impacts of the different species and to improve weather forecasting.
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1 Introduction
1.1 Motivation

Atmospheric aerosols are solid or liquid particles suspended in the air. Aerosols that
are emitted directly into the atmosphere, either by natural processes (i.e., volcano eruptions,
bubble bursting of oceanic waves, sand storms, natural forest fires, etc.), or by anthropogenic
emissions (i.e., biomass burning, car emission, coal power plants emission, airplane exhausts,
etc.) are referred to as primary aerosols. Aerosols that are directly formed in the atmosphere
by condensation of existing gases are referred to as secondary. These aerosol particles vary
from nanometers to micrometers in diameter, and within the same size class, they can exhibit
widely different compositions and morphologies.™™ Aerosols can influence the climate system
by scattering and absorbing shortwave (solar) radiation, enhancing cloud lifetime,™?
increasing cloud reflectance,’® suppressing precipitation,! or by evaporating clouds.™
Changes in the aerosols atmospheric concentrations and/or their chemical, and physical
properties alter the energy balance of the climate system and are drivers of climate change.™
The resulting positive or negative changes in energy balance due to these factors are
expressed as radiative forcing, which is used to compare warming or cooling influences on
global climate.’” The last report from the Intergovernmental Panel on Climate Change
(IPCC) showed that, to a great extent, aerosols have a cooling effect. However, our level of
scientific understanding of the radiative forcing effect of aerosols in the atmosphere is still
low. Specially, the role of light absorbing aerosols is poorly understood, as they transform
electromagnetic radiation into thermal energy thereby changing the temperature profiles of
their surroundings and reducing the incident solar power below the absorbing aerosols.[” ®
The heating caused by the aerosols can cause a positive top-of-atmosphere radiative forcing!®
if they decrease the planetary albedo (as seen from space) or if the their single scattering
albedo (SSA\) is lower than the surface, or cloud, below them.!*” Moreover, if light absorbing
aerosols are deposited on snow or ice, they can reduce the albedo of these surfaces,!**" *? but
the extent of this reduction is still under investigation.!*®! Although the absorption of light by
aerosols causes positive radiative forcing, in most cases it is just counteracting cooling caused
by particles such as sulfates that predominantly scatter light.?* **) Recently, there is more
evidence that carbonaceous aerosols are much more dominant and widespread in the
atmosphere than previously thought.**%!  Approximately 8.0 Tg y™ of black carbon (BC)
and 33.9 Tg y™* of organic carbon are emitted globally™®! (for the year 1996), measuring and
deriving their optical properties is critical in calculating the effects of aerosols on radiative
transfer.

To attempt to calculate the climatic effects of different species found in the
atmosphere, researches have use chemical transport models for many years. Two implicit
assumptions are used in transport models to calculate the climatic effects of any species:*?
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Figure 1.1 Schematic of the calculation of radiative transfer. Taken from Bond and Bergstrom
(2006)"*

1. There is a predictable relationship between emission (generation of new particles)
and spatially distributed atmospheric concentration. This relationship is governed by
advection, chemical transformation, and removal.

2. There is a predictable relationship between atmospheric concentration and its
effects on radiative transfer. This relationship involves the optical properties of the species.

On one hand, radiative transfer models require knowledge of emissions, and on the
other hand, accurate simulations of both relationships stated above, which is all embedded in
a climate model in an effort to characterize the atmosphere-Earth system.!??!

A schematic of how the change in radiative transfer is determined from atmospheric
concentration of light absorbing particles is shown in Figure 1.1 By first assuming a complex
refractive index and physical properties of the aerosols (size, shape and state of mixing,
categorized as morphology), most climate modelers obtain scattering and absorption cross
sections, and apply those properties to modeled concentrations.”? If the underlying
assumptions are incorrect, this in turn will give a wrong estimate of the radiative forcing.
Therefore, to include carbonaceous aerosols into the radiative transfer component of climate
models several challenges need to be addressed:™® (1) as mentioned above, aerosol light
absorption can add a heating term to the cooling term of non-absorbing aerosols, (2)
carbonaceous aerosols can be non-spherical and inhomogeneous with combustion soot often
being emitted as fractal-like chain aggregates making calculation of their optical properties
more difficult,’?%! (3) aerosol light absorption from carbonaceous aerosols can be due to BC
(constant imaginary part of the refractive index®) and due to brown carbon (BrC;
wavelength dependent imaginary part of the refractive index),?® 2”1 (4) some organic aerosols
are formed in the atmosphere as secondary organic aerosols (SOAs), 3% (5) atmospheric life
times and deposition modes can be strongly influenced by common atmospheric transition
from hydrophobic to hydrophilic*®! and by morphology changes such as fractal collapse,*
%1 and (6) carbonaceous aerosols are emitted from both natural and anthropogenic sources.””
All these challenges have to a certain extent been addressed, but despite the vast literature
and experience, the optical properties of atmospheric absorbing aerosol are not well
understood, leaving a gap in our understanding of the optical properties of aerosols, and
consequently, leading to major uncertainties in assessing their current and future climatic
impacts; it is therefore necessary to perform detailed laboratory experiments on the absorbing
properties of aerosols.
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Laboratory measurements can be performed to simulate atmospheric processes in a
control environment; such as chemical reactions or physical changes that can occur to
aerosols in the atmosphere. They can also be used to measure, with a low level of uncertainty,
the physical, chemical, and optical properties of single substances present in the atmosphere.
These detail properties can later be use by modelers to decrease uncertainties in assessing
climatic impacts of the different species. Laboratory studies can also be used to verify the
calibrations of the different instrumentation being used in field project or to develop and
characterize instruments.

1.2 Overview of dissertation

In this dissertation, four different laboratory studies related to the optical properties of
absorbing aerosols will be presented. First, some theoretical background of light interaction
with aerosols followed by a full characterization of a photoacoustic spectrometer, to directly
measure the absorption by aerosols, will be given. Second, a new method to retrieve the
complex refractive indices of aerosols with different degrees of absorption, using a white
light spectrometer, will be presented. Next, an investigation of the interaction of water
soluble absorbing substances with high relative humidity environments at two discrete
wavelengths will be given. Finally, the optical properties of fresh fractal-like soot, and the
internal mixture of coagulated soot with secondary organic aerosol will be presented. Every
experiment will be covered in individual chapters and a comprehensive introduction will be
given at the beginning of each chapter, only a brief overview of each study will be given in
the remainder of this section.

In Chapter 2, a review of the definitions and some theoretical background of aerosol
light extinction, scattering, and absorption will be given first. This is followed by a
description and theoretical framework of the three optical instruments used in the other
studies presented here: a White light aerosol spectrometer (Chapter 3), a cavity ring down
spectrometer (Chapters 4 and 5), and a photoacoustic spectrometer (Chapters 4 and 5).
Following, the full characterization of the photoacoustic spectrometer obtained from the
research group of Martin Schnaiter in the Karlsruhe Institute of Technology will be given.
Finally, a calibration method for the photoacoustic spectrometer using absorbing aerosols
instead of gases is explored.

In Chapter 3, the first attempt to use a white light spectrometer to retrieve effective
broadband refractive indices (Mproaderf) fOr a variety of scattering and absorbing aerosol
particles is described. The developed retrieval method can also be easily applied as a
calibration approach to improve the performance of optical particle counters, both in the
laboratory and in field settings. Furthermore, by using a white light source, the actinic light
which the atmospheric aerosol interacts with, was mimicked. Therefore, crucial information
concerning aerosols radiative properties can be obtained by using this method. For attaining
information concerning aerosols’ radiative properties a wide range of substances with
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different optical properties, including pure scatterers, lightly and highly absorbing particles,
were examined. Finally, the developed method was adapted for field applications, where the
characterization of the myeaq¢rr €VOlution of submicron aerosols from a large anthropogenic
biomass burning (BB) event in Israel, is presented.

In Chapter 4, the validity of the mixing rules for water soluble absorbing aerosols is
explored. Furthermore, a closure study between measured hygroscopic growth factors,
measured optical extinction, and model calculations in order to study the ability of the model
to predict the optical properties of hydrated aerosols with different degrees of absorption, is
performed. Moreover, it is investigated how the ratio of the extinction coefficient of the
humidified aerosols to the dry extinction coefficient changes as a function of size. Finally, a
core-shell structure model is also used to explore the differences between the models, for
substances with low growth factors, under these hydration conditions. These laboratory
measurements will be used as a basis to investigate how hydrated areas of the atmosphere,
such as the twilight zone®® of warm clouds, would change if aerosols with different degrees
of absorption, from purely scattering to highly absorbing, are present.

In Chapter 5, results of two simulation experiments conducted at the large aerosol
chamber facility AIDA of the Karlsruhe Institute of Technology, Karlsruhe, Germany, are
presented. Soot aerosol particles from a Combustion Aerosol Standard were coated with
secondary organic aerosols (SOA) generated by the ozonolysis of a-pinene. The non
absorbing SOA particles with strongly absorbing soot inclusions was investigated as the
geometry resembles the internally mixed soot particles in the atmosphere, and are good
proxies for soot/sulfate mixtures which may be more frequent in the atmosphere. The optical
properties of the particles were monitored using the cavity ring down spectrometer and the
photoacoustic spectrometer at 532nm. Using a Mie model for homogenous®®*” and coated
spheres® the refractive indices of the SOA and the internally mixed soot particles with SOA
were derived, respectively. This study also aims to further investigate the magnitude of the
absorption enhancement of soot when coated with a purely scattering substance.
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2 Optical properties and instrumentation

2.1 Introduction

The interaction between aerosols and sun light plays an important role in the radiative
balance of Earth’s atmosphere [* ** %!, This interaction is obtained by measuring the removal
(extinction), redistribution (scattering), and transformation into heat (absorption) of light by
the aerosols; i.e. their optical properties. These properties affect the atmospheric radiative
balance through a) the direct scattering and absorption of the incoming solar radiation which
results in less radiation reaching the Earth’s surface, referred to as the radiative (“Direct”)
effect, and b) the heating by absorbing aerosols can change the local atmospheric
temperature, which influences relative humidity, atmospheric circulation and stability and
thereby cloud formation and lifetime (semi-direct effect)’™ “°1. The amount of scattering and
absorption is determined by the size, chemical and physical properties of the particles, the
ambient relative humidity, and the wavelength of the incident light.!®! The developed theories
of scattering and absorption of light by particles have given us a better understanding of the
aerosol radiative transfer in the Earth’s atmosphere, and have served as a basis for the
development of many different instruments for measuring the optical size distribution of
particles, and the amount of scattering, absorption and extinction. In this chapter, a review of
the definitions and some theoretical background of aerosol light extinction, scattering, and
absorption will be given first. This is followed by a description and theoretical framework of
the three optical instruments used in the studies presented here: the White Light Aerosol
Spectrometer (WELAS), the cavity ring down spectrometer (CRD), and the photoacoustic
sensor (PAS). Following, a description of the PAS calibration method and validation
measurements will be given. Finally, the calibration of the PAS using absorbing aerosols is
explored.

2.2 Optical properties

An illustration of the possible interactions between an incident electromagnetic wave
of wavelength A, with a particle is shown in Figure 2.1. Even though Raman scattering and
fluorescence occur in atmospheric aerosols, only elastic scattering will be addressed in this
thesis, and it will be referred to as ‘scattering’. Elastic scattering encompasses the combined
effect of reflection, refraction, and diffraction. In elastic scattering the scattered photons have
the same energy (frequency) and wavelength as the incident photons. If absorption of the
incident light occurs, the absorbed energy can be re-emitted as thermal energy or
fluorescence.

The combined effects of absorption and elastic scattering cause a net loss of energy
from an incident light beam of irradiance 1, (in units of W/m?), and it is referred to as

Aerosols also serve as cloud condensation nuclei, and can control cloud lifetime, reflectivity, and breadth
(microphysical “indirect” effect).
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Figure 2.1 Representation of the possible optical interactions between an incident

electromagnetic wave of wavelength A, and a particle. Raman scattering and fluorescence are not
depicted.

extinction. In short, aerosol optical extinction is the sum of the effects of absorption and
scattering. The total energy removed (expressed in W/m?) from an incident beam by a single
particle can be expressed as:

Loxt = Io * Oext (2.1)
where oy is the optical extinction cross-section (normally expressed in m?) and is defined as:
Oext = Oaps + Osca (2.2)

where oaps and o, represent the optical absorption and scattering cross-sections, respectively.
The optical cross-sections are defined as:

— : : — 2
Oext/abs/sca = Qext/abs/sca * Ogeometric (fOI‘ spherlcal partlcles Ogeometric — IT ) (2-3)

where Ggeometric 1S the geometric cross-section, r is the particle radius, and the Q terms are the
extinction, absorption, or scattering efficiencies.” Q is a measure of the dimensional
relationship of the optical cross section with the geometrical cross section.

For a collection of p particles the extinction (oex), absorption (oaps), and scattering
(0sea) coefficients (normally given in units of Mm™ = 1/10° m), describe the amount of light
removed, absorbed, and scattered, respectively. The optical coefficients are expressed as the
sums of the individual optical cross-sections of each substance present in a population of
particles divided by the total volume (V) filled by this population. For the same type of
particles the expression simplifies to the product of the cross-sections by the particle number
concentration N 2°!:

" The term ‘efficiency’ is misleading as it implies that Q cannot be greater than 1, but Q can have values much
less that 1 and go up to values sometimes greater than 4. Personally, ‘scaling factor’ will be a better name for the
term.

18



Z?:l Oext;/abs;/sca; p
Xext/abs/sca = % = Naext/abs/sca where N = V (2.4)

The single scattering albedo (SSA) w for a single particle is defined as the ratio of the
scattering cross-section by the extinction cross-section or their corresponding Q terms:

w = Zca — Gsca (2.5)

Oext Qext

For an ensemble of particles the SSA is defined as the ratio of the scattering coefficient and
the extinction coefficient, which, in the same way as the cross-sections, is the sum of the
scattering coefficient and the absorption coefficient:

Usca Asca
= (2.6)
Heoxt Asca + Xgbs

Hence, the SSA values range between 0 < o < 1. A value of 1 represents a purely scattering
particle (or population), and 0 a purely absorbing one (purely absorbing substances —
blackbodies — do not exist in nature, it is an idealization).

All of the optical properties stated above (o, Q, a, and ®) depend on the wavelength of
the incident light, the size of the particle, and the spatial complex refractive index distribution
of the surrounding medium in conjunction with the complex refractive index of the particle.
In practically all atmospheric applications the complex refractive index of the surrounding
medium can be taken as 1. The refractive index (m; RI) of a material is defined as the ratio of
the speed of light in the surrounding medium (c) to the speed of light in the material (v)*:

2.7)

<A

since m of the surrounding material can be taken as 1, the speed of light can be taken as that
in vacuum. When the material has absorbing properties the refractive index is expressed as a
complex number: m = n + ik, where n is the real and k the imaginary part of the refractive
index. The real and imaginary parts express the extent of scattering and absorption,
respectively. For most atmospheric particles n ranges from 1.3 to 2 and k from 0 to 1,
depending on the wavelength. The complex refractive index is the only intrinsic optical
property of a particle (where size is the intrinsic physical property); therefore, knowing the
value of m is of high importance to accurately model the optical properties of aerosols.

i The speed of propagation depends on the dielectric constant (¢) and magnetic constant () of the material and
free space: v = 1/,/e, U1t
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Since the interaction of a beam of light of a particular wavelength with particle of a certain
size is scale invariant (i.e., micrometer waves interact with micrometer particles in the same
way as nanometer waves with nanometer particles), particles sizes are presented as the
particle size parameter (x). For spherical particles, the particle size parameter is given as the
ratio of the particle’s circumference to the wavelength (1) of the incident light:

xX=— (2.8)

To calculate the various optical properties different theories have been developed depending
on the size parameter (X), and the shape of the particle. When particles are “very small”
compared to the wavelength (x « 1), it is customary to say that the particles are in the
Rayleigh regime, and Rayleigh’s theory properly models the optical properties. When
particles have approximately the same size as the incident wavelength (x~1), particles are
said to be in the Mie regime, and Mie Theory® is used. And if the particles have a much
larger diameter than the wavelength (x > 1), the particles are said to be in the geometrical
optics regime and classical laws of reflection, refraction, and diffraction can be used for the
description of the optical properties.

Mie theory can be used to calculate the exact angular redistribution (i.e. the phase
function) and absorption of light for any spherical particle at any wavelength if x and m are
known, as it is a complete analytical solution of Maxwell’s equations for the interaction of
infinite electromagnetic plane waves with homogeneous, linear, isotropic, spherical
particles.B” *Y A detailed mathematical description of Mie theory is provided by Bohren and
Hoffman (1983).

Even though Mie theory provides solutions for homogeneous spherical particles, it is
regularly used for all atmospheric aerosols, regardless of their shape. Thanks to the
computational power achieved in modern computers, it is very convenient to use, and since
many atmospheric aerosols have, or are close to having, spherical shapes, they vyield
reasonable approximations. Furthermore, Mie theory has been extended to coated (core-shell)
particles, spheroids, and some approximations of sphere aggregates to name a few.

5 Mie theory is the popular name used today; however, Gustav Mie was not the only scientist involved in the
development of the theory. Ludwig Lorenz also independently developed the theory of electromagnetic plane
wave scattering by a dielectric sphere, and Peter Debye also contributed with his work to the understanding of
light scattering. Please see the book by Milton Kerker, “The scattering of light and other electromagnetic
radiation.”, New York,NY. Academic Press, 1969, for a history of the development of Mie Theory.
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2.3 White light aerosol optical particle counter 2100 (WELAS)

2.3.1 Working principle of optical particle counters

Optical particle counters (OPCs) are widely used in atmospheric science to determine
the optical size distribution of aerosols. “?°"! OPCs use the fact that most particles, when they
interact with a beam of light, scatter a portion of the total amount that was incident upon
them. However, the amount of scattered light is dependent on the diameter, the complex
refractive index, and the shape of the particle. To determine size distributions, OPCs assume
a priori aerosols are spherical and have a fixed value of refractive index, and then they
correlate the amount of scattered light (i.e. the value of the scattering cross section) to the
particle’s diameter by means of a calibration curve. The calibration curve is either
theoretically determined using Mie theory, or experimentally, by measuring a
photomultiplier’s response to a particle of known size, refractive index, and shape. The value
commonly adopted for the refractive index for calibration is that of polystyrene latex spheres
(PSL, m =1.59 +i0). As a result, when the refractive index of the ambient aerosol is different
from that of PSL, the derived size distributions may be incorrect. This caveat can be used as
an advantage to determine the refractive index of the particles measured (see chapter 3).

2.3.2 Description of the WELAS instrument

The WELAS 2100 (WELAS; PALAS Gmbh, Karlsruhe) is a white light (with an
Osram Xenarc 4200 K lamp as a source) optical particle counter (OPC) with a light spectrum
spanning from 370 to 780 nm (Figure 2.2). The instrument collects the light scattered
between 79 to 101° (90° mean scattering angle) through a 3D, patented T-shape, optically
defined measuring volume (Figure 2.3).5% It samples at 5 L min, and only counts particles
that go through the optically defined measuring volume (155 x 155 x 177 mm). The scattered
light intensity for every particle measured is classified into one of 4095 channels according to
the intensity of the light scattered. By comparison to a calibration curve, a corresponding size
is assigned for every channel. Figure 2.4 shows an example of typical size distributions
measured by the WELAS for two different types of aerosols. The WELAS can be calibrated
with a calibration dust (CalDust 1100, supplied by PALAS) which has the same index of
refraction as PSL. This calibration was verified in this work with PSL spheres using the
particle generation system described in Appendix I.
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Figure 2.2 WELAS white light source spectrum (solid line; provided by PALAS Gmbh). The solar
spectrum (color-dotted line) at Earth’s surface is shown for comparison.

Figure 2.3 WELAS cross section and 3D measuring volume.
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Figure 2.4. Typical size distributions measured by the WELAS for two different types of aerosols:
pristine aerosol from the Amazonian rain forest in February 2008 (green dot-line curve), and
biomass burning aerosols from a wood burning event in Israel in May 2010 (black line). The error
bars show the variation over 2 days, and 5 hours for the Amazonian and wood burning
measurement, respectively.

2.4 Cavity ring-down aerosol spectroscopy

2.4.1 Theory

Cavity ring down spectroscopy (CRDS) is a technique developed by O’Keefe and
Deacon (1988)"¥ to directly measure the absorption coefficient of absorbing gases, and it
was later extended to measure the extinction coefficient of aerosols by Sappy et al.(1998).5*
With the development of laser technology, it rapidly became a widely used technique in
atmospheric science. 7% Reviews on all the different applications can be found in works of
Scherer et al. (1997)14, Wheeler et al. (1998)!"°!, Busch and Busch (1999)"®), Berden et al.
(2000)""), and Brown (2003)!"®.

The basic principle of CRDS is to inject a short laser pulse into an optical cavity
composed of two highly reflecting mirrors placed opposite of each other which are separated
by a distance no longer than a meter. This pulse is reflected back and forth and every time the
pulse reaches the back end mirror, a small amount of light is transmitted, and a
photomultiplier (PMT) placed at this end measures the intensity of the transmitted light. By
measuring the time it takes the intensity of the laser pulse to decay 1/e of the initial intensity a
time constant is obtained (see Figure 2.5).
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The decay in intensity (I) is a result of the losses inside the cavity and the mirrors, follows
Beer-Lambert’s law; and thus can be expressed as:

(0 =1,- (%) (2.9)

where 1, is the initial laser pulse intensity, t is the measured decay time, and 7, IS the
characteristic decay time of the cavity. When the optical cavity is empty, the decay time (to)
is dominated by the mirror losses, and the cavity’s length:

L
T, =-(1-R) (2.10)

where L is the length of the cavity (the distance between the two mirrors), ¢ is the speed of
light, and R is the reflectivity of the mirrors. When the cavity is filled with aerosols, and /or
gaseous substances ( in the case of laboratory measurements N, gas), the decay time is given
by

T= L/C(lnR + GaerosolsNLaerosols + GRayleighNLscattering molecules
+ 0apsNLapsorvers + ) (2.11)

where o is the optical extinction cross-section, and N is the number concentration of the
scattering and absorbing aerosols or molecules. When measurements take place in the
laboratory, normally, pure nitrogen is used as a carrier gas for the aerosols, and no absorbing
gas is introduced into the cavity making caps Zero. Furthermore, the time constant for the
empty cavity is measured with N inside the cavity so Oraykigh 1S cOmprehended by 1, and
making it zero in equation 2.11. Hence 7 for a cavity filled with aerosols can be expressed as:

L
T= E (lnR + JaerosolsNLaerosols) (2'12)

Now In(R) can be expressed as 1 — R™", and since a,,.N is equal to the extinction coefficient
(0ext) AN Ouerosois = Texe the extinction coefficient can be measured directly from the
difference between the time constant of the empty and the filled cavity:

Aoyt = — |——— (2.13)

Lcav[l 1
c It 1,

- The Taylor series for the In(x) is:

oD (=12 G- -1
ln(x)—Z - x-1D)"=(x-1)— > + s "1 "
n=
For |x — 1| < 1and excluding x=0. Since the reflectivity of the mirror is >0.999 all of the high order terms can

be taken as zero.
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Figure 2.5 Schematic of the basic principle of cavity ring down spectroscopy. A laser pulse is
injected into an optical cavity composed of two highly reflective mirrors placed opposite of each
other. The laser pulse is reflected back and forth (in the picture the arrows are displaced to make
the concept clearer) and light is transmitted through the back end mirror. A photomultiplier
placed at this end measures the intensity of the laser pulse, and by measuring the time it takes the
pulse to decay 1/e of the initial intensity a time constant is obtained.

where L,y is the ratio of the total cavity length (the distance between the mirrors) and the
actual distance in the cavity filled with aerosols. This also tells us that the measurement of
aext 1S independent of the laser intensity. If the cavity is filled with homogeneous spherical
particles the extinction coefficient can be described as (see equation 2.11 and 2.12):

1
Aext = NOgyr = NQextO-geometric = NQext ZnDZ (2.14)

where Qg is the extinction efficiency, and D is the particle’s diameter. Hence, by introducing
a monodisperse aerosol distribution and measuring the particles’ number density (e.g. with a
condensation particle counter), the extinction efficiency can be measured. And by measuring
Qex: for different sizes (e.g. using a differential mobility analyzer (DMA) to select particle
sizes) the complex refractive index of a substance in the aerosol phase can be retrieved for the
wavelength of the laser pulse being injected into the cavity.

2.4.2 Detection limit and error treatment.

The minimum detectable extinction coefficient for an empty cavity can be calculated byt ™'

Ui = Lcav ATr;u’n — Lcav \/ES(TO) (2.15)
c T2 ¢ 12yRT

where Atmin IS the standard deviation of the decay time, R is the repetition rate of the pulse

shots from the laser, T is the sampling rate, and s(t,) IS the minimum detectable change in the

ring down time for one laser shot. When aerosols are introduced into the cavity, the

fluctuations of the aerosol concentration can lead to fluctuations in the decay time, therefore,

lowering the sensitivity. Also, the uncertainty in L., can generate errors, however, these are
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usually very small (< 0.5%). The error from the fluctuations in the concentration can be
calculated from Poisson statistics, giving a relative error oft™®:

Mgy VNV 1 1 (2.16)
a NV VRT ~NVRT '
where V is the effective laser beam volume. Combining equation 2.15 and 2.16
a? 5
Aa = NVRT + asin (2.17)

In the experiments presented here, 1, was ~40us and tmin was around 0.02us for an average of
a 100 laser shots operating at 15 Hz. This results in a minimum detectable extinction
coefficient of ~4.96x10™*° cm™ for an empty cavity. When the cavity is filled with aerosols
the error is around the same order of magnitude "% ™.

2.4.3 Description of the cavity ring down instrument used in this study

The cavity ring down (CRD) used in this study is depicted in Figure 2.6. It was fully
developed and characterized by Riziq et al. (2007)[""), and only a concise description will be
given here. It consists of two highly reflective concave mirrors (curvature radii of 1m and a
reflectivity of 99.995% at 532 nm, Los Gatos, USA). The mirrors are mounted at the two
sides of a 90 cm 3/3” stainless steel tube. A small purge flow of dry particle-free nitrogen
(0.05 SLM) is introduced in front of each mirror to prevent mirror contamination by
deposition of aerosols. The aerosol flow enters the CRD cell through four tubes at 45° and
exits the cavity in a similar setup. This is to ensure good mixing and even concentration of
the particles inside the cavity. The length of the cavity occupied by particles as they flow
through the cavity is about 77 cm. The cavity can be fed with a total flow of 1 to 3 SLM. The
second harmonic (532nm) of a pulsed Nd:YAG laser (Quanta-Ray GCR-100, 15 Hz, 7 ns) is
introduced to the CRD through a spatial filter consisting of a red-transparent mirror to
remove the excess 1064 nm pulses exiting with the second harmonic. The beam diameter in
front of the cavity is about 1 mm, with energy of about 50 pJ. The intensity of the beam
emerging from the CRD cell is measured with a photomultiplier (Hamamatsu H6780-02), and
it is fed into a National Instruments card, which is triggered simultaneously with the laser
pulse. The digitized data is transferred and stored in a personal computer using a LabVIEW
program. Figure 2.7 gives an example of the output given from the CRD.

26



Spatial filter
- Black hole =
—— —— |
Nd:YAG x
532nm @ 15Hz * _________ ._ p—
532nm

Aerosols inlet
mirrors

/ and outlet \ |
l

xn

PMT

Optical

fiber
CRD Miirrors for
A=532nm with

R >99.995%

Figure 2.6 Schematic representation of the cavity ring down used in this study.
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Figure 2.7. Example of the measurement output for 500 nm nigrosine particles for the cavity ring
down used.
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2.5 Photoacoustic spectroscopy
2.5.1 Basic principle

The photoacoustic (PA) effect was discovered in the late 1800s by Bell, but it was not
until the development of laser technology that it was applied for scientific measurements.
Since the late 1970’s absorption by aerosols has been measured with photoacoustic
measurements; % 8 however, only after the publication by Arnott et al. (1999)® was the
PA method pursued in the aerosol community for measurements of absorption by aerosols,
making the technique fairly new in the field.

The basic principle of the photoacoustic effect for aerosols'" is depicted in Figure 2.8.
When a pulse of light is absorbed by a particle the temperature of the particle increases, the
heat in the particle is then transferred by conduction to the surrounding air, causing the air to
expand, and consequently creating a pressure disturbance; in other words, a sound wave. The
temperature increase in the particle will also cause the particle to expand, but the volumetric
expansion is negligible compared to that of the surrounding air. The increase of the particle’s
temperature is typically around 1K for typical size of aerosols measured (< 1um) and laser
power used®!. The PA effect can be continuously generated in aerosol particles by
periodically modulating a laser beam that is directed at the aerosols. However, the acoustic
waves generated have a relatively small amplitude, making them difficult to measure with
regular microphones. To help address this problem, acoustic resonators are used. Simple
acoustic resonators consist of a well defined cavity; in an ideal case, the cavity will be closed,
but in reality it is equipped with at least one opening for the microphone and gas and aerosol
transport. There are many types of acoustic resonators, and each has their set of equations.
See Miklos et al. (2001) for a description of the different photoacoustic cell designs and
the theory behind them. Moreover, the complete theoretical description of the generation of a
PA signal in a resonant cell is complex, and beyond the scope of this manuscript (see Meyer
et al. (1990)®, Schafer et al. (1997)®%, and Miklos et al. (2001)®4 for a full theoretical
description); therefore, only a brief description of how the photoacoustic signal is defined and
what are its dependencies will be presented. A detailed description of the photoacoustic
sensor used in this study is given in the next section.

In an acoustic resonator the constructive interference caused by the boundaries can
increase considerably the amplitude of the sound wave, and if the modulation frequency of
the laser is equal to one of the acoustical eigenfrequencies of the cavity, the energy from the
many modulation cycles is accumulated in a standing wave and the system works as an
acoustic amplifier.®* The amplitude at the resonance frequency is Q (the quality factor of the
resonator, Q factor) times larger than the amplitude far from the resonance frequency. The
physical definition of the Q factor is:®*!

T The photoacoustic effect occurs in gases and liquids as well.
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Figure 2.8 Depiction of the photoacoustic effect. When a pulse of light interacts with a suspended
particle, the particle will scatter and absorb light (a). If the particle absorbs light, the energy
absorbed from the electromagnetic wave will heat up the particle and the heat will be transferred
to the surrounding air by conduction (b), this will expand the surrounding air, and create a
pressure disturbance; in other words, a sound wave (c).

_Jo

=37 (2.18)

Q

where f, is the resonance frequency, and Af is the half-width value of the resonance
frequency; in other words, it is the point where the amplitude is 1/¥2 the value of the peak
amplitude, and is also referred to as the full width at half maximum.

The photoacoustic signal is defined as®® !

S = @y, CW (2.19)

where S is the photoacoustic signal (given in Pa), aqs the absorption coefficient (given in
units of Mm™), C is the a proportionality factor (i.e. the cell constant), and W is the average
laser power (in units of watts, W = I,ma?, where a is the beam radius). The cell constant
depends on the microphone sensitivity, the geometry of the PA-cell, and the resonance
frequency selected for detection, but it also includes the losses of the PA system. The value of
the cell constant is determined by performing a calibration of the system; either with gases
that have well defined concentrations and absorption cross-sections or by using a cavity ring
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down to determine the absorption coefficient and correlating it to the microphone signal (see
section 2.5). Therefore, by modulating the laser power at the resonance frequency of the
acoustic cavity the propagated sound waves generated by the absorbing aerosols will be
amplified and a maximal microphone signal will be generated. And by measuring the cell
constant the absorption coefficient of an ensemble of particles can be directly measured.

2.5.2 Photoacoustic sensor

A schematic of the photoacoustic sensor (PAS) used in this study is shown in Figure
2.9. It has the same design as described in Miklos et al. (2001)®4 (see their figure 2, acoustic
cell design b). For this instrument, a 1 Watt 532nm CW laser is introduced into a cylindrical
acoustic resonator through one end. The amplitude of the laser is electronically modulated at
the resonance frequency of the acoustic resonator with a square wave function. A sensitive
microphone is placed at the center of the acoustic resonator. The signal of the microphone is
then amplified using a Lock-in amplifier (Stanford Research Systems), and the signal is read
through a LabView program.

Before performing a calibration of the system (calculating the cell constant) the
resonance frequency of the cavity needs to be known as it is dependent on temperature and
gas density. This is done by scanning the photoacoustic signal across a frequency range
around the expected resonance frequency. Figure 2.10 shows an example of a measured peak
resonance frequency (f,) for this system. It can be seen that f, is at ~1925Hz. The quality
factor is calculated to be 30. It is a low Q for a resonant cavity, making the sensitivity to
changes due to temperature and gas density small. A 1°C temperature change will have an
effect of less than 1% in the measured signal.[8* "]
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Figure 2.9 Schematic of the photoacoustic system.
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Figure 2.10 Measured resonance frequency for the photoacoustic system before performing a
calibration. The resonance frequency can change with temperature, pressure, and gas density. The
fo. measured here is approximately 1925Hz and the Q factor of the system is 30.

2.6 Photoacoustic sensor calibration

The calibration of the PAS was performed by measuring the absorption coefficient of
ozone at different concentrations with a cavity ring down and relating it with the PA response
of the PAS.[®7) It is not necessary to know neither the ozone concentration in the instruments
nor the absorption cross section of the ozone. The CRD gives a direct measurement of the
absorption coefficient for gases.** An ozone gas flow of 100 cm® per minute was mixed with
900 cm® per minute of pure nitrogen before being introduced into the CRD and the PAS. The
ozone was generated by flowing pure O, through a commercial UV-lamp. Figure 2.11a
shows an example of a calibration performed with the CRD. Every point is an average of 60
one-second data points. The linear relationship between the absorption coefficient and the
response from the PAS can be clearly seen. The precision of this calibration (26 of the slope)
is 2% for the full range. The laser power within the PAS is not monitored, but throughout a
year of calibrations and measurements the calibrations showed repeated stability which
indicates a very stable laser source.

* Calibrations can also be performed by measuring the light transmission through the photoacoustic cell and the
photoacoustic response in the presence of NO,, or theoretically.

31



1+ Slope = 18.226 + 0.23221
R =00065
2
Y
w
c
o
o
w
£
»
<
(a1
&
=
C
<
2
=
.‘5
c
o
w
2]
<
o

03 1 3 10 30 100

Lock-in integration time (sec)

Figure 2.11. a) Example of a calibration of the PAS using ozone and the CRD. Every point is an
average of a 60 second measurement at 1 sec integration time. The slope gives the cell constant.
b) PAS sensitivity at different integration times of the lock-in amplifier. The numbers indicate
different sensitivities reported in the literature for other photoacoustic sensors; 1-Lack et al.
(2006)"*” with 0.8Mm™ , and 2-Arnott et al. (2006)"*®' with 0.4Mm™.
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The sensitivity of the PAS is defined as 26 of the background signal. By changing the
integration time of the lock-in amplifier (the lock-in amplifier has 6 discrete integration
times: 300ms, 1sec, 3sec, 10sec, 30sec, and 100sec), measurements of the background noise
were performed at different flow rates, from 1 LPM (standard liter per minute) to 3 LPM,
throughout several months. Figure 2.11b shows the sensitivity of the PAS at different
integration times. For 1 second integration time this PAS shows an average sensitivity of
1.15Mm™, and 0.18Mm™ for a 30 second integration time. The consistency of the
measurements indicates stability in the microphone response, and insensitivity to difference
in the sample flows and ambient noise in the laboratory. The circled number inside Figure
2.11b are sensitivities reported in the literature; Lack et al. (2006)!®"! reported a sensitivity of
0.8Mm’* for a 1 second integration time, and Arnott et al. (2006) 0.4Mm®.

2.7 Calibration verification

The PAS calibration with ozone and a CRD had been introduced by Lack et al.
(2006)®™ and verified for their photoacoustic instrument; however, the instrument being
described here was developed by Martin Schnaiter and his colleagues in the Karlsruhe
Institute of Technology, in Karlsruhe, Germany, and only their group and ours have a unit of
this model. Moreover, Schnaiter’s group calibrates their PAS using NO,; hence, the
calibration using the CRD and ozone needed to be verified for measurements of absorbing
aerosols.

For this verification Nigrosine dye was used. It is a water soluble black dye
(C11N202H3p) that has been used previously as a model of absorbing aerosols for instrument
verifications and comparison.l”> 8 %! since it generates spherical particles ¥”! Mie theory can
be used to calculate its complex refractive index. Different sizes of Nigrosine were selected
to calculate their extinction and absorption cross-sections. The details of the experimental
setup for particle generation, size selection, and counting are described in Appendix I. Figure
2.12 shows the linear responses of the extinction (a) and absorption (b) coefficients (equation
2.4) to concentration for three selected sizes. Each data point shown in Figure 2.12a/b is an
average of the extinction and absorption measurements every 10.1 seconds for 2 minutes; the
error bars show the variation during the 2 minute measurements. By doing linear fits of the
data for each size, the values of the average optical extinction and absorption cross-sections
were calculated, as the slope represents the cross-sections (equation 2.3). Furthermore, using
the calculated cross-sections, Qexyabs Values were estimated. Table 2.1 shows the extinction
and absorption cross-sections and efficiencies of every nigrosine particle size measured. The
precision of the calculated cross-sections is also presented. The Qexyans Values measured as a
function of size are presented in Figure 2.13.

The complex refractive index of nigrosine dye was retrieved by comparing the
measured extinction efficiency as a function of size parameter with the extinction efficiency
calculated using Mie theory®*”! at different complex refractive indices. This is achieved by
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Figure 2.12 Extinction (a) and absorption (b) coefficient vs. number concentration of nigrosine dye
for three selected sizes: 800nm (triangles), 500nm (squares), and 300nm (circles). Each data point
is an average of extinction and absorption measurements sampled every 10.1 sec for 2 min; the
error bars show the variation during the 2 min measurements. The lines are linear fits of the data,
the value of the slope represents the optical extinction and absorption cross-sections.
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2 [71]

minimizing the merit function ¥, where ° is:

2

N (Qext measured — Qext(nyk))i
Y2 k) = Z > (2.20)
i=1 ¢

N is the number of particle sizes measured, n and k refer to the real and imaginary parts of the
different complex refractive indices, respectively, and ¢ is the estimated error in the
measurement (taken as the standard deviation of repeated measurements of the same particle
size but for different concentrations).® The set of real and imaginary parts of the refractive
indices that provides the minimum value of ¥? in equation 2.20 gives the complex refractive
index of the substance (see Appendix | for a specific example of the refractive index retrieval
method).

Table 2.1 Extinction and absorption cross-sections (c) and efficiencies (Q) for all sizes of nigrosine.
The R’ gives the precision of the line fit.

Size Measured optical cross-sections
selected o(Mm*/cm?) R’ Q values

(nm) extinction / absorption Extinction / absorption extinction /absorption
200 0.057(x0.001) / 0.031(x0.001) 0.9962 / 0.9914 1.81(x0.02) / 0.97(x0.01)
250 0.097(x0.002) / 0.053(+0.001) 0.9924 /0.9981 1.97(+0.05) / 1.07(x0.01)
300 0.154(+0.003) / 0.080(x0.001) 0.9994 / 0.9995 2.18(0.04) / 1.13(+0.01)
350 0.245(£0.005) / 0.109(£0.002) 0.9917 / 0.9946 2.55(%0.05) / 1.13(+0.02)
400 0.367(x0.008) / 0.164(x0.001) 0.9869 / 0.9965 2.92(0.06) / 1.30(+0.01)
450 0.475(x0.010) / 0.223(+0.001) 0.9782/0.9941 3.06(+0.08) / 1.40(+0.01)
500 0.608(x0.013) / 0.260(x0.003) 0.9994 / 0.9608 3.09(+0.07) / 1.32(+0.01)
550 0.744(£0.030) / 0.355(x0.004) 0.9958/0.9714 3.13(x0.13) / 1.49(x0.02)
600 0.878(x0.030) / 0.343(x0.007) 0.9946 / 0.8563 3.11(+0.11) / 1.21(£0.03)
650 0.947(+0.032) / 0.469(+0.007) 0.9977 /0.9888 2.85(%0.10) / 1.45(+0.02)
700 1.107(x0.022) / 0.535(+0.005) 0.9955 / 0.9927 2.88(+0.06) / 1.39(+0.01)
750 1.232(x0.026) / 0.625(x0.007) 0.9991/0.9997 2.79(%0.06) / 1.42(+0.02)
800 1.370(x0.047) / 0.678(x0.008) 0.9899/0.9714 2.73(x0.09) / 1.33(+0.02)

The complex refractive index that returned the minimum x* was m = 1.626(+0.021) +
10.243(+0.023). The quoted uncertainties are one standard deviation from the minimum le
They are calculated by studying the deviation of XZ in the vicinity of the minimum XZ found
(’min). Assuming the errors of the measurement ¢ to be normally distributed, the values of
+ for different measurements follow a y° distribution for the two degrees of freedom n and
k.12-%1 The quantile for the 68.3% (1) confidence level for this parameter set is 2.298. Any
measurement that falls within the 1o error bound of the best measurement is considered
acceptable if y°< y’min+ 2.298. The derived RI for nigrosine is in very good agreement with
the derived RI by Dinar et al. (2008)!*% of m = 1.649(+0.007)+i0.238(+0.008) using the same
CRD system. Using Mie theory and the derived complex RI, the expected Q,ps Was calculated
(shown as the dotted line in Figure 2.11) and overlaid on the measured Qaps. This shows an
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excellent agreement, validating the calibration done with the CRD and O; for highly
absorbing aerosols and providing an independent calibration of the PAS system (see next
section). Only the measured Qaps for 600nm falls quite low from the expected Qqs, the
reason for the deviation is unknown.

Diameter (nm)
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| . L . l . l . L . l . | . l . l
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A Measured Q¢
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Size parameter (X)
Figure 2.13 Measured Q.,; and Q. as a function of size for nigrosine particles. The black line is the

complex refractive index retrieved by finding the minimum value of ¥? in equation 20, and the
dotted line is the corresponding Q. for the derived RI.

To validate the system for slightly absorbing aerosols, mixtures of 1:1 and 1:10 molar
ratios of nigrosine to ammonium sulfate ((NH4),SO4, AS) were measured. The results for the
1:1 molar ratio mixture of nigrosine and AS are shown in Figure 2.14a. As it was done for
pure nigrosine, the complex refractive index was derived using the Qex measurements from
the CRD, and the corresponding Qaps for this Rl was overlaid to check the Qans measurements
done with the PAS. The results of the measured Qs are in excellent agreement with the Qaps
from the derived RI. However, for an independent calculation of the value of the complex RI
for internally mixed aerosols, optical mixing rules were used. Mixing rules are commonly
used in climate models for calculating the refractive indices of internally mixed
substances.”@ For the results shown here the volume-weighted linear average of the
refractive indices®®™ is used. The refractive index of AS in the aerosol phase has been
previously measured > ™9 %41 and is well accepted. It is between 1.51 and 1.53 for the real
part (with imaginary part of zero). A value of 1.53 was used for the calculations done here.
For nigrosine the value derived in this study was used: m = 1.63 + i0.243. By doing a linear
average of these two refractive indices; i.e., n= (1.63 + 1.53)/2 and k=0.243/2, gives a
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Figure 2.14 Measured Q.,; and Qs Vs. size for two mixtures of nigrosine and ammonium sulfate.
The top graph (a) shows the 1:1 nigrosine:AS molar ratio mixture. The measured Q.(solid
squares) were used to derive the complex refractive index for this mixture (m=1.595+i0.154). The
corresponding Q.,(dashed line) from the derived Rl is plotted to verify the measured Q,,s(solid
triangles) from the PAS. The Q.q(line-dot curve) and Q,,s(dotted curve) calculated from the
expected Rl using optical mixing rules are shown for comparison. The bottom graph (b) shows the
measured Q. (solid circles) for a 1:10 nigrosine:AS molar ratio mixture. Due to technical problem
the measurements for Q.. could not be taken. The complex Rl was calculated using the optical
linear mixing rule. The corresponding Q.,s(dashed line) from the calculated Rl in overlaid to verify
the measured Q,,; from the PAS. The corresponding Q.q(solid line) curve is shown for
completeness.
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complex RI for the 1:1 mixture of m = 1.58 + i0.122. The difference between the real parts of
the derived RI with the CRD and the mixing rule is less than 1%. The imaginary parts have
about a 20% difference, but as it can be seen in Figure 2.14a, it is a slight difference in terms
of Qaps. The measured Qaps tend to fall in between both corresponding Qaps from the derived
and calculated RI implying that either method to obtain the complex refractive index can be
used.

To verify the measured Qaps for the 1:10 molar ratio of nigrosine to AS only the linear
mixing rule was used to calculate the expected complex RI (due to technical issues the CRD
could not be used for this set of measurements). A complex Rl of m = 1.54 + i0.03 was
calculated for this mixture, the corresponding Qex: (plotted for completeness) and Qqps Curves,
and the Qaps measured with the PAS are plotted in Figure 2.14b. The measured Qaps for this
lightly absorbing aerosol also shows an excellent agreement with the expected Qaps.

The measurement of these 3 different aerosol types, going from highly absorbing (i.e.
nigrosine) to lightly absorbing (i.e. 1:10 molar ratio of nigrosine and AS) give a full
validation of the calibration with ozone and the CRD and of the performance of the
photoacoustic sensor. Furthermore, it opens a possibility of using not only highly absorbing
aerosols, but lightly absorbing aerosols as well, for system calibration (see next section).

2.8 Aerosol calibration

2.8.1 Absorbing polystyrene spheres

To measure the absorption by aerosols, it would be ideal to calibrate the system using
absorbing aerosols instead of other substances (such as absorbing gases). This is because
calibration with other methods requires inter-comparison measurements among different
absorption methods for verification. Having a standardized absorbing aerosol will help
address this issue in the same way as polystyrene latex spheres (PSL) are used to calibrate
instruments that measure optical scattering. Lack et al.(2006)®"! obtained samples of dyed
monodisperse absorbing polystyrene latex spheres (APSL) and characterized them by
measuring their extinction and absorption cross-sections and Q values. However, they could
not determine a single complex refractive index that provided a good fit for the Q data, but
concluded that the APSLs would have the following advantages: (1) it will allow calibration
using particles. The APSL aerosol will eliminate any uncertainties that may be introduced
due to volatile species on soot particles, the fractal nature of soot or the subtle differences in
soot optical properties produced from different fuels and fuel ratios, when soot is used for
calibration and inter-comparison purposes. And (2) APSLs will allow the interrogation of the
absorption, scattering and extinction response of instrumentation using Mie theory, which
may aid in investigations into scattering corrections (including particle stacking) for filter
based methods. As no other study was found on the use of APSLs, four different sizes of the
same batch used by Lack et al. (2006)®” were obtained to measure and compare the
extinction and absorption cross-sections and Q values. The optical cross-sections and Q
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values were obtained using the same method as for nigrosine (see previous section). In Table
2.2 the measured optical cross sections, Q values, and single scattering albedo (w) are
compared to the measured values from Lack et al. (2006)®®”) the percent difference is
calculated for the three variables. It can be seen there is very good agreement in practically
all measured parameters, especially in ®, with less than 3.5% difference. Only the absorption
cross-section (and Qaps) for 150nm and the extinction cross-section (and Qex:) for 325nm have
a considerable difference between them. The difference in the measured absorption for
the 150/159nm APSL can originate from the instruments’ sensitivity, as the optical
absorption is near both instruments’ detection limit. On the other hand, the difference in the
extinction for the 325nm APSL between Lack et al.’s and the measurements performed in
this study is unknown. The excellent agreement in the SSA (® values) suggests that
absorbing PSL particles can be used to investigate responses in the absorption, scattering and
extinction of instrumentation using Mie theory, and can help with scattering corrections for
absorption measurements using filter based methods. Furthermore, APSLs can be used as a
calibration standard eliminating uncertainties due to the fractal nature, the occurrence of
volatile species, and the differences from different fuels and fuel ratios of soot particles.

The only caveat of APSLs is the fact that the dyeing process is unknown and not
standardized (Duke Scientific personal communication). This brings into question whether
the next batch that is produced will have the same optical properties as this one. To address
this potential problem, a method using nigrosine or a mixture of nigrosine with ammonium
sulfate was also explored (see next section) as both substances’ optical properties have been
extensively characterized in the aerosol phase.[®% 55 1 72.87.90,94]

2.8.2 Nigrosine or a mixture of nigrosine and ammonium sulfate

In the previous sections calibrations for the PAS using ozone and a CRD (O3-
CRD), and absorbing polystyrene latex sphere were explored. Even though, the O3-CRD
calibration was validated overlaying the Qgs Of nigrosine and the mixtures of nigrosine and
AS calculated with the derived RI from the CRD measurements, or using the linear mixing
rule onto the Qaps measured with the PAS, it has the main problem that it is done using an
absorbing gas for measurements that will take place in the aerosol phase. On the other hand,
the measured optical properties of absorbing polystyrene latex were in excellent agreement
with the optical properties measured by Lack et al. (2006) for the same batch indicating that
they can be used as a standard; however, their dyeing process is unknown forcing a new
optical characterization every time a new lot is produced. A third option would be to use
another absorbing aerosol with defined optical properties that is widely available for different
groups of researchers to use. In this section it is proposed that particles of nigrosine dye or a
mixture of nigrosine with ammonium sulfate (AS) can be used as aerosol standards to
calibrate the PAS. In Figures 2.11 and 2.12 it was validated that an accurate PAS cell
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Table 2.2 Measured extinction and absorption optical cross-sections and Q values for absorbing polystyrene latex spheres.

Comparisons with the study by Lack et al. (2006)[87] are also presented

Measured optical cross-sections % %
Measured o(Mm*/cm®) Difference Measured Difference Singles
Diameter extinction / extinction / Qext / Qext / scattering %
(nm) absorption absorption Qubs Qabs albedo Difference
()
This Lack et This study Lack et al. Thisstudy  Lacketal. This  Lack
study al. study etal.
150 159 0.01656(+0.001) 0.01743(+0.0003) 51 0.94(x0.06)  0.88(+0.02) 6.6 075 0.78 35
0.00433(+0.0003) 0.00377 (+0.00004) 13.8 0.24(x0.01) 0.19(x0.002) 23.3
325 315 0.190(+0.004) 0.227(+0.002) 17.7 2.29(x0.05) 2.91(x0.03) 23.8 0.87 0.89 1.6
0.0248(+0.0005) 0.0250 (+£0.0005) 0.8 0.30(£0.01) 0.32(x0.01) 6.5
610 623 1.143(+0.025) 1.206 (+0.006) 5.4 3.91(+0.08)  3.96(+0.02) 1.3 0.85 0.86 0.34
0.171(+0.001) 0.174 (£0.002) 1.7 0.58(x0.01) 0.57(+0.01) 1.7
805 811 1.71(+0.08) 1.77 (£0.01) 3.4 3.36(£0.16)  3.43(x0.02) 2.1 0.77 0.78 0.91
0.406(+0.002) 0.39 (+0.01) 4.0 0.78(x0.01) 0.76(+0.02) 2.6
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constant can be obtained by measuring the absorption coefficient of ozone with the CRD and
correlating it with the microphone response. But it was also illustrated that if the complex
refractive index of a spherical absorbing substance is known, the Qaps curve can be derived
and hence the absorption cross-sections for all the sizes, which then can be used to acquire
the PAS cell constant. To do this, an algorithm was developed to check how well a cell
constant derived using aerosols will agree with the cell constant derived with the O3-CRD
method. A schematic of the logic of the algorithm is shown in Figure 2.13. It is a simple
method where the response of the microphone (i.e. the photoacoustic signal S), at several
sizes and different concentrations, is multiplied by a constant (C, i.e. the cell constant) to
convert it to absorption coefficient values (equation 2.19). The oaps Values are used to
calculate the cross-sections and, consequently, the Qaps values for every size measured. Then
the square deviation (y°) between these values and the Qs Values obtained using Mie theory
from the derived complex Rl is calculated. The process is then repeated for a different C, by
minimizing x* the PAS cell constant is attained. This algorithm was applied to the data shown
in Figures 2.11 and 2.12. The results are shown in Table 2.3. The average percent difference
for the four retrieved cell constants is less than 4%. These results suggest that if the complex
refractive index of a highly or lightly absorbing substance is known, the PAS can be
independently calibrated without the use of a CRD, or an absorbing gas. It can also be used as
a complementary method.

Measured PAS
response at different
diameters and
concentrations
PA(D;, N;)

l Change C

Multiply PA(D;, N; ;)
by cell constant C
PA(D;, N;;) - C= a,ps(D;, N;)

i

Calculate Q_,
aabs(DiI Ni,j) = o-abs(Di) % Qabs

Retrieved C
N

y
Calculate x2

N \ 2
XZ(C‘)=Z(Qabs,C _”Q n.k.) > Min|mumx2

i=1

Figure 2.15 Schematic of the PAS cell constant retrieval's logic.
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Table 2.3 Comparison between the cells constant derived with O;-CRD calibration and the aerosol
retrieval algorithm.

Complex Rlused  Derived cell O3-CRD cell %

Aerosol (m) constant C constant difference
Nigrosine m = 1.626+i0.243 32.31 33.83 4.6
1:1 Nig:AS m = 1.595+i0.154 31.81 33.83 6.2
m = 1.580+i0.122 34.63 33.83 2.3
1:10 Nig:AS m = 1.540+i0.030 32.93 33.83 2.7

2.9 Conclusions

A photoacoustic sensor (PAS) was fully characterized for measuring absorption by
aerosols. It has an average sensitivity of 1.15Mm™, and 0.18Mm™ for a 1 second and 30
second integration time, respectively. The instrument was initially calibrated using ozone and
a cavity ring down spectrometer (CRD). This calibration method was independently validated
by measuring different sizes of nigrosine dye, calculating their optical absorption cross-
section, and comparing them to the predicted cross-sections using Mie theory.

Furthermore, the photoacoustic sensor was used to characterize absorbing polystyrene
latex spheres (APSL). The measured optical absorption cross-sections were compared to the
results from Lack et al. (2006)"®” for the same batch of APSLs, and very good agreement was
found between both measurements. This suggests APSLs can be a potential calibration
standard for aerosol absorption instruments.

Finally, a simple algorithm was developed to calculate the PAS cell constant using a
mixture of nigrosine and ammonium sulfate solutions. It was shown that if the complex
refractive index of a highly or lightly absorbing substance is known, the PAS can be
independently calibrated without the use of a CRD, or an absorbing gas.

The O3-CRD calibration was used for the measurements presented in Chapter 5.
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3 Effective Broadband Refractive Index Retrieval by a White
Light Optical Particle Counter

3.1 DMotivation

The atmospheric aerosol is a critical component of the climate system. It scatters and
absorbs solar and terrestrial radiation thus having direct cooling and warming effects on
Earth’s radiation budget.®®'%! The ability of aerosols to interact with radiation is determined
by their optical properties, one of the main parameters in this respect are the scattering (real)
and absorption (imaginary) components of the complex refractive index (RI). Aerosols with
an organic component, originating from biogenic and anthropogenic emissions, %% 1% as
well as mixed aerosol that contain absorbing species and inclusions, can heat the atmosphere
and affect atmospheric circulation and cloud properties.'®" 1°51% Despite the vast literature
and experience, refractive indices of atmospheric aerosol are not well-determined, leaving a
gap in the optical properties of aerosols, and consequently, leading to major uncertainties in
assessing their current and future climatic impacts. Therefore, it is necessary to perform
detailed laboratory experiments on the real and imaginary parts of the refractive index of
aerosols.

Aerosols’ optical properties have been extensively studied in the past. For example,
integrating nephelometers are widely used to calculate the scattering component of the
extinction coefficient of aerosols, 2% % \while photoacoustic spectroscopy is used to
calculate the absorbing component.™24 Recently, cavity ring down spectroscopy (CRD)
using laser light, has been implemented to determine the real and imaginary part of the RI for
a variety of aerosol species at specific wavelengths.[> " ™ %1 QOptical particle counters
(OPC) have also been used to determine size distributions as well as optical properties of
aerosols. To determine size distributions by means of OPCs, it is necessary to include a-
priori values for the aerosol’s refractive index. The value commonly adopted is that of
polystyrene latex spheres (PSL), which is used for calibration. As a result, when the RI of the
ambient aerosol is different from that of PSL, the derived size distributions may be incorrect.
Methods to correct the size distribution of single wavelength OPCs and thereby to retrieve a
RI have been pursued 8 495354 116. 1171 ‘gpecifically, Stolzeburg el al.(1998)* derived the
RI of ambient aerosol by using a specially designed high flow differential mobility analyzer
(DMA)-OPC system. The DMA produces monodisperse aerosol population of known
mobility diameter which was measured by the OPC, generating a time-dependant calibration,
which was used to infer the real part of the RI. Hand et al.(2002)*°! overlapped size
distributions from an aerodynamic particle sizer with those of an OPC to retrieve the real part
of the complex RI of scattering aerosol. All these methods applied laser-based OPCs, hence
the inferred refractive indices were at specific wavelengths. Additionally, multiangle
scattering techniques together with Mie theory were developed to derive refractive indices of
atmospheric aerosols.*? Even with all these efforts to determine the optical properties of
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aerosols at specific discrete wavelengths there is still a lack in optical properties determined
with white light. Different evaluation procedures and calibration methods have been
developed for white light OPCs.[*® 45 %0 118 119 Binnig et al.(2007)*Y utilized OPC
calibration to provide PM2.5 mass of various aerosols. However, to the best of our
knowledge, no attempt has been made to derive refractive indices of aerosols using a white
light source.

The first attempt to use a white light spectrometer to retrieve effective broadband
refractive indices (Mproagerr) fOr a variety of scattering and absorbing aerosol particles is
described in this study. The term effective is used as it was assumed the particle’s chemical
composition and morphology to be independent of particle size. The term broadband
indicates an average over the wavelengths in the visible range. For this purpose, a retrieval
method was developed which can also be easily applied as a calibration approach to improve
the performance of OPCs both in the laboratory and in field settings. Furthermore, by using a
white light source, the actinic light which the atmospheric aerosol interacts with, was
mimicked (with the caveat of the differences between the solar spectrum and the white light
source, see Figure 2.2). Therefore, crucial information concerning aerosols radiative
properties can be obtained by using this method. For attaining information concerning
aerosols’ radiative properties a wide range of substances with different optical properties,
including pure scatterers, lightly and highly absorbing particles, were examined.

To that end, two aerosol sizing techniques, each of which is based on a different
physical principle were used. Using a differential mobility analyzer (DMA), a mobility
diameter of aerosol particles was chosen and then the optical size obtained by the white light
aerosol OPC (WELAS) was matched to it. This comparison allows the simultaneous
measurement of optical scattering cross section and the mobility diameters, allowing the
retrieval of the complex refractive index of the particles using Mie theory. To verify the
retrieval method ammonium sulfate (AS, (NH,4).SO,) and glutaric acid (GA), substances of
well known refractive indices were measured. Subsequently, the refractive index for sodium
chloride (NaCl), nigrosine, and Suwannee river fulvic acid (SRFA) were retrieved. Finally,
various mixtures of nigrosine with pure scatterers (AS and GA) to measure different
imaginary components of the complex RI were examined.

3.2 Methodology

The particle generation and size selection were done with the experimental setup
described in Appendix I. The size-selected aerosol flow was diluted and sampled through a
specially built manifold to ensure isokinetic sampling.™?® The inlet to the manifold was split
into five to maximize the mixing of the particles in the manifold.

Particle sizes were selected from 300 nm to 800 nm, and measured in 50 nm steps. To
ensure that coincidence effects did not affect the sizing of the particles, the particle
concentrations used for the measurements were <400 p/cm®. Moreover, each size was
measured 8 to 10 times. To validate the size of the particles exiting the DMA, an
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aerodynamic particle sizer (APS; TSI Model 3321) and a scanning mobility particle sizer
(SMPS; TSI) were used. A condensation particle counter (CPC; TSI Model 3007) was used
as the standard to calculate the counting efficiency of the WELAS. The counting efficiency is
defined here as the ratio of the concentration measured by the WELAS divided by the
concentration measured by the CPC for the same time period, particle size, and substance.

3.3 Substances

Six different substances were used for this experiment:

e Polysterene latex spheres (PSL), a standard used for instrument calibrations.
e  Ammonium sulfate ((NH4)2(SO4)), an inorganic substance commonly found in
atmospheric aerosol.
e Sodium chloride (NaCl), an inorganic salt abundant in sea spray aerosol.
e Glutaric acid (GA), an organic acid.
e Suwannee river fulvic acid (SRFA), a model compound for atmospheric Humic like
substances (HULIS).
e Nigrosine, an organic black dye used as a model for highly absorbing substances.
Detailed characteristics of the substances are given in Table 3.1. In addition, mixtures
of ammonium sulfate and nigrosine (AS:N) in ratios of 1:1, 2:1 and 10:1, and glutaric acid
and nigrosine (GA:N) with a 2:1 ratio to study aerosols with varying imaginary parts of the
RI were investigated. Their refractive indices were calculated according to various optical
mixing rules (see below) and compared with those retrieved from the WELAS
measurements.

3.4 Optical mixing rules

Mixing rules are commonly used in climate models for calculating the refractive
indices of internally mixed substances 2. Three different mixing rules for estimation of the
refractive indices of the mixtures were used: (1) Molar refraction and absorption; 12111 (2) a
volume-weighted linear average of the refractive indices, i.e., the “linear” mixing rule (see,
e.g., d’Almeida et al. (1991), their Eq. 6.3);? and (3) the Maxwell-Garnett rule. % 21 A
more detailed description on the various mixing rules is provided by Riziq et al. (2007).['""
The following RI values were used in the calculations: AS m=1.52+i0.0" and
m=1.53+i0.0;'"” GA m=1.41+i0.0;! and nigrosine m=1.65+i0.24°? and m=1.70+i0.31.1**
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Table 3.1 Chemical, physical, and optical parameters for PSL, nigrosine, glutaric acid, sodium
chloride, ammonium sulfate, and Suwannee river fulvic acid.

Substance Chemical  Sphericity  Refractive index at Radiative
properties 2=532nm property
Polystyrene Latex Organic Spherical m=1.59 +i0.0 Non-absorbing
Spheres
Ammonium Sulfate Inorganic Spherical m=1.52+i0.0 1" Non-absorbing
(NH,),SO, m=1.53+i0.0 %
Sodium Chloride Inorganic Non- m=1.54+i0.0 '™ Non-absorbing
(NaCl) spherical
Glutaric Acid Organic Spherical m=1.41+i0.0 ' Non-absorbing
(GA)
Suwannee River Fulvic ~ Organic Spherical  m=1.52 +i0.02 ™I Lightly-absorbing
Acid (SRFA) m=1.65 + i0.02 4
Nigrosine — m= 1.70 +i0.31 4 Absorbing
water soluble black dye ~ Organic Spherical m=1.65+i0.24 *4

3.5 EBRI retrieval method

A simple method that corrects the optical diameter obtained by a white light OPC to
match the mobility diameter chosen in the DMA, and by doing so, obtaining the effective
broadband refractive index of the aerosol in the visible range, is demonstrated. This approach
resembles experiments that employed tandem DMA-OPC laser-based OPCs setups. 1* 128 129
A schematic presentation of the retrieval logic is shown in Figure 3.1.

The average scattering cross section (Gscaavg) 1S Calculated using a Mie code. [126] The
scattering cross section (sca) IS @ function of the particle diameter (Dy), the wavelength (1),
the scattering angle (0), the complex RI (m) and the polarization angle (¢) (however, for
unpolarized light, the scattering function is independent of the polarization angle). For every
wavelength of the white light source (410 wavelengths, from 370 to 780 nm), Gsq IS
determined by calculating the phase function (¢) and accounting for the geometry of the
sensor by calculating the solid angles (Q2) of the scattered light from a particle:

101

Gsca(Dy,8,4,m) = Z $(Dy, 6,2, m)Q(6) 3.1)
6=79
Finally, the average scattering cross section is obtained by averaging over the spectrum of the

white light source, normalized to the highest intensity in the spectrum:
780

asca,avg(Dp, H,A,m)= Z (IS()l)asca(Dp,H,l,m)) (3.2)

A=370

where Is(A) = I / Imax, and 1, is the intensity of a specific wavelength of the white light
spectrum, and Iyax IS the maximum intensity in the spectrum.
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Figure 3.1. Schematics of the index of refraction retrieval method.

By calculating oss for m = 1.59 + i0.0 (the RI of PSL) and equating it to the
corresponding channel number assigned in the calibration curve provided by PALAS (PSL-
based and experimentally created), a specific value of the o IS assigned to a corresponding
channel. The resolution of the calibration curves (number of channels per every 100 nm) was
also based on the calibration curve supplied by the company. A look-up table of calibration
curves was created from a real component of 1.3 to 1.7 in 0.01 steps, and imaginary part from
10.05 t0 i0.3 in 0.01 steps. Some examples of calibration curves are shown in Figure 3.2.

The retrieval algorithm uses the generated calibration to match measured optical
median diameters with the median mobility diameter for each of the substances measured.
This is done by determining a median optical diameter for each calibration curve and
calculating the mean square deviation (Xz) of the obtained median optical diameter and the
mobility diameters chosen. By identifying the best calibration curve, which minimizes the
mean square deviation, the effective broadband index of refraction is retrieved.
Measurements within 5% of the minimum y° are also taken as valid, assuming the errors of
the measurement to be normally distributed; the values of ¥* for different measurements
follow a y2-distribution for the two degrees of freedom n and k. The RI was derived from the
WELAS measurements using an aerosol size range from 400-800nm. The lower part of this
range was chosen by measuring the counting efficiency of the WELAS and observing that for
most substances the WELAS undercounts below 400nm. This was also observed by Heim et
al.®” Undercounting of particles causes biases in the derived size distribution towards larger
sizes and must be empirically corrected in any quantitative measurements of size distributions
by WELAS. Therefore, to avoid over-sizing biases caused by the undercounting below
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400nm, the diameters smaller than 400nm for the refractive index derivations were excluded.
A software was written in the graphing interface IGOR Pro 6 (WaveMetrics, Inc.) to perform
the derivations of the refractive indices.

3.6 Calibration curves analysis

Accurate Mproaq eff retrievals critically depend on the calibration curves created theoretically.
Figure 3.2 shows four sets of calibration curves created by the algorithm: each set of curves
spans from a real component of the complex RI of 1.4 to 1.6 and has a fixed imaginary
component (k): k=0 (blue-dashed curves), k=0.08 (red-line-dot curves), k=0.2 (green-dash-
dot curves), and k=0.3 (black-line curves). The k=0 curves have the same slope and
equivalent resolution (they span over 90 channels) as the PSL curve, allowing clear
differentiation between each of the calibration curves; i.e., clear differentiation between each
RI. Therefore, an accurate retrieval for purely scattering substances is expected. Moreover,
the slope of the curves with k=0 is significantly different from the curves with an imaginary
component of k >0.05; consequently, there is no confusion between the retrieved RI of the
k=0 set and the complex Mproaq erf With k > 0.05.

When the imaginary part is greater than i0.05, the slope of the calibration curves
drastically decreases, but there is still a clear differentiation among the different curves.
However, as the imaginary component increases, the resolution decreases; for example, the
calibration curves with k=0.08 (red- line-dot curves) only span through 50 channels
(compared to 90 for k=0), and those with k=0.3 (black-line curves) only span about 20. This
means that, with increasingly larger values of the imaginary component, it is less likely to
derive an accurate complex refractive index. Moreover, for sizes smaller than 400nm, the
calibration curves with an imaginary component tend to mesh together. There is no clear
separation among them, and the resolution is limited (only about 5 channels). As a result, an
accurate retrieval of the complex RI using sizes smaller than 400nm is practically impossible.
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3.7 Results & Discussion

The corrected diameters compared to the optical diameters measured by the WELAS,
and the corresponding retrieved refractive indices for all substances are shown in Figure 3.3.
The measured diameters are corrected by the retrieval method, aligning the measured optical
diameters with the mobility diameters. All Mpagerr retrieved in this study are shown in
Table 3.2. The Myoaqert OF the single-component aerosols were compared to the literature

values, while the Myoaq err derived for the mixtures were compared to those calculated by the
various mixing rules. The percent difference between the retrieved values and the given RI
was calculated.

For the pure scatterers (Figure 3.3a) the retrieved Mpyroagere fOr AS is m=1.52+i0.0,
which is the value reported by Riziq et al.(2007)"Y and within 0.6% of m=1.53+i0.0, found
by Pettersson et al.(2004)."% For GA, a Mycagerr =1.45+i0.0 was retrieved, which is within

2.8% of m=1.41+i0.0 found by Riziq et al.(2007),["" and for NaCl, a Mproaq,err=1.49+i0.0 was
derived, which is within 3.5% of m=1.54+i0.0 found by Riziq et al. (2007).1"Y For AS, GA,
and NaCl, the complex RI is considered to be constant throughout the visible wavelength
range and considered equivalent to that found in the literature for A=532nm.

Figure 3.3b shows the retrieved Mproaqerr fOr lightly absorbing substances: SRFA, and

the mixture of AS:N with a 10:1 ratio. For the mixture we derived Mpoag et =1.59+10.08. The
calculated values using the mixing rules are between 1.54 and 1.56 for the real part, and
i0.02-i0.04 for the imaginary part. There is a slight overestimation of the real part of the
Mroad eff 8S Well as the imaginary part. The percent difference for the imaginary part reaches
almost 100% which is within the measurement error observed in the CRD method results for
low or even zero values of the imaginary component of various substances, see for example
Lang-Yona et al. ®%1. On the other hand, the value obtained for SRFA by the retrieval
method iS Mpyroad eff =1.53+10.0. The complex RI of this specific extract at A=532nm using a
continuous wave cavity ring down method is m=1.52(£0.03)+i0.018 (+0.008).1**® The real
part is in excellent agreement with our result (0.7% difference). To verify the derivation for
the imaginary part, the imaginary component (k) was calculated. For this purpose, the
absorption spectrum of this SRFA extract was measured with a UV-VIS spectrometer. The
values obtained from the spectrum of the sample were normalized by the white light spectrum
of the WELAS. Then, the absorption coefficient, o (cm™), was calculated for each
wavelength using the Beer-Lambert law:

(1—). — email (3.3)
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Figure 3.3 Optical median diameter vs. mobility diameter for (a) non-absorbing substances:
ammonium sulfate, glutaric acid, and sodium chloride; (b) Lightly absorbing substances: Suwannee
river fulvic acid and the mixture of AS:Nigrosine with a 10:1 ratio; and (c) Highly absorbing
substances: Nigrosine and the mixtures of AS:Nigrosine with 1:1 ratio, and GA:Nigrosine with 2:1
ratio. The medians measured by the WELAS are shown by the empty markers. The full makers
indicate the corrected medians. The retrieved refractive indices for each substance are shown in
the legends. Every data point represents the average over 8-10 repetitions. The dash lines show
the 1 to 1 line between the optical median diameter and the mobility diameter.
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where 1/ly is the relative intensity obtained from the normalized UV-VIS spectrum, and L is
the path length of the spectrometer’s cuvette. The imaginary part was separately calculated
for each wavelength and averaged over the spectrum: 7!

Xl
4N

(3.4)

where A is the wavelength, and N is the total number of wavelengths. This calculation
provides a value of k=0.00003. This value can be considered negligible. Thus, the imaginary
part was also retrieved correctly as i0.0. The fact that SRFA is identified by the WELAS as a
non-absorbing substance, although it is not a pure scatterer throughout the entire UV-VIS
range, can be explained by the shape of the instrument’s light spectrum which indicates that
it is not sensitive below 380nm. Hence, a substance such as SRFA, which mostly absorbs
between 200nm and 400nm, will not be detected by the WELAS as an absorber.

Figure 3.3c shows the retrieved refractive indices for 3 of the 4 highly absorbing
substances. For nigrosine, Myaderr =1.64+i0.20 was retrieved. This result is in excellent
agreement with Dinar et al.(2008)*? and Lack et al.(2006)** who retrieved m=1.65+i0.24
and m=1.7+i0.31, respectively, using CRD spectroscopy at A=532nm. For the mixtures of
GA:N and AS:N 2:1 ratio, Mproagerr =1.59+10.13 and Myroad er =1.61+i0.28 were retrieved,
respectively. The value of the real part of the Rl of GA:N was calculated, using mixing rules,
to be between 1.50 and 1.53, and for the imaginary part between i0.09 and i0.13. As for the
AS:N mixtures, values between 1.58 and 1.62 for the real component and values between
10.09 and i0.15 for the imaginary component were calculated. While the real part of the RI of
the AS:N mixture is successfully retrieved by our method, the imaginary part is
overestimated. In case of the GA:N, however, it is the real part which is overestimated
(though only by up to 6%) and the imaginary part is in very close agreement to the values
calculated with the mixing rules. As for the mixture of AS:N 1:1 ratio, Mpoader =1.59+i0.14
was retrieved. The real component calculated by the mixing rules was between 1.6 and 1.65
and the imaginary between 10.14 and i0.19. As in the case of the purely scattering substances,
we expect nigrosine and its mixtures to have a nearly-constant RI throughout the white light
range, allowing us to compare the WELAS results to results from laser measurements at
A=532nm.

The method described herein can be used as a complementary method to those using a
single wavelength, such as CRD spectroscopy, to determine the RI of aerosol particles. While
CRD spectroscopy has the advantage of being spectrally resolved, which makes it sensitive to
colored aerosol particles, it has the disadvantage of needing several wavelengths to cover the
whole spectrum relevant to the atmosphere, and is not as easy to handle as the tandem DMA-
white light OPC. On the other hand, deriving the RI with a white light spectrometer has the
advantage of averaging over the spectrum relevant to the atmosphere and being easy to
operate. However, it cannot resolve external mixtures and it is not sensitive to absorbers with
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Table 3.2 Refractive indices taken from the literature and calculated by three different mixing rules compared to the Myoaqefs
measurements. The percent difference is calculated for the retrieved values vs. the reference values. The my,q.q4.e1t Was also retrieved using the solar spectrum instead

of the white light source from the WELAS, these values are shown for comparison.

Reference values of the refractive

WELAS retrieved

WELAS retrieved

Substance Mixing rule index for A=532nm Mproad,eff % Difference  Myoaq eft
(literature and calculations) ()(2 from 400-800 nm) (solar spectrum)
1.52(+0.01) +i0.00(0.01) [71] 0+i0
» | Ammonium Sulfate 1.53(+0.0) +i0.0(+0.0) [70] 1.52(+0.01) +i0.0 0.7+i0 1.51(0.01) +i0.0
g Sodium Chloride 1.54(0.01) +i0.0(+0.003) [71] 1.49(+0.02) +i0.0 3.3+i0 1.50(+0.01) +i0.0
®
A [ Glutaric Add 1.41(0.0) +i0.0(+0.0) [71] 1.45(+0.01) +i0.0 2.8+i0 1.45(+0.01) +i0.0
Suwannee River 1.52(+0.03) +i0.00(+0.01)*[115] 0.7+i0
- Fulvic Acid 1.65(+0.01) +i0.02(0.005) [62] 1.53(+0.01) +i0.0 7.6+i200 1.55(+0.02) +i0.0
%o 1 Ammonium Molar refraction/absorption 1.56 (+0.01) +i0.05 (+0.01) 19+i46
= | Sulfate/Nigrosine Linear 1.54 (£0.01) +i0.03 1.59(+0.01) +i0.08(x0.01) 3.2+i90  1.57(+0.01) +i0.06(+0.01)
10:1 ratio Maxwell-Garnett 1.55 (+0.01) +i0.05 (+0.01) 2.6+i46
Ammonium Molar refraction/absorption 1.65 (£ 0.02) +i0.19 (£ 0.03) 3.7+i30
Sulfate/Nigrosine Linear 1.60 (+ 0.02) +i0.14 (+0.02) 1.59(+0.03) +i0.14(+0.01) 0.6+i0 1.62(+0.02) +i0.12(+0.01)
1:1 ratio Maxwell-Garnett 1.63 (+0.02) +i0.17 (£0.02) 2.5+i19
o Ammonium Molar refraction/absorption 1.62 (+0.02) +i0.15 (+0.02) 0.6 +i60
'-g Sulfate/Nigrosine Linear 1.58 (+0.01) +i0.09 (+0.01) 1.61(+0.08) +i0.28(+0.18) 1.9+i103 1.58(+0.04) +i0.09(+0.01)
3 2:1 ratio Maxwell-Garnett 1.61 (£0.02) +i0.14 (£0.02) 0+i67
E> Glutaric Molar refraction/absorption 1.53 (+0.02) +i0.13 (+0.02) 3.8+i0
';-:° acid/Nigrosine Linear 1.50 (£0.01) +i0.09 (+0.02) 1.59(+0.02) +i0.13(x0.01) 5.8+i36  1.59(+0.02) +i0.11(+0.01)
2:1ratio Maxwell-Garnett 1.53 (£0.02) +i0.12 (£0.02) 3.8+i8
1.65(+0.01) +i0.24(0.01) [62] 0.6+i18
Nigrosine 1.70(0.0) +i0.31(+0.0)[114] 1.64(£0.04) +i0.20(+0.03) 3-6+i43 1 7(+0.03)+i0.20(x0.01)

* - Value is taken from a measurement with laser light at A=532nm and corrected for the white light spectrum of the WELAS.
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spectral dependence, such as dust or humic like substances. Finally, this method for the
WELAS, specifically, is limited to particles larger than 400 nm.

3.8 Field applications

The method described above was adapted for characterization of the Mproag eff
evolution of submicron aerosols from a large anthropogenic biomass burning (BB) event in
Israel. Hand and Kreidenweis (2002)1*? showed that by aligning the size distribution of an
optical particle counter to that of the SMPS (in their overlap region) a refractive index can be
derived. The same principle is applied here, only that the generated calibration curves also
cover the imaginary plane, allowing the retrieval of a complex RI. As a caveat it should be
emphasized that the method is applied for the first time for non-spherical particles, which
were mostly present during the intensive fires. The WELAS size distributions were cut for
particles above 1 um diameter to match the calibration curves, and because the population of
particles greater than 1 um can vary significantly in composition and morphology from the
accumulation mode population.

The measurements took place between the 11 and 12 May 2009 in an urban area on
the roof of a 4-story building located at the Weizmann Institute of Science in Rehovot, Israel
(31° 53’ N, 34° 48’ E). The chemical properties of the non refractory submicron diameter
aerosols were sampled using a Time of Flight Aerosol Mass Spectrometer (TOF-AMS,
Aerodyne). The size distributions and particle number concentrations for aerosol particles
with a diameter below 700nm were measured using a Scanning Mobility Particle Sizer
(SMPS, TSI model 3080). A Condensation Particle Counter (CPC, TSI 3022) was used for
counting particles with diameters larger than 3 nm. The three instruments were located on the
third floor; a sampling line of 3/8”” conductive tubing from the roof to the instruments was
used for sampling. The flow was split and sampled by the SMPS and by the AMS and CPC.
The TOF-AMS sampled at a constant flow of 80 cm® min™, while the SMPS and the CPC
have constant flows of 300cm® min™* each. The SMPS performed a measurement every 5
min, the HR-TOF-AMS was set to measure 1 min averages, while the CPC sampled
continuously. The particle loss calculatort*®®! was used in order to estimate the particle losses
via the tubing. The lengths of the tubes as well as the angles of curvature were taken into
account. Figure 3.4 shows the calculated particle loss through the inlet as a function of
particle size. The maximum loss was found to be 6.5% for 700 nm particle. The SMPS size
distributions were corrected using the calculated losses. The WELAS was placed at the roof
providing optical size distributions every 2 min. In addition, ozone concentrations and
meteorological data from a monitoring air quality station located approximately 800m from
the campaign site was used. The full study is published in ACP™! and the reader is referred
to this publication for a full description of the measurements. Only a description of the

retrieval method, the retrieved Myroaq e aNd @ comparison to the values found in the literature
will be given here.
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Figure 3.4.Calculated particle loss as a function of particle diameter for the inlet used for the SMPS
measurements.

A retrieval algorithm was developed to correct the size distributions of the WELAS
and match them to those of the SMPS in their overlap region; a schematic of the algorithm’s
logic is shown in Figure 3.5. In general, the retrieval algorithm relies on aligning mobility
size distribution (obtained by SMPS, assuming spherical particles) with the WELAS-derived
optical size distribution (assuming a refractive index of PSL). The Myeaqefr IS the refractive
index that minimizes the difference between the size distribution measured by the SMPS and
the WELAS, in other words; the Myagerr IS the refractive index required to produce the
correct calibration curve for the WELAS, so that it would size the particles correctly with
respect to the SMPS.

Since the Myraderf Was developed for homogeneous spherical particles (see above or
Flores et al. (2009)®%), large errors are expect when the aerosol population is not dominated
by one species. Figure 3.6 depicts the real and imaginary parts of the complex Mpyyoagefr @S @
function of time. In addition, the organic mass signal is presented as a reference to the
timeline of the event and the following day. Due to instrumental problems, a significant
portion of the burning peak itself was not measured by the WELAS. Nevertheless, the
beginning (open fires) and the end (smoldering) of the burning event (periods 1 and 2,
respectively) can be analyzed in comparison to the day following the burning (period 3).
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Figure 3.5 Schematic of the algorithm’s logic for deriving the effective broadband refractive index
(EBRI) using the generated calibration curves to match the measured size distribution by the
WELAS to that of an SMPS.

At the first period in Figure 3.6 (period 1), which is dominated by flaming, the
Miroad eff 1S ighly variable. It varies from a minimum value of 1.47 to a maximum of 1.59 for
the real part of the RI, and from a minimum value of 0.03 to a maximum value of 0.11 for the
imaginary part. This variability can be attributed to a mixed aerosol population, one from the
open fires and the other from the ambient pollution aerosols. Yamasoe et al. (1998)™? based
on sun photometer retrievals, reported a real part of the refractive index ranging between 1.5
and 1.6 for wavelengths of 438, 670, 870, and 1020nm occurring mainly in flaming
conditions. During the extensive smoldering smoke event (period 2), the Mpyoagerr 1S Stable
with an average of m=1.54(+0.01)+i0.04(x0.01). Wandinger et al. (2002)™ reported
complex refractive indices ranging from 1.56 to 1.66 for the real part and 0.05 to 0.07 for the
imaginary part at wavelengths between 320 and 1064 nm, for measurements upwind of forest
fires in Northern Canada (at low RH conditions). The aerosols in our case were measured
without drying. The relative humidity at the site of the campaign during the burning event
reached a maximum value of 85%. Nonetheless, Hand et al. (2010)™* observed no
significant changes in the scattering coefficient of fresh smoke at RH lower than 80%. Our
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Figure 3.6 Time series of the Real and imaginary components of the effective broadband refractive index. The total organic mass is plotted to serve as a
reference point. The burning event began at around 18:00 h local time. Period 1 is mostly open fires, Period 2 is the smoldering phase, and Period 3 is
during the peak of photochemical processing on the following day.
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results are slightly lower (for both the real and imaginary part) than those reported by
Wandinger et al. (2002)* suggesting some water uptake by the BB aerosol, but the
difference can also be attributed to a different mixture of the fuel, and to the occurrence of
other ambient aerosols. On the other hand, the retrieved Mpoagetr IS higher than the average
RI for biomass burning aerosol in high relative humidity conditions, as measured in the
Amazon, with an average Rl of m=1.41+i0.013 at 545nm."***! The day following the fires, in
which the RH decreases to 50-60%, there’s a clear downward trend in the imaginary part of
the Mproaq err. AlSO, the real part of the Myraq e IS lower than the values measured during the
burning event, but with more variations. The change in the real part can result from the
presence of a mixed population of aerosols, traces of water on the particles due to more
hydrophilic aerosols or aging. Previous studies in Southern Africa have shown that the single
scattering albedo increases with the aging process of the aerosol, which includes changes in
the aerosol chemical composition and shape.[**® **) The aged biomass burning aerosols are
less absorbing than the freshly emitted aerosols. In this study, during noon the day after the
burning event (part 3), the average Myraderr retrieved is m=1.49(+0.01)+i0.02(x0.01).
Johnson et al. (2008)**8 derived a complex refractive index for aged biomass burning
aerosol of m=1.54+i0.045, and Haywood et al. (2003)™* reported a value of m=1.54+i0.018
at 550 nm. The values obtained in this study for the real part of the RI are slightly lower and
the imaginary part falls between the values presented in the two studies. However, Johnson et
al. (2008)1**®! results were influenced by the presence of dust, and Haywood et al. (2003)1**¢]

performed most of their measurements over the Atlantic Ocean. Moreover, the Mpoadeff CanN
be also influenced by traffic aerosols, as our measurements took place in an urban area.

3.9 Conclusions

A simple approach to retrieve the effective broadband refractive index in the visible
range by matching the optical diameters measured by a white light OPC with the mobility
diameters of a DMA was developed. This is the first time, to my knowledge, that such a
method was applied to obtain RIs of lightly absorbing (SRFA and the AS:nigrosine 10:1
mixture) and highly absorbing substances (nigrosine and its various mixtures with AS and
GA).

Generally, the real part of the Myoaqetr fOr all substances in this study was retrieved
successfully with a difference less than 8% from literature values. For absorbing substances,
with the exception of AS:N 2:1 ratio, the obtained imaginary part is in good agreement with
the expected values, and well within the measurement of other instruments, such as
continuous wave and pulsed CRD spectroscopy.

With this new approach, the OPC can be used (with the caveat of the counting
efficiency) to measure and analyze data and retrieve the complex Myyoaq eff fOr substances with
a wide range of optical properties; from pure scatterers, for which the retrieval method is
most accurate, up to highly absorbing ones, such as nigrosine. | expect that for substances
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with greater imaginary parts than nigrosine, such as soot, the RI retrieval will be less
accurate. Using this approach, it is easy to obtain accurate calibration curves for data analysis
and correct the measured sizes of white light OPCs to agree with the mobility diameters, i.e.
applying the retrieved calibration curve provides a corrected size distribution. This approach
can substantially improve aerosol size distributions measured by OPCs in field
measurements.

Finally, the calibration curves generated by this method were used to modify
measured optical size distributions and align them with those of an SMPS to measure
biomass burning aerosols, and by doing so, the effective broadband refractive index was

derived. The average Myoaqerr fOr a mixed population of aerosols dominated by open fires
Was Mpyroad ef=1.53(£0.03)+0.07i(x0.03), during the smoldering phase of the fires the
effective broadband refractive index was found to be Myyeaqgerr=1.54(£0.01)+0.04i(£0.01),
compared t0 Mprgader=1.49(x£0.01)+0.02i(£0.01) of the aged aerosols measured the day
following the burning event. As a caveat it should be emphasized that the method was applied

for non-spherical particles, especially since the RH was below 80% during most of the
measurements.
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4 Interaction of absorbing aerosols with high relative humidity, is
the volume weighted mixing rule valid?

4.1 Introduction

There is a complex interaction between clouds, aerosols and radiation which is still
not well understood.[! Koren et al.(2007)" showed there is a belt of forming and
evaporating cloud fragments and hydrated aerosols extending kilometers away from the
clouds into cloud-free areas. This phenomenon has been termed the “twilight zone”. In the
twilight zone, high relative humidity (RH) is predominant, creating an environment where
aerosols can take up water and eventually deliquesce; once the aerosols deliquesce they
become larger and more optically active. Moreover, modeling of downwelling solar
irradiance at the surface relies on parameterizations of aerosol optical properties, mostly the
single scattering albedo () and the asymmetry parameter (g), and this is a major source of
uncertainty.'*¥ Furthering our understanding of the optical properties of the hydrated
aerosols can enable us to better model areas such as the twilight zone (as well as cloud-free
areas with high RH), decrease uncertainties and better predict future climate.

Some laboratory studies have been devoted to understand the optical properties of
purely scattering aerosols (mostly because of their “cooling effect””) when exposed to high
relative humidity. Garland et al.(2007)™*°! parameterized the relative humidity dependence of
light extinction at 532 nm for inorganic ammonium sulfate aerosols; while Baynard et
al.(2006)™* focused on mixtures of NaCl and ammonium sulfate with a few dicarboxylic
acids. Recently, Hasenkopf et al. (2011)[**? compared the optical growth at 532 nm of
slightly absorbing organic particles likely to have been present on early Earth and Titan.
Absorbing aerosols can heat the atmosphere and affect atmospheric circulation’®® and cloud
formation®®”; hence, it is crucial to better understand their optical properties and their RH
dependence. While several studies have been directed to investigate the properties of
absorbing aerosols such as organicst*®, dust!*® 4 and sootl®” 1% 107 141 oyr level of
understanding as the RH changes is still limited.

At different RH values, water uptake by atmospheric aerosols can occur; hence,
changing their size and composition. This in turn will change the complex refractive index of
the aerosols. To accurately predict the “new” complex RI different theoretical mixing rules
are often used.®” The most common rule being the volume weighted mixing rule. The
volume weighted mixing rule is often used in chemical transport models that estimate the
aerosol direct forcing, ™ 1 and in some laboratory studies. Riziq et al. (2007)""* measured
different organic mixtures to test the validity of this mixing rule for a solution (before
atomizing the particles). Garland et al. (2007)™ used the volume weighted mixing rule
(assuming complete mixing of the aerosols as they passed through a humidification stage) to
test the performance of their system in parameterizing the change in the extinction coefficient
for purely scattering substances (inorganic and organics) at an RH of 80%.
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To explore the validity of the mixing rules for water soluble absorbing aerosols, this
study addresses the change in refractive index of absorbing aerosols when exposed to 80%
and 90% relative humidities, at 355 nm and 532 nm wavelengths. This study attempts at
reaching closure between measured hygroscopic growth factors (GF; by tandem hygroscopic
DMA measurements), measured optical extinction (by CRD) and model calculations in order
to study the ability of the model to predict the optical properties of hydrated aerosols with
different degrees of absorption. Moreover, how the ratio of the extinction coefficient of the
humidified aerosols to the dry extinction coefficient changes as a function of size is
investigated. Furthermore, a core-shell structure model is also used to explore the differences
between the models, for substances with low growth factors, under these hydration
conditions. Finally, these laboratory measurements will be used as a basis to investigate how
the twilight zone of warm clouds would change if aerosols with different degrees of
absorption, from purely scattering to highly absorbing, are present.

4.2 Methodology

To study the RH dependence of aerosols’ optical extinction and absorption at 532 nm,
a cavity ring down (CRD), a photoacoustic sensor (PAS), and a scanning mobility particle
sizer (SMPS; TSI model 3081) were used. A schematic of the laboratory setup is shown in
Figure 4.1. The same setup was used for the 355nm measurements, except that the PAS was
bypassed.

Quasi-monodisperse particle distributions were generated using the particle generation
system described in Appendix I. The dry, size selected aerosols exiting the DMA of the
particle generation system were diluted and directed to a deliquescence stage consisting of a
saturated permeable membrane at a controlled temperature (labeled ‘Humidifier’ in Figure
4.1) before being sampled by the CRD-PAS-SMPS system. Aerosol losses were measured
with different sizes of polystyrene latex spheres (up to 800 nm) by placing a condensation
particle counter (CPC; TSI Model 3022) before the CRD, and comparing the particle number
concentration of this CPC with another CPC located at the end of the system; differences in
particle concentration of less than 2% were found. To avoid temperature fluctuations in the
system, insulation was placed around the tubing and the CRD, PAS, and SMPS (represented
by the shaded areas in Figure 4.1). The relative humidity and temperature were measured
inside the CRD, at the exit of the PAS, and at the entrance of the sheath flow of the DMA in
the SMPS system. Measurements were only taken when all measured RH values in the
system were within 2% (RH meter manufacturer’s uncertainties are £3%RH for 10 < %RH <
90). Following the deliquescence stage the aerosols’ RH dependent extinction coefficient
(cext, %rH) Was measured with the CRD, then the absorption coefficient (daps, %rH) Was
measured by the PAS, and finally the hygroscopic growth factor (GF) was measured with the
SMPS. The aerosol number concentrations were also measured with a CPC at the outlet of
the PAS.
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Figure 4.1. Schematic of the laboratory setup. The bold arrows show the aerosol flow and the
dashed lines represent the lasers light paths. The temperature and relative humidity meters are
marked as ‘RH’. Abbreviations: CPC, condensation particle counter; PMT, photomultiplier; Lock-In
Amp, Lock-In Amplifier; DMA, differential mobility analyzer.

The substances were measured at eight different mobility diameters, from 200 nm to
550 nm in 50 nm steps, and 2 different RH values; 80% and 90%. The sequence of
measurements was performed by first measuring the substance at different diameters under
dry conditions (RH < 3%), then directing the sample flow through the humidifier, allowing
the system to equilibrate at the desired RH, and repeating the measurement for the same
diameters. After the hydrated experiments were completed, the dry measurement was
repeated to check the stability of the system, if the final dry measurement differed by more
than 5% from the initial one, the measurements for the substance were repeated.

The hygroscopic growth factor is defined as the relative increase in the mobility
diameter of particles due to water uptake at a specific %RH, as given by equation 4.2:

Dy,ru(RH
GF(%RH,Dry) = % (4.2)
dary

where Do,rn(RH) is the mobility diameter at a specific %RH, and Dgy is the dry measured
mobility diameter. The GF of a mixture (GFnix) can be estimated from the GFs of the pure
components and their respective volume fractions (¢) using the Zdanovskii—Stokes—Robinson
relation (ZSR relation)*4® 14°1:

3
GF,.. = Z &GF? (4.3)

]
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where the subscript j represents the different substances. The model assumes spherical
particles, ideal mixing (i.e. no volume change upon mixing) and independent water uptake of
the organic and inorganic components. Figure 4.2 shows an example of measured size
distributions of 200 nm nigrosine seed particles before and after being exposed to 80% RH.
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Figure 4.2. Measured size distributions for 200 nm particles of dry nigrosine (black circles), and
nigrosine exposed to 80% RH (blue triangles). The solid lines are Gaussian fits to the measured
data.

The changes of the aerosols’ optical properties due to hygroscopic growth,
fRHext(%RH,Dry), is represented by the ratio of the measured extinction coefficient (olext,
Mm™) at a specific %RH to the dry measurement, expressed as:

Aext(YoRH)

RH,..(%RH,Dry) =
JRHext Y Aext (DTY)

(4.4)
where a,,.:(%RH) is the extinction coefficient at a specific RH, and a,,;(Dry) is the
extinction coefficient of the dry aerosol, measured at an RH<3%. The extinction coefficient
for homogenous spheres is described by:

1
Aoxt = ZT’-—NDZQext (4-5)

where N is the particle concentration, D the particle’s diameter, and Qex: IS the extinction
efficiency. Hence, inserting equation 4.2 and 4.5 into equation 4.4, fRHex(%RH,Dry)can be
expressed as:
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N%RH Qext—%RH

fRH,.:(%RH, Dry) = GF? (4.6)

NDry Qext—dry

where N; is the particle concentration, Qex-rn 1S the extinction efficiency at a specific
relative humidity, and Qexr-ary IS the extinction efficiency of the dry substance.

Particle concentrations were kept below 1000 cm™, and the median diameter from the
SMPS size distributions (Dmeg) Was taken instead of the chosen mobility diameter from the
first DMA in order to reduce biases arising from multiply-charged particles.**®. For this, a
solution concentration of 500mg L™ for sizes between 200nm to 300nm was used, and for
larger diameters, 350nm to 550nm, a 1000mg L™ concentration solution was used.

Three different substances were used to measure the extinction and absorption
fRHext(%RH,Dry) and fRHas(%RH,Dry) dependence on particle size and absorption:
ammonium sulfate (AS), a purely scattering substance, which was used to check the system
performance; nigrosine, an organic black dye used as a model for highly absorbing
substances; and IHSS Pahokee Peat (Pahokee), a fulvic acid used as a model for humic-like
substances, complex organic matter often found in aerosol.® A mixture of ammonium
sulfate and nigrosine 1:1 molar ratio (AS:Nig), was also measured to investigate the effect of
the variation in the imaginary part of the complex refractive index on the results.

4.3 System validation with ammonium sulfate

The measurements of fRH(%RH,Dry) with the system described above were
validated with ammonium sulfate at 80% RH. Figure 4.3 shows the measured
fRHex((80%RH,Dry) in this study, compared to that reported by Garland et al. (2007)**%! and
to the calculated fRHe(80%RH,Dry) based on the measured GFs from the SMPS. To convert
the GFs to fRHeq(RH, dry), the method used by Garland et al. (2007)*! was applied.
Briefly, by using Mie scattering calculations,”) the extinction cross sections of the dry
aerosols were calculated using the refractive indices retrieved from the dry CRD
measurements of AS, shown in Figure 4.4 as the red line. Humidity-controlled, tandem
SMPS measurements were used to determine the hygroscopic GF of size-selected aerosols
and consequently to determine the complex refractive index of the humidified aerosols using
the volume weighted mixing rule, given as:

Nonix = Vi My + Vs uater (4.7.1)
kmix = VD]:;ackDry + vagfei“kwater (4.7.2)

where Vif "% is the volume fraction of each component, which can be rewritten as a function
of the GF by inserting equation 4.2 into equations 4.7.1 and 4.7.2,
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DgrynDry + Dvs;/aternwater 1 3
Tmix = Dgry + D\?vater N GF3 [nDry T (GF N 1)nwater] (481)
DgrykDry + Dvs;/aterkwater 1
mix Dgry + D\?vater GF3 [ Dry ( ) water] ( )

Hence, to determine the extinction cross-section at 532 nm of AS humidified at 80%
RH (dotted line in Figure 4.3) the optical properties of pure AS and water, and the measured
GF were used. The complex refractive index of AS humidified at 80% RH was calculated to
be Myix=1.390+i0.0; the refractive index for AS used was m=1.504 + i0.0 (derived from the
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Figure 4.3. Measured fRH.:(80% RH,Dry) as a function of size (solid circles) for pure ammonium
sulfate. The dashed line shows the exponential fit from the measurements performed by Garland
et al. (2007)™" for ammonium sulfate at the same RH. The shaded area is the calculated
fRH(80% RH, Dry) range, based on the growth factors measured with the SMPS.
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Figure 4.4. Extinction cross-sections as a function of size for dry ammonium sulfate (red line), and
for ammonium sulfate humidified at 80% RH.

dry measurements), an Rl of m=1.335 + i0.0°% was used for water at 532 nm, and a
measured GF(80%RH,Dry) = 1.45(+0.02) was used.

Finally, the diameters, Dy,rn = GFxDgry, and the corresponding humidified extinction
cross section values at a wavelength of 532 nm can be used to determine the ratio of the
humidified extinction cross section curve to the dry AS curve; i.e. the theoretical
fRHex(80%RH,Dry). The black arrows in Figure 4.4 show the increase in size and extinction
cross section from their dry values to their corresponding hydrated values, used for the
calculation of the theoretical fRH(80%RH,Dry); for example, a 200 nm AS particle has a dry
extinction cross-section of 1.18 x 10™* m?, after humidification it grew to a 290 nm diameter
with an extinction cross-section of 4.14 x 10™* m? which gives an fRH(80%RH,Dry) = 3.51.
All of the calculated values for the theoretical fRH(80%RH,Dry) are shown as the shaded
area in Figure 4.3. The extent of the shaded area is determined from the standard deviation of
the measured GFs. The reported uncertainties in the measured fRHex(RH, dry) were based on
the uncertainty in the RH measurement (x3% RH), the SMPS size distributions (~£10%), and
the uncertainty in the measured extinction coefficient from the CRD (x1%).

It can be seen in Figure 4.3 that the measured fRH¢:(80% RH, Dry) values (every
measured value is an average of at least 2 min of measurements with an extinction value
obtained every 10.1 seconds) are in very good agreement with the fRHe(80% RH, Dry)
measured by Garland et al. (2007)**°!, and with the theoretical calculations. There is a slight
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overestimation at 200nm, which may be attributed to the presence of doubly charged particles
from the initial size selection. The good agreement between the theoretical calculations and
the measured values provides a validation of the experimental setup.

4.4 Photoacoustic sensor measurements

In order to obtain a measure of fRHa,s(%RH,Dry) and the Qaps values at a high relative
humidity (RH>80%), mass transfer effects caused by evaporation, condensation and transport
need to be taken into account. For example, a ‘false’ photoacoustic signal was generated
when the relative humidity was increased in the system. Absorption by water vapor at 532nm
was discarded as an explanation since the empty decay time for the CRD did not change in
wet measurements (either 80% or 90% RH). To address this phenomenon | measured the
photoacoustic signal with a particle free system at the desired RH, and established a new
zero. However, it was not possible to extract the absorption signal at 80% and 90% RH since
the noise levels were higher than the signal itself. Figure 4.5 shows an example of the
obtained signal at 80% RH with no aerosols and after 500nm nigrosine aerosols were
inserted. Arnott et al. (2003)"*** also found that at ambient measurements at high RH
conditions there is a contribution from mass transfer to the photoacoustic signal, and
recommended that PAS measurements should be done below 65% RH. From this study | can
also conclude, that even in laboratory setups the PAS cannot be used at high RHs.
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Figure 4.5. Signal from the PAS at 80% RH with no aerosol and after 500nm nigrosine aerosols
were inserted.
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4.5 Optical growth of humidified absorbing aerosols

The size dependence of fRH.y at 80% and 90% RH was studied for substances with
different degrees of absorption at 532 nm and 355 nm. The GF values were converted to
theoretical fRHex(%RH, Dry) as described for the 532 nm AS measurement at 80% RH.
Figure 4.6 shows the size dependence of fRHex(80%RH, Dry) and fRHe(90%RH, Dry) for
pure AS, IHSS Pahokee Peat, a mixture of AS and nigrosine at a 1:1 molar ratio, and pure
nigrosine dye for 80% (left) and 90% (right) RH at 532 nm (green full markers and patterned
shaded area) and 355 nm (blue open markers and full shaded area). The measured growth
factors obtained with the SMPS for each substance are presented in the legend. The reported
ranges for the converted values (shaded areas in Figure 4.6) are based on the values
calculated from the lower and upper limits of the uncertainty of the measured GFs.

The measurements for all substances at both RHs and wavelengths are in excellent
agreement with the calculations; while there are some values which are outside of the shaded
area all substances follow the theoretical trends. The measurement for the Pahokee peat for
355 nm at 90% RH could not be completed due to shortage of the substance, the
measurement presented was performed at an RH = 95% (£3%).

The ammonium sulfate measurements at both RHs show an exponential behavior of
fRHex(80%RH,Dry) and fRHeq(90%RH,Dry) with size. Garland et al. (2007)%
parameterized the behavior of AS at 80% RH with an exponential function (see Figure 4.3
dashed line). This study shows that the exponential behavior is also maintained at 90% RH
for 355 nm and 532 nm, as can be seen in Figure 4.6. Additionally, the fRHe(80%RH,Dry)
and fRHe(90%RH,Dry) values at 532 nm are greater than at 355 nm. The spectral
independence of AS on wavelength might incorrectly lead to expect the same
fRHex(%RH,Dry) curve for both wavelengths, however, the differences are attributed to the
shape of the Mie curves and to the fact that the size parameters (x = tD/)A) for the diameters
measured are larger at 355 nm than at 532 nm. Figure 4.7 shows the AS measurements of
fRHex(80%RH,Dry) as a function of size parameter to demonstrate this. For purely scattering
substances, the extinction efficiency increases rapidly for size parameters smaller than 3, and
the slope of this increase is steeper as the real part of the RI is larger. At 355 nm, the initial
dry diameters measured have a greater extinction efficiency than at 532 nm, making
fRHext(%RH,Dry) smaller at 355 nm than at 532 nm.

Equation 4.6 for fRHe(%RH,Dry) indicates that deviations from a constant value of
fRHex(%RH,Dry) arise from the Qext—oors / Qext—pry term. Beaver et al. (2008)™* and
Garland et al. (2007)**) found a decreasing exponential behavior of fRHex(80%RH,Dry)
with size, with the maximum value of fRHex(80%RH,Dry) at the smallest size measured in
measurements of purely scattering organic substances. This exponential behavior clearly
shows the behavior of the Qexi—orr / Qext—pry- HOWeEVEr, the Qext—ory / Qext-pry €M
can also induce fRHex(%RH,Dry) to be reduced in the smaller sizes. Form Figure 4.6, we
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Figure 4.6 Size dependence of (a) fRH..(80%RH,Dry) and (b) fRH.:(90%RH,Dry) for pure ammonium sulfate (circles), IHSS Pahokee peat (inverted
triangles), the mixture of ammonium sulfate and nigrosine at 1 : 1 molar ratio (squares), and pure nigrosine (triangles) at 532 nm (full green markers)
and 355 nm (open blue markers). The shaded areas represent the theoretical size dependence calculated from the measured growth factors from the
SMPS; the growth factors measured are written in the legend with each substance.
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Figure 4.7. fRH.,(80%RH,Dry) as a function of size parameter for ammonium sulfate at 532 nm
(solid green circles) and 355 nm (open blue circles). The theoretical fRH.,:(80%RH,Dry) is shown as
the shaded areas.

can see none of the substances with an imaginary part greater than zero showing this
exponential dependence. However, it is difficult to quantify the role of the complex refractive
index, and in particular the imaginary part in assessing the dependence of fRHex(%RH,Dry)
with size. However, by comparing substances with similar GFs, the effect of the Qext—oury /
Qext—pry term and more specifically the imaginary part of the RI, on fRHex can be explored.
Figure 4.6 shows that fRHc,(80%RH,Dry) for AS has a similar GF to fRHex(90%RH,Dry)
for AS:Nig. To evaluate the effect of RI with a non-zero imaginary part on the dependence of
fRHex With size, both substances at 532 nm and 355 nm are plotted together in Figure 4.8a
and Figure 4.8b, respectively. The ratio of fRHq(90%RH,Dry) of AS:Nig to
fRHex(80%RH,Dry) of AS was calculated and plotted in Figure 4.8c for 532nm and in Figure
4.8d for 355 nm. The theoretical ratios for fRH.y; at both wavelengths and RHs are presented.
These two measurements show that absorbing substances change the exponential dependence
of fRHex with size seen in purely scattering substances. From the ratio at 532 nm of
fRH(90%RH,Dry) of AS:Nig, the absorbing substance, to fRH(80%RH,Dry) of AS,
the purely scattering substance, there is a decrease in the optical growth of up 50% for
particles smaller than 450 nm. At 355 nm there is an increase in the optical growth of up
33%. We can see that the effect of the absorption is enhanced in large particles, this is a result
of the fact that the absorption scales with the volume while the scattering depends on the
surface area.

For a better understanding of the effect of absorption on the magnitude and
dependence of fRHex: 0On size, more substances with a wide variety of imaginary parts need to
be studied. Using mixtures of purely scattering organic substances with nigrosine or other
proxies for absorbing substances can shed some light on the issue. Nevertheless, the
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Figure 4.8 fRH(%RH,Dry) vs. DMA dry diameter for AS at 80%RH (open circles) and AS:Nig at 90%RH (filled squares) at 532nm(a) and 355nm(b). The
theoretical calculations for both substances are also shown for comparison; light grey for AS, and dark grey for AS:Nig. The dry imaginary part of the
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solid blue for 355nm.
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measurements presented here demonstrate that a non-zero imaginary part can have a
significant influence on the dependence of fRHe: 0N size.

4.6 Validation of the volume weighted optical mixing rule

Figure 4.6 shows a qualitative agreement between measurements and theoretical
calculations assuming homogenous mixing and using the volume weighted mixing rule to
calculate the corresponding complex refractive index. A quantitative analysis was done by
comparing the RI values obtained from the measurements with various Mie models that
assume different mixing states or structures. These calculations may serve as a further
verification for the commonly used assumption of homogenously mixed particles at high
%RH values. To retrieve the RI from the CRD measurements, the extinction efficiency of the
humidified aerosols (Qextoern ) Was calculated from the measured GF and the extinction
coefficient at every diameter. By knowing the value of Qe at different diameters for
internally mixed aerosols, a refractive index can be retrieved.’®® " Figure 4.9 shows an
example of one result of the complex RI derivation and comparison performed. Three sets of
data of Qe Vversus size at 532 nm and 80% RH for the IHSS Pahokee Peat aerosol are
presented: 1) The measured Qex:sowrn Values obtained by the CRD and the measured Dggoorn,
2) the complex RI retrieved from the Qexts0%rH Measurements, using the method described in
Riziq et al. (2007)1", and 3) the Qe curve for the complex RI calculated assuming
homogeneous mixing and using a volume weighted mixing rule, where the RI for the
Pahokee peat aerosol was retrieved from the dry measurements, and the RI value used for
water at 532 nm was m = 1.335 + i0.0. [**2

The same analysis was performed for the other substances at both RHs and
wavelengths. The RI used for water at 355 nm was m = 1.349 + i0.0.1°% The results are
summarized in Table 1, literature growth factor values (when available), ZSR relation
calculations, and the percent difference among the different measurements are also shown for
comparison. The data in the table is presented in increasing degree of absorption of the proxy
aerosols, from AS (no absorption) to Pahokee Peat to AS:Ng 1:1 and to pure nigrosine
(highly absorbing).

The retrieved complex refractive indices for all substances at both RHs are in very
good agreement with the calculated complex RI from the volume weighted averages; the real
part of the RIs are within up to 5.3% of each other. There are greater differences in the
imaginary parts, but the values are within measurement errors.

For the IHSS Pahokee peat and nigrosine aerosols, there is an overestimation of the
imaginary part at both wavelengths and RHs. Both substances have a small GF, which raises
the question of their internal structures after humidification; is there a complete mixture
within these particles or a small shell of water formed around the particles forming a core-
shell structure which is consequently being measured by the CRD? To explore whether there
could be an optical distinction for Pahokee peat and nigrosine if we assume a core-shell
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Figure 4.9 Extinction efficiency vs. size at 80% RH for Pahokee peat aerosol. The open circles
represent the measured Qe s0%rn Using the measured hygroscopic growth. The dotted line is the
Q.. curve for the retrieved Rl from the Qe %ry Measurements. The solid line shows the expected
Q... curve from the calculated Rl using a volume weighted mixing rule which assumes
homogeneous mixing to calculate the complex refractive index.

structure or complete mixing, the extinction efficiency as a function of size parameter was
calculated separately for each case. For the homogenously mixed case, Qext-homogeneous Was
calculated using the RI obtained from the volume weighted mixing rule. For the core-shell
structure, Qext-core-shell Was calculated using the diameter measured after humidification as the
total diameter, and the diameter selected from the first DMA as the core diameter. The RI of
the core was taken from the dry measurements, and the RI of water was used for the R1 of the
shell. The code by Liu et al. (2007)[38] was used to calculate Qext-core-shell, and the code from
Bohren & Hoffmann (1983)""! was used to calculate Qexthomogeneous- The ratio of Qext-core-shell
t0 Qext-homogeneous Was calculated and plotted as a function of size parameter for both
wavelengths in Figure 4.10. At 80% RH, where Pahokee and nigrosine only grew 9% and
12%, respectively, there is less than a 5% difference between the values obtained with a core-
shell structure and those obtained by assuming homogenous mixture for size parameters less
than 2.5.
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Table 4.1 Measured growth factors, average volume weighted refractive indices, and retrieved
refractive indices for all substances at 532 nm and 355nm, at 80% and 90 % RH. The retrieved dry
refractive indices are also shown.

532 nm 355 nm
Dry refractive index m=1.504(+£0.015) + i0.0(x0.028) m=1.507(+0.024) + i0.005(+0.025)
f-é 80% RH 90% RH 80% RH 90% RH
q?_; Growth Measured 1.44(+0.02) 1.77(x0.25) 1.44(£0.02) 1.77(x0.25)
g Factor Literature 1.46 (+0.01)M8 DL 1 69(20.01)1 51 | 1,46 (£0.01)148 1511581 11 69(+0.01)15% 155
é’ % Difference 1.4 4.6 1.4 4.6
g Ref. Volume m=1.39(x0.02) m=1.370(x0.02) 1.40(x0.02) 1.39(+0.02)
c Index Weighted +i0.0 +i0.0 +i0.00(x0.03) +1i0.00(x0.03)
< Retrieved m=1.437(x0.03) + | m=1.328(x0.01) + 1.42(+0.03) 1.41(+0.06)
i0.02(+0.04) i0.0(£0.03) +1i0.0(x0.04) +1i0.0 (£0.04)
% Diff (n)+i(k) 3+i200 3.1+i0 1.5+i0 2.6 +i0
Dry refractive index m=1.558(+0.005) + i0.033(x0.007) m=1.541(+0.034) + i0.18(+0.066)
=] Growth Measured 1.09(+0.01) 1.17(x0.02) 1.09(%0.01) 1.37(x0.02)°
a8 Factor Literature 1.07(+0.01)1%! 1.12(+0.01)% 1.07(x0.01)¢! 1.23(+0.01)*°!
§ % Diff 1.85 4.4 1.85 10.8
2 Ref. Volume m=1.514(+0.004) + | m=1.503(+0.009) + 1.497(+0.034) 1.424(x0.034)
& Index Weighted i0.026(+0.007) i0.025(+0.007) +i0.139(x0.066) +1i0.07(+0.066)
A Retrieved m=1.495(+0.006) + | m=1.517(+0.008) + 1.578(0.047) 1.415(0.045)
I i0.053(+0.009) i0.025(+0.014) +1i0.171(x0.072) +i0.064(x0.053)
% Diff (n)+i(k) 1.3 +i68 0.9 +i0 5.3 +i20 0.6 +i8.9
Dry refractive index m=1.595(+0.031) + i0.154(+0.021) m=1.431(+0.034) +i0.178(+0.066)
Growth Measured 1.28(+0.02) 1.45(+0.02) 1.28(+0.02) 1.45(%0.02)
Factor Literature 1.29(+0.02)? 1.45(+0.1)° 1.29(+0.02)? 1.45(+0.1)°
J.zc_” % Diff 0.8 0 0.8 0
? Ref. Volume m=1.431(x0.031) + | m=1.396(x0.031) + 1.388(+0.034) 1.378(+0.034)
0 Index Weighted i0.084(+0.021) i0.046(+0.021) +i0.084(+0.066) +i0.058(+0.066)
< Retrieved m=1.40(+0.01) m=1.329(+0.008) + 1.402(0.037) 1.377(=0.05)
+i0.086(+0.013) i0.04(x0.017) +10.079(+0.058) +i0.087(+0.064)
% Diff (n)+i(k) 22+i2.3 49+i14 1.0 +i6 0.01 +i40
Dry refractive index m=1.626(+0.021) + i0.243(+0.023) m=1.568(+0.056) + i0.305(+0.171)
Growth Measured 1.12(+0.02) 1.24(+0.1) 1.12(+0.02) 1.24(+0.1)
Factor Literature 1.15° 1.34° 1.15° 1.34°
GEJ % Diff 2.6 7.8 2.6 7.8
§ Ref. Volume m=1.544(+0.021) + | m=1.493(+0.021) + 1.508(+0.056) 1.465(0.056)
-§’ Index Weighted i0.174(0.023) i0.132(0.023) +1i0.217(x0.171) +1i0.160(x0.171)
Retrieved m=1.464(+0.004) + m=1.504(+0.012) + 1.542(+0.066) 1.477(+0.058)
i0.216(+0.014) i0.168(+0.024) +1i0.249(+0.14) +i0.145(+0.087)
% Diff (n)+i(k) 5.3+i21.5 0.7 +i24 22+i14 0.8+i9.8

% Derived using the ZSR relation. ®1:1 molar ratio. ¢ Measurement performed at 95% RH.
9 Taken from https://sciencepolicy.colorado.edu/events/rendezvous/2007/posters/I121K.pdf
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For 90% RH, the differences between the core-shell structure and a homogeneously
mixed particle are more noticeable, with up to a 7% difference for the Pahokee peat. A clear
distinction between the two mixing states can be observed at size parameters greater than 3.
Mie curves of homogenously mixed particles with similar real part of the RI will have the
maximum Qe value around the same size parameters —for real parts between 1.65 and 1.55
(the real parts of the RIs of Pahokee peat and nigrosine are between these values) the Qext
peaks start around a size parameter of 2.5— for purely scattering substances it will be a series
of resonance peaks. As the imaginary part of the complex RI increases the Qex: peaks will
accordingly decrease. Hence, if a substance is assumed to be homogenously mixed, when its
internal structure is in reality a core-shell, the measured Qex: Will be lower and it will result in
an underestimation of the imaginary part of the complex refractive index when it is calculated
with the volume weighted mixing rule. This can be seen in Figure 4.9, where the difference
between the measurements (open circles) and the homogeneous assumption (solid line) is
greater at size parameters > 3, and by having assumed a homogenous mixture the imaginary
part of the RI was slightly underestimated.
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Figure 4.10 Ratio of Qext-core-shell to Qext-homogeneous as a function of size parameter for
Pahokee peat (circles) and nigrosine(triangles) at 532 nm(green) and 355 nm(blue) at 80% and 90%

RH. The growth factor for both substances at 80% and 90% RH are written in the legend for
comparison.
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These small discrepancies between the retrieved complex RI from direct measurements and
the complex RI calculated from the volume weighted mixing rule suggest the volume
weighted mixing rule is a good approximation for water soluble aerosols at high RH
conditions; especially for substances with GF > 1.25. The homogenous mixture
assumption for particles with small GF (less than 1.25) needs to be taken with caution for size
parameter greater than three; for size parameters less than three there is no optical difference
between the two assumptions of the internal structure of the particles.

4.7 Summary and Conclusions

The dependence of light extinction on RH for water soluble substances with different
degrees of absorption was explored at two wavelengths, A= 355 nm and 532 nm. The
fRHex(%RH,Dry) dependence on size changes from having an exponential dependence for
purely scattering substances to demonstrating practically no dependence for absorbing
substances with an imaginary part greater than zero. There is no clear evidence for the effect
of Qext—oru / Qext—pry ON the behavior of fRHex(%RH,Dry), however, by analyzing two
substances with the same GF, information on the influence of the imaginary part on
fRHext(%RH,Dry) was obtained. At 532 nm absorption decreased the magnitude of
fRHext(%RH,Dry) for diameters less than 450 nm and increased the magnitude for greater
sizes. At 355 nm, with the exception of 200 nm particles, the magnitude of fRH(%RH,Dry)
increased with size. It is premature to parameterize the dependence of fRHex(%RH,Dry) on
absorption, as more measurements are needed to quantify the influence of the Q.xt—oirr /
Qext-pry factor on the behavior of fRHe(%RH,Dry) with size. For future work, I propose to
conduct a series of measurements using purely scattering organic substances with similar
growth factors mixed at different ratios with nigrosine or any other absorbing soluble
material. For non soluble materials the experiments are more complicated as the lack of
sphericiy can greatly influence the results (e.g. soot, mineral dust).

The validity of the volume weighted mixing rule at 355nm and 532nm was also
investigated. | compared the complex refractive index of the humidified substances derived
using the GF and the extinction coefficients measured by the SMPS and CRD, respectively,
to the complex refractive index calculated with the volume weighted mixing rule using the
dry complex refractive index of each substance, and the complex RI of water. It was found
that the difference between the derived and calculated real parts of the complex RIs were less
than 5.3% for all substances, wavelengths, and RHs. The obtained imaginary parts for the
retrieved and calculated RIs were in good agreement with each other, and well within the
measurement errors of retrieval from pulsed CRD spectroscopy measurements. There were
some cases with high percent differences, but those were attributed to a non homogeneous
mixing for substances with low growth factors such as IHSS Pahokee peat and nigrosine.
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Finally, whether the difference between assuming a core-shell structure or a
homogenously mixed particle could have a significant effect on the calculated RI value of
substances with low growth factors, i.e., nigrosine and Pahokee, was explored. It was found
that at 80% RH and for size parameters less than 2.5, there is less than a 5 % difference
between the extinction efficiencies calculated with a core-shell model and a homogenous
mixture model. This difference is within measurement errors; hence, there is no significant
difference between the models in this case. However, for greater size parameters the
difference can be up to 10%. For 90% RH the differences below a size parameter of 2.5 were
up to 7%.

The measurements presented here demonstrate that the volume weighted mixing rule
is a good approximation for water soluble absorbing substances under 80% and 90% relative
humidity conditions, and will be used as a basis to investigate how the twilight zone of warm
clouds would change if aerosols with different degrees of absorption, from purely scattering
to highly absorbing, are present.
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5 Optical properties of combustion soot, secondary organic aerosol,
and their internal mixture

5.1 Introduction

Soot carbon (“soot”), an impure form of near-elemental carbon with graphite-like
structure, which is formed in flaming combustion and in internal combustion engines,!*>" 18]
is one of the most efficient absorbers of light in the atmosphere. Soot particles consist
primarily of 10 — 50 nm spherules of soot, which cluster together immediately after their
formation to form aggregates 2% 35 %% (see Figure 5.1). It is estimated that annually, about 8
Tg of soot are emitted globally into the atmosphere,’ and it has an estimated lifetime of one
(+1) week.'® In terms of radiative forcing, soot is the second or third largest individual
warming agent, following carbon dioxide and possibly methane. (6% 252 The high absorption
of light by soot can play an important role in the direct and semi-direct effects of particles on
the Earth’s climate.l*> ® The absorption of light heats the absorbing particles and their
surroundings, thereby influencing local relative humidity profiles, cloud formation and
lifetimes, and atmospheric circulation.® X% 171 Moreover, the radiative balance of the earth-
atmosphere system can be affected through a complex web of processes: %% 1) by the
reduction of the incident solar radiation below the aerosol layer:[" 8 2) by the absorption of
the solar radiation reflected by the surface—atmosphere—cloud system, soot reduces the albedo
of the planet;!***! 3) soot deposited over snow and sea ice can decrease the surface albedo;!**
165. 166 and 4) soot inside cloud drops and ice crystals can decrease the albedo of clouds by
enhancing absorption by droplets and ice crystals.!*2" 1451671

Studies have shown that a large fraction of atmospheric soot exists as an internal
mixture with water soluble compounds (mostly sulfate), and that internally mixed soot
represents a globally significant fraction of the tropospheric aerosol,*®*™ put no
quantitative mixing ratios are inferred from these results. Moreover, it is well known that if
the internal mixture has a core-shell structure, a purely scattering shell surrounding the
absorbing core, it can enhance the absorption of the core.*™ This effect arises from the fact
that the purely scattering shell acts as a lens focusing more photons into the core than would
have reached it otherwise. Bond et al. (2006)!*"? showed theoretically that for core and shell
sizes typical of the atmosphere, there can be an absorption increase of 50 — 100% by an
individual soot particle. This absorption enhancement is thought to have and important
influence on the radiative forcing of soot.’%® A few recent experiments have observe the
absorption enhancement due to the lensing effect. Lack et al. (2009)[™®) coated absorbing
polystyrene latex spheres with organic material, Shiraiwa et al. (2009)*"* coated graphite
with oleic acid or glycerol, and Lack et al. (2009)*”% observed the enhancement for
absorbing mineral dust coated in aqueous inorganic material. Schnaiter et al. (2005)"* and
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Figure 5.1. SEM micrographs of Diesel soot aggregates. Taken from Schnaiter et al. (2005)[35]

Zhang et al. (2008)*"® coated soot particle with secondary organic aerosol (SOA) and
sulfuric acid, respectively. More recently, Khalizov et al. (2009)’1 measured the
enhancement of light absorption and scattering of soot coated with sulfuric acid. However,
the three latter studies derived the absorption enhancement from the difference method
(extinction minus scattering), and not from a direct measurement of absorption.

Another source of uncertainty in the optical properties of soot it its complex refractive
index. From an inter-comparison of experimentally determined Rls for different types of soot,
Fuller et al. (1999)*" reported a range between 1.50 + i0.50 to 2.67 + i1.3 at A=550nm as
typical values for the different solid state structures of soot material. On the other hand,
Bond and Bergstrom (2006)?? suggested that in the visible spectrum the RI of light
absorbing carbon (LAC) to be constant, and depending on the amount of voids in the particle
the derived RIs will fall in a void-fraction line (see Figure 5.7 or Figure 7 of their paper).
From this void-fraction line Bond and Bergstrom (2006)!*? “best guess’ for the refractive
index of light absorbing carbon (LAC) falls in the higher values, with a range of m =
1.85(+0.1) + i0.71(+0.08) at 550 nm. Adler et al. (2009)"®? used this value of the RI to
calculate mass absorption cross section (MAC) at 532 nm and 355 nm for diesel soot and
found their values to be in good agreement with the Bond et at. (2006)™"? suggested value of
7.5 m? g* at 550nm. Schnaiter et al. (2005)F% deduced an RI of m = 1.9 + i1.0 for diesel soot
using the aerosol model COSIMAL and the Rayleigh-Debye-Gans theory, and recently
Moteki et al. (2010)™"" measured an RI of soot in Tokyo’s urban area of m = 2.26 (x0.13) +
11.26(£0.13). The variability in the complex refractive indices of soot is still too large and
therefore more measurements are needed.

In this study, results of two simulation experiments conducted at the large aerosol
chamber facility AIDA (see Mohler et al. (2003),1¥% for a detailed description) of the
Karlsruhe Institute of Technology, Karlsruhe, Germany, are presented. Soot aerosol particles
from a Combustion Aerosol Standard were coated with secondary organic aerosols (SOA)
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generated by the ozonolysis of a-pinene. The non absorbing SOA particles with strongly
absorbing soot inclusions were investigated as the geometry resembles the internally mixed
soot particles in the atmosphere, and are good proxies for soot/sulfate mixtures which may be
more frequent in the atmosphere. The optical properties of the particles were monitored using
a cavity ring down spectrometer (CRD) and a photoacoustic sensor (PAS) at 532nm. By using
a Mie model for homogenous®” and coated spherest®® the refractive indices of the SOA and
the internally mixed soot particles with SOA were derived, respectively. This study also aims
to further investigate the magnitude of the absorption enhancement of soot when coated with
a purely scattering substance.

5.2 Experiments

The AIDA chamber is an aluminum vessel with an 84 m® volume, the temperature of

the chamber can be controlled to be between -90°C to +60°C, and the pressure can be
decreased down to 0.01 mbar. The chamber allows for simulations of atmospheric aerosol
processes on the time scale of days.*>JA schematic of the instrumentation setup is depicted in
Figure 5.2. A Combustion Aerosol Standard (CAST; Jing-CAST Technologies) was used to
generate carbonaceous aerosols with a specific organic carbon (OC) to elemental carbon (EC)
mass ratio. This was done by varying the propane-to-air ratio (C/O atomic ratio). For these
experiments the CAST was set to a C/0=0.29, which corresponds to about 90% EC and 10%
OC.["Y The particle concentration inside the chamber was monitored with a Condensation
Particle Counter (CPC; TSI model 3022A). The aerosols number size distribution was
measured with a Scanning Mobility Particle Sizer (SMPS) composed of a Differential
Mobility Analyzer (DMA; TSI model 3071) and a CPC (TSI model 3010). The mass of
refractory black carbon was measured with a Single Particle Soot Photometer (SP2; Droplet
Measurement Technologies). The extinction and absorption coefficients at 532 nm were
measured with a Cavity Ring Down Spectrometer (CRD) and a Photoacoustic Sensor (PAS)
placed in series. A CPC (TSI model 3022A) was located at the exit of the PAS to directly
count the particle concentration inside the CRD and the PAS. To measure the extinction
efficiency (Qext) Of particles of specific sizes, a DMA (TSI model 3081) was placed before
the CRD-PAS-CPC system (marked with the dashed square in Figure 5.2) for generation of a
monodisperse aerosol population. The PAS was calibrated before each experiment using the
validated method described in Chapter 2.5.
A mixing fan, located near the bottom of the chamber, helped maintain homogeneous
conditions within the chamber. Before the beginning of the experiments the chamber was
evacuated and filled to ambient pressure with humidified particle free synthetic air (low
hydrocarbon grade, Linde). The experiments were conducted with initial relative humidities
between 18% and 22% and background particle concentrations of <0.1 cm™.
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Figure 5.2. Schematic of the instrumentation setup in the AIDA chamber. For monodisperse
measurements a DMA was placed before the CRD-PAS-CPC system, marked with the dotted
square. DMA, differential mobility analyzer; CRD, cavity ring down spectrometer; PAS,
photoacoustic sensor; CPC, condensation particle counter; SP2, single particle soot photometer;
SMPS, scanning mobility particle sizer; CAST, combustion aerosol standard.

Two different experiments were performed: the first experiment began with
homogeneous nucleation of secondary organic aerosol in particle-free air by the ozonolysis of
a-pinene (SOA-aO3), and soot aerosols were added after the nucleation mode stabilized
(referred to as ‘SOA-soot’ from this point forward), yielding a population of externally mixed
soot with SOA-aOj3 particles. The second began with the injection of CAST soot aerosols at a
C/0=0.29 which were allowed to coagulate for approximately 28 hours before coating them
with SOA-0O3 (referred to as ‘Coat-0.29’). The temperature during the experiments was 26.1
(20.2) ° C and 24.5 (1) ° C for the SOA-soot, and Coat-0.29, respectively.

The SOA-soot nucleation experiment was performed to derive the complex refractive
index (RI) of the organic material which was used to coat the coagulated soot particles of the
Coat-0.29 experiment, as well as to compare the differences in the single scattering albedos
between coagulated soot with SOA-aO3 (resembling and external mixture) and coated soot
with SOA-a0O3. The SOA-soot experiment began with the addition of around 300 ppb of
ozone to the particle-free chamber. Subsequently, 10 ppb of a-pinene were added by
evaporating ca. 4.1 hPa a-pinene (99%, Aldrich) into a 1-liter glass bulb, and flushing air for
7 minutes (Schnaiter, personal communication; see Saathoff et al. (2003b)™*%%for the details
of the SOA vyield determination). The nucleation mode served as seed aerosol before the
subsequent addition of 250 ppb of ozone and 49 ppb of a-pinene. The particle concentration
reached a maximum of 6 x 10* cm™, and the SOA-aO3 grew to a maximum median diameter
of ~160 nm. After the SOA-003 growth stabilized, 25 pug m™ of soot (C/0=0.29) were added,
the soot and SOA-aO3 were allowed to stabilize before a second injection of 25 pg m™ of soot
(C/0=0.29). After the last injection of soot, the SOA-0O3 and soot were left to coagulate for
another 22 hours.
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For the Coat-0.29 experiment, approximately 100 pg m™ of soot (C/0=0.29) were
introduced to the chamber and allowed to coagulate for a period of about 28 hours before
performing two in-situ coating steps with SOA-aOj3. For the first coating step, 260 ppb of
ozone were added followed by 49 ppb of a-pinene. For the second coating step 270 ppb of
ozone and 49 ppb of a-pinene were injected. New particle formation by SOA-0O3 nucleation
was observed with concentrations below 100 p/cm™, which can be considered negligible
compared with the soot particle concentration. Monodisperse measurements were performed
at the end of the last coating step.

For the two experiments the optical and microphysical properties were continuously
measured.

5.3 Results
5.3.1 Optical properties of SOA coagulated with soot

Figure 5.3 shows the temporal evolution of the extinction and absorption coefficients, the

single scattering albedo (SSA), the median mobility diameter (D,,), and the total particle
concentration of the SOA-soot experiment. The homogeneous nucleation of the SOA-aO3
was performed in the first 300 minutes of the experiment. The gap centered at around the
200" minute of the experiment is the period where monodisperse measurements were
performed. The two occasions where soot (C/0=0.29) was injected to coagulate with the
SOA-003 are marked with the vertical grey lines. These points are also marked by a decrease

in D,, and a sharp increase in the extinction and absorption coefficients, and the particle
number concentration. For the homogenously nucleated SOA-aOs, there is a clear increase in
the extinction coefficient with particle growth, while the absorption coefficient remains at
zero, in accordance with the non-absorbing nature of SOA-aO3. SSA values of less than one
are due to the injection of ozone for the second nucleation step; however, the absorption
coefficient and the SSA remain constant at values close to zero and one, respectively. After
every injection of CAST soot into the chamber there is a marked decrease in the SSA, the
first one from 1 to an average constant value of 0.69(x0.02), and the second to an also
constant value of 0.50(x0.02). This implies there is a rapid (within minutes) stabilization of
the mixture of SOA-aO3 and soot, and that the growth by coagulation, indicated by the

increase of the median mobility diameter (D,,) of soot and homogenously nucleated SOA-
aO3 does not change the optical properties.
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Figure 5.3 Time series of the extinction (circles) and absorption (triangles) coefficients, the single
scattering albedo (squares), the mobility median diameter (dotted line), and the particle number
concentration (solid line) for the SOA-soot experiment. The times in which 25 pg m™ of CAST soot
(C/0=0.29) were injected to the chamber are marked with the vertical grey lines.
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5.3.2 Complex refractive index of SOA by ozonolysis of a-pinene

To obtain the complex RI of homogenously nucleated SOA-aO3, measurements were
conducted for monodisperse aerosol populations with sizes ranging from 130 nm to 220 nm
in 15 nm steps. By calculating the extinction efficiency (Qex:) for every diameter and using
Mie theory and equation 2.20 in Chapter 2, a refractive index was derived. Figure 5.4 shows
the measured Qex; VS. Size parameter, and the best fit RI curve obtained. A refractive index at
532 nm of m = 1.471 (£0.008) + i0.0 (x0.002) was derived from these measurements. There
have been several laboratory studies where the refractive index of SOA has been reported.
They are summarized in Table 5.1.

The values from this study are in good agreement with literature values for SOA
generated by the ozonolysis of a-pinene. Specifically, Schnaiter et al. (2003)*®% and
Schnaiter et al. (2005)!**! determined a wavelength-independent RI at A > 350 nm of m = 1.44
and m = 1.5, respectively, by measuring the wavelength dependence of aerosol extinction and
scattering (the SOA-00O3; was generated using the same procedure as for this study). Wex et
al. (2009)1*8 found the value of the real part of the RI to be m = 1.45 by measuring the
particle size dependence of scattering at visible wavelengths. Nakayama et al. (2010)™!
retrieved a complex Rl at 532 nm of m = 1.41(x0.02) + i0.00(x0.02) by minimizing the Qext
measured using a CRD of a polydisperse distribution with a theoretical Qe calculated with
the size distributions from a Scanning mobility particle sizer. Kim et al. (2010)%! used
polar nephelometer measurements at 670 nm and measured particle size distributions together
with a genetic algorithm method with Mie-Lorenz scattering theory to derive real RI values
between 1.4 and 1.5. There is less than a 5% difference in the real part of the complex
refractive index retrieved in this study and previous ones. Larger differences are observed for
SOA generated by other methods.
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Figure 5.4 Extinction efficiency (Q..) vs. size parameter for the monodisperse measurements of
SOA formed by ozonolysis of a-pinene. The dotted line is the theoretical curve for the derived
complex refractive index, the shaded area are the range of accepted theoretical curves, the dot-
line curve shows the extent of the deviation if the imaginary part is increased by k=0.02, and the
solid line shows the extent of the deviation if the real part is varied by n=0.02.

Table 5.1. Complex refractive indices of Secondary Organic Aerosols

Complex refractive index Wavelength
Reactions m=n+ik (nm) Reference
1.44 +i0.0 >350 Schnaiter et al. (2003)1%]
1.5+i0.0 >350 Schnaiter et al. (2005)5°!
1.45 visible Wex et al. (2009)M
Ozonolysis of a-pinene 1.46(+0.02) + i0.00(+0.02) 355 Nakayama et al. (2010)!:¢%
1.41(+0.02) +i0.00(+0.03) 532 Nakayama et al. (2010)!%%
1.4-15 670 Kim et al. (2010)!"!
1.42 (x0.02) 670 Barkey et al. (2007)!¢"!
Photooxidation of a-pinene 1.56 (+0.04) 450 Yu et al. (2008)*%!
in the presence of NO, 1.51 (+0.03) 550 Yu et al. (2008)!*#!
1.46 (+0.03) 700 Yu et al. (2008)!:¢8!
Photooxidation of toluene ~ 1.63(+0.04) + i0.05(+0.04) 355 Nakayama et al. (2010)1%!
in the presence of NOx 1.48(+0.03) +i0.01(+0.03) 532 Nakayama et al. (2010)1%!
Photooxidation of VOCs ~ 1.53 (+0.08) +i0.00(x0.05)* 532 Lang-Yona et al. (2010)%")
emitted from Holm Oak ~ 1.53 (+0.06) + i0.00 (+0.04)" 532 Lang-Yona et al. (2010)%*"
Ozonolysis of a-pinene 1.47 (£0.01) +i0.0(x0.01) 532 This study

°Oxidation induced formation.
®\/olatile organic compound induced formation.
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5.3.3 Optical properties of coagulated soot coated by SOA

The time line for the Coat-0.29 experiment is presented in Figure 5.5 with the same
variables as in Figure 5.3. Initially around 100 pg m™ of CAST soot were injected into the
AIDA chamber and allowed to coagulate for approximately 28 hours before performing
coating steps with SOA-aO3. The dark grey area indicates when the two coating steps were

performed. Figure 5.3 shows that the soot grew from a D,,= 70 nm to about D,,= 340 nm
before the coating steps, which is due to the coagulation of the fractal like aggregates. The

D,, slightly decreased after the coating steps, due to a change in the shape of the coagulated
coated soot. After long coagulation times the addition of a coating layer will cause the soot
particles to collapse into more compact particles.™® ¥ The fresh soot SSA had an average
value of 0.2(x0.03) before the first coating with SOA-0O3. After the injection of 260 ppb of
O3 and 49 ppb of a-pinene, there was a clear increase in the SSA to 0.5(£0.01). After the
second coating step the SSA increased further to an average value of 0.71(x0.03). Some
experiments have been performed where the optical properties of fresh soot have been
measured. Khalizov et al. (2009)*"" measured a SSA of 0.09 for soot generated by
incomplete combustion of propane in a laminar diffusion burner, Schnaiter et al. (2003)™!
and Schnaiter et al. (2005)*® measured a SSA for fresh diesel soot of 0.2 and 0.18,
respectively. The SSA value of the CAST soot with the C/O ratio of 0.29 agrees very well
with the SSA measured by Schnaiter and co-workers, while it is higher than the one measured
by Khalizov et al. (2009).'""! The difference from Khalizov et al. (2009)*"" might be due to
the different burning conditions, as the calculated fractal dimension from the three
studies did not vary considerably; 2.1, 2.0, and 2.2 for Khalizov et al. (2009),"*""! Schnaiter
et al. (2003),[*® and Schnaiter et al. (2005)" respectively. A preliminary fractal dimension
of 2.05 was derived using the COSIMA model for the soot measured in this study (Schnaiter
personal communication), which is in good agreement with the previous measurements.
Together with the increase in the SSA there was an increase in the absorption
coefficient from an average value of 206.3 (¥1) Mm™ to around 356.7(x1) Mm™, an
absorption enhancement of about 1.72 (£0.01) times. The absorption enhancement by coated
soot with a purely scattering substance was also explored by Schnaiter et al. (2005);*! they
found an absorption enhancement of 1.8 to 2.1. Zhang et al. (2008)™*" coated soot particle
with SOA and sulfuric acid and exposed them to 80% relative humidity, they found an
increase in absorption of nearly 2. More recently Shiraiwa et al. (2010)"¥ measured
absorption enhancements of 1.2 up to 2 for graphite particles coated with different
thicknesses of oleic acid and glycerol. The lower absorption enhancement was measured for a
total diameter (D,) to core diameter (D) ratio of 1.2, and the larger enhancement was found
for Dp/De = 2. The absorption enhancement measured by the PAS for the Coat-0.29
experiment lies below the measured absorption enhancement from Schaiter et al. (2005),F®!
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Figure 5.5 Time series of the extinction (circles) and absorption (triangles) coefficients, the single
scattering albedo (squares), the mobility median diameter (dotted line), and the particle number
concentration (solid line) for the Coat-0.29 experiment. The experiment began with approximately
100pug m™ of CAST soot. The dark grey area indicates where coating steps were performed by the
condensation of SOA by the ozonolysis of a-pinene.
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but they performed up to five coating steps, compared to only two coating steps performed in
this study.

5.3.4 Refractive index retrieval of the soot core

After the last coating step of the Coat-0.29 experiment, monodisperse measurements
of the coated soot were performed for particles ranging from 250 nm to 600nm in 25nm
steps. By using a concentric core shell model®® the Qe of specific diameters can be
calculated for different shell thicknesses and RIs of the core and the shell. By using
monodisperse measurements of the coated soot with SOA-aOs, the total diameter (core plus
shell) is obtained from the chosen mobility diameter in the DMA, the Qe for every diameter
is calculated from the CRD measurements, and the RI of shell is derived from the SOA-soot
experiment; only the shell thickness and the core’s RI remain unknown. Using the measured
variables and varying the unknown ones in the concentric core shell model™ the RI of the
soot core can be derived together with an estimation of the coating thickness.

The derivation of the RI for the soot core was performed by varying both the
thickness of the shell and the core refractive index. The retrieval algorithm compares the
measured extinction efficiency as a function of size parameter with the extinction efficiency
calculated using the core shell model code by Liu et al. (2007),® while simultaneously
varying the real and imaginary parts of the core refractive indices for different coating
thicknesses of the particles. It finds the complex refractive index that minimizes % N? for
every coating thickness, where % is defined as:

- (5.1)

&

N 2
2 (Qext measured — Qext calculated)i,k
x (nk,T)=

=1

N is the number of diameters measured, n and k are the real and imaginary parts of the Rl,
respectively, T is the thickness of the shell which for this experiment was varied from 1 nm to
20 nm in 1 nm steps, and ¢ is the estimated error in the measurement. The minimum y? for
every coating thickness are compared, and the values of Rl and coating thickness which yield
the minimum y® among these are taken as the best Rl and coating thickness. The refractive
index of the shell was kept at m = 1.471 + i0, the real part of the RI for the core was allowed
to vary between 1.3 and 2.3, and the imaginary part from 0 to 1. Coating thicknesses with
complex RIs which provided x? values within 5% of the minimum y? were also taken as
valid.

It must be noted that this derivation assumes the same coating for all the sizes, i.e.
assuming a 10 nm coating will mean a 300 nm total diameter measured will have a core of
290 nm and a 600 nm total diameter will have a core diameter of 590 nm. This may not be
the case as it is possible to have a distribution of core and shell diameters; however, this data
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is not available yet and the Kelvin effect®*1*®#%%! for particles greater than ~70 nm diameter is
negligible.*** 1! Furthermore, it is not well understood whether the soot collapses into a
sphere or another shape, whether the coating is homogenous around the particle, or whether
there are some inclusions of SOA in the soot core. These unknowns will increase the error in
the derivation of the complex refractive index. Some of the questions might be resolved in the
ongoing analysis of the measurements performed with the Single particle soot photometer
(SP2) which gives a direct measurement of the soot’s mass and the SP2 — AMS (Aerosol
Mass Spectrometer), which can provide a chemical analysis of the components present in the
collapsed soot cores. There is ongoing research on this topic; hence the results given here
must be taken as preliminary rather than final.

The measured Qe as a function of size parameter are depicted in Figure 5.6, and three
different fitting curves are shown in addition to the measured data. The solid red curve was
obtained by the Mie core shell fit using all particle sizes, a coating thickness of 1 nm was
obtained and a core complex refractive index of m = 2.18 + i0.36. However, this coating
thickness seems too thin and the measured points between 250 nm and 300nm could have
been affected by doubly charged particles, and therefore overestimating their Qex: values. The
dotted blue line is the best Mie fit obtained for a subset of the sizes beginning at 325 nm (the
first three points, marked with the circle, were excluded from the calculation), yielding a core
RI of m = 2.04 +i0.34 and a coating thickness of 10 nm. Coating thicknesses from 4 nm to
14 nm also yielded y? within 5 % of the minimum 2 the best Mie fits for the accepted
coating thickness are represented by the grey lines.

Figure 5.7 shows the different refractive indices compiled by Bond and Bergstrom
(2006)%?? and the RI derived in this study (marked with a black inverted triangle). The RI
derived for the soot core falls slightly below the graphitization curve and considerably lower
than the void-fraction curve.

The void-fraction curve assumes that light absorbing carbon has a single complex

refractive index and that variation can be expressed by the Bruggeman effective-medium
theory.? From Figure 5.7 we can observe that the assumptions made in the derivation of the
complex refractive index of the soot core are not well founded and that more information is
needed for an accurate derivation. Another method for obtaining a better derivation will be to
use a thermodenuder before doing the monodisperse measurements to extract the SOA-aO3
from the coated particle and only measure the collapsed soot core. This will only leave the
uncertainty of the shape of the particle.

58 The vapor pressure of water in equilibrium with an aqueous solution drop at a given temperature depends
only on the solute and its concentration and on the size of the drop. P! This size dependence, which is due to
the surface tension of the solution—air interface, is known as the Kelvin effect. ™ In other words, greater partial
pressure is required to maintain mass equilibrium for curved surfaces than for flat surfaces.
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Figure 5.6 Extinction efficiency (Q.,; triangles) as a function of size parameter (x) of soot coated
with SOA-a0;. The red solid curves represent the Mie best fits obtained by fitting all the
experimental data points, with 1-3 nm as the best coatings thicknesses and m=2.18+i0.36 as the
best Rl. An Rl of m=2.04+i0.34 with a 10nm coating (dotted blue line) was obtained by fitting only
a subset of sizes starting from 325 nm (the excluded sizes are enclosed by the circle). The shaded
area represents the best fits for all accepted coating thicknesses. The error bars represent the
error from the average of extinction measurements sampled every 10 seconds for 2 minutes.
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Figure 5.7 Refractive indices for light absorbing carbon (LAC). The black inverted triangle shows
the RI derived in this study. The curve marked “void fraction” assumes that LAC has a single
refractive index and that variation can be expressed by the Bruggeman effective-medium theory.
The curve marked “graphitization” shows variations in the refractive index of carbon containing
different sp2-bond content. Taken from Bond and Bergstrom (2006)'*2. See their publication for
further explanation.

5.4 Summary and conclusions

Soot aerosol particles from a Combustion Aerosol Standard were injected into the
large aerosol chamber facility AIDA and coated with secondary organic aerosols generated
by the ozonolysis of a-pinene. The optical properties of non absorbing SOA particles with
strongly absorbing soot inclusions were measured with a cavity ring down spectrometer
(CRD) and a photoacoustic sensor (PAS) at 532nm. Using a Mie model for homogenous and
coated spheres, the refractive indices of the SOA and internally mixed soot particles with
SOA were derived.

The single scattering albedo (SSA) for the homogenously nucleated secondary organic
aerosol, formed by the ozonolysis of a-pinene (SOA-aO3), was measured to be one; which is
in accordance with the non-absorbing nature of SOA-aQs. After injecting 25ug m™ of soot, at
a C/O = 0.29, the SSA for the externally mixed aerosols decreased to 0.69 (x0.02); a second
injection of 25ug m™ decrease the SSA further to a value of 0.50(+0.02).
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The SSA for fresh fractal-like soot was measured to be 0.2 (£0.03), and after allowing
the soot to coagulate for 28 hours and coating it with SOA-aOs it increased to 0.71(+0.01).
Furthermore, an absorption enhancement of the coated soot of up to 1.71 (x0.03) times from
the non-coated coagulated soot was directly measured with the PAS.

Monodisperse measurements of SOA-aO3; and soot coated with SOA-aO3; were
performed to derive the complex refractive index of both aerosols. A complex refractive
index of m = 1.471(+0.008) + 10.0(x0.002) for the SOA-aO3 was retrieved. For the compact
coagulated soot a preliminary complex refractive index of m = 2.04(+0.21/-0.14) +
10.34(+0.18/-0.06) with 10nm(+4/-6) coating thickness was retrieved. Many uncertainties still
need to be resolved to provide a certain value of the RI of soot and to explore different
modeling approaches of the optical properties measured. However, the values found in this
study serve as a firm basis for a comprehensive parameterization of the optical properties.
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6 Overall summary and conclusions

Four different laboratory studies related to the optical properties of absorbing aerosols
were presented in this dissertation.

In the first study (Chapter 2), a photoacoustic sensor (PAS) was fully characterized for
measuring absorption by aerosols. It has an average sensitivity of 1.15Mm™, and 0.18Mm™
for a 1 second and 30 second integration time, respectively. The instrument was initially
calibrated using ozone and a cavity ring down spectrometer (CRD). This calibration method
was independently validated by measuring different sizes of nigrosine dye, calculating their
optical absorption cross-section, and comparing them to the predicted cross-sections using
Mie theory.

Furthermore, the photoacoustic sensor was used to characterize absorbing polystyrene
latex spheres (APSL). The measured optical absorption cross-sections were compared to the
results from Lack et al. (2006)"®” for the same batch of APSLs, and very good agreement was
found between both measurements. This suggests APSLs can be a potential calibration
standard for aerosol absorption instruments.

Finally, a simple algorithm was developed to calculate the PAS cell constant using a
mixture of nigrosine and ammonium sulfate solutions. It was shown that if the complex
refractive index of a highly or lightly absorbing substance is known, the PAS can be
independently calibrated without the use of a CRD, or an absorbing gas.

The second study (Chapter 3), a simple approach to retrieve the effective broadband
refractive index (Mproadefr ) IN the visible range by matching the optical diameters measured
by a white light optical particle counter (OPC) with the mobility diameters of a differential
mobility analyzer was developed. This is the first time, to my knowledge, that such a method
was applied to obtain refractive indices (RIs) of lightly absorbing (SRFA and the
AS:nigrosine 10:1 mixture) and highly absorbing substances (nigrosine and its various
mixtures with AS and GA).

Generally, the real part of the myaqere fOr all substances was retrieved successfully
with a difference less than 8% from literature values. For absorbing substances, with the
exception of AS:N 2:1 ratio, the obtained imaginary part is in good agreement with the
expected values, and well within the measurement of other instruments, such as continuous
wave and pulsed CRD spectroscopy.

With this new approach, the OPC can be used (with the caveat of the counting
efficiency) to measure and analyze data and retrieve the complex Myroaq eff fOr substances with
a wide range of optical properties; from pure scatterers, for which the retrieval method is
most accurate, up to highly absorbing ones, such as nigrosine. | expect that for substances
with greater imaginary parts than nigrosine, such as soot, the RI retrieval will be less
accurate. Using this approach, it is easy to obtain accurate calibration curves for data analysis
and correct the measured sizes of white light OPCs to agree with the mobility diameters, i.e.
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applying the retrieved calibration curve provides a corrected size distribution. This approach
can substantially improve aerosol size distributions measured by OPCs in field
measurements.

Finally, the calibration curves generated by this method were used to modify
measured optical size distributions and align them with those of an SMPS to measure
biomass burning aerosols, and by doing so, the effective broadband refractive index was
derived. The average myoad et fOr a mixed population of aerosols dominated by open fires was
Mbproad ef=1.53(£0.03)+0.07i(x0.03), during the smoldering phase of the fires the effective
broadband refractive index was found to be Myaq eri=1.54(£0.01)+0.04i(x0.01), compared to
Mbproad ef=1.49(£0.01)+0.02i(£0.01) of the aged aerosols measured the day following of the
burning event.

The third study (Chapter 4), the validity of the volume weighted mixing rule at 355
nm and 532 nm was investigated. It was found that the difference between the derived and
calculated real parts of the complex RIs were less than 5.3% for all substances, wavelengths,
and RHs. The obtained imaginary parts for the retrieved and calculated RIs were in good
agreement with each other, and well within the measurement errors of retrieval from pulsed
CRD spectroscopy measurements. There were some cases with high percent differences, but
those were attributed to a non homogeneous mixing for substances with low hygroscopic
growth factors (GF) such as IHSS Pahokee peat and nigrosine.

For the low GF substances, the difference between assuming a core-shell structure or
a homogenously mixed particle could have a significant effect on the calculated RI value was
explored. It was found that at 80% RH and for size parameters less than 2.5, there is less than
a 5 % difference between the extinction efficiencies calculated with a core-shell model and a
homogenous mixture model. This difference is within measurement errors; hence, there is no
significant difference between the models in this case. However, for greater size parameters
the difference can be up to 10%. For 90% RH the differences below a size parameter of 2.5
were up to 7%.

Finally, the dependence of light extinction on RH for water soluble substances with
different degrees of absorption was explored at two wavelengths, A= 355 nm and 532 nm. It
was found that the optical growth, fRHe(%RH,Dry), dependence on size changes from
having an exponential dependence for purely scattering substances to demonstrating
practically no dependence for absorbing substances with an imaginary part greater than zero.
There is no clear evidence for the effect of the ratio of the humidified extinction efficiency to
the dry extinction efficiency on the behavior of fRHe(%RH,Dry). However, by analyzing
two substances with the same GF, information on the influence of the imaginary part on
fRHex(%RH,Dry) was obtained. At 532 nm absorption decreased the magnitude of
fRHex:(%RH,Dry) for diameters less than 450 nm and increased the magnitude for greater
sizes. At 355 nm, with the exception of 200 nm patrticles, the magnitude of fRHex(%RH,Dry)
increased with size. It is premature to parameterize the dependence of fRHe(%RH,Dry) on
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absorption, as more measurements are needed to quantify the influence of the Qcxt—osry /
Qext—pry Tactor on the behavior of fRHe,(%RH,Dry) with size.

The measurements performed demonstrated that the volume weighted mixing rule is a
good approximation for water soluble absorbing substances under 80% and 90% relative
humidity conditions, and will be used as a basis to investigate how the twilight zone of warm
clouds would change if aerosols with different degrees of absorption, from purely scattering
to highly absorbing, are present.

In the last study presented in this dissertation, results of two soot aerosols simulation
experiments conducted at the large aerosol chamber facility AIDA of the Karlsruhe Institute
of Technology, Karlsruhe, Germany, were presented. Soot aerosol particles from a
Combustion Aerosol Standard were injected into the large aerosol chamber facility AIDA and
coated with secondary organic aerosols generated by the ozonolysis of a-pinene. The optical
properties of non absorbing SOA particles with strongly absorbing soot inclusions were
measured with a cavity ring down spectrometer and a photoacoustic sensor at 532nm. Using a
Mie model for homogenous and coated spheres, the refractive indices of the SOA and
internally mixed soot particles with SOA were derived.

The single scattering albedo (SSA) for the homogenously nucleated secondary organic
aerosol, formed by the ozonolysis of a-pinene (SOA-aO3), was measured to be one, after
injecting 25pg m™ of soot, at a C/O = 0.29, the SSA for the externally mixed aerosols
decreased to 0.69 (+0.02); a second injection of 25ug m™ decrease the SSA further to a value
of 0.50(%0.02).

The SSA for fresh fractal-like soot was measured to be 0.2 (x0.03), and after allowing
the soot to coagulate for 28 hours and coating it with SOA-aO3 it increased to 0.71(%0.01).
Furthermore, an absorption enhancement of the coated soot of up to 1.71 (x£0.03) times from
the non-coated coagulated soot was directly measured with the PAS.

Monodisperse measurements of SOA-aO3; and soot coated with SOA-aO3; were
performed to derive the complex refractive index of both aerosols. A complex refractive
index of m = 1.471(x0.008) + i0.0(x0.002) for the SOA-aO3 was retrieved. For the compact
coagulated soot a preliminary complex refractive index of m = 2.04(+0.21/-0.14) +
10.34(+0.18/-0.06) with 10nm(+4/-6) coating thickness was retrieved. Many uncertainties still
need to be resolved to provide a certain value of the RI of soot and to explore different
modeling approaches of the optical properties measured. However, the values found in this
study serve as a firm basis for a comprehensive parameterization of the optical properties.
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7 Recommendations for future work

There are still many open questions on the optical properties of absorbing aerosols.
Here 1 would like to propose a few experiments that can help close the gaps in our
knowledge. First, | propose a simple experiment to use the fully characterized photoacoustic
spectrometer (PAS) in conjunction with a cavity ring down spectrometer (with the tandem
setup used in chapter 2, 3, and 5) to derive the complex refractive index of aerosols with the
measurement of only one diameter. This can help assess the chemical changes occurring in
the aerosol and can give modelers changes in the RI over time to improve climate models.

Figure 7.1a shows the extinction coefficient (Qext) Vs. size parameter for five different
groups of complex refractive indices where the real part of the RI is kept constant, and the
imaginary part is varied from k=0 to k=0.2 in k=0.05 steps for every real part. The dotted
squares marks the diameter range where every real part of the complex RI can be
distinguished regardless of the imaginary part, there is only a slight overlap between the real
part n=1.4 and n=1.3. By choosing a size parameter of x=2.25, using the particle generation
system described in Appendix I, and measuring the extinction coefficient with the cavity ring
down spectrometer, the real part of the RI can be unequivocally measured. Furthermore, the
imaginary part of the RI can be similarly measured with the photoacoustic spectrometer.
Figure 7.1b shows the absorption coefficient vs. size parameter for four different groups of
complex refractive indices where the imaginary part of the Rl is kept constant, and the real
part is varied from n=1.3 to n=1.7 in n=0.1 steps for every imaginary part. As in Figure 7.1a
the dotted square marks the region where imaginary part will have to be distinguished from
the real part measured from the CRD. In this region there is a clear distinction among the
imaginary parts, with a slight overlap in the region between k=0.15 and k=0.2. However, the
real part measured with the CRD will help distinguish the imaginary part. The error of the
derivation is expected to be the same as the error in the CRD and PAS instruments; less than
5%. With only the need to measure one diameter to derive the complex refractive index, the
instrument setup DMA-CRD-PAS can be taken to the field and time series of the RI can be
measured.

Next, aerosol particles as they are transported through the atmosphere interact with
existing gases which leads to products with new chemical and physical properties (normally
referred to as aging). Aging of aerosols can change their molecular weight (MW), the new
products can have higher oxidation states, which will therefore modify the hygroscopicity,
and change the optical properties. Hence, to better model aerosols’ processes in the
atmosphere, investigating the effect of atmospheric condensed-phase reactions is of great
importance. Some of the research questions where the CRD and the PAS can be used in the
laboratory to better assess the optical properties of aerosols in these reactions are:

= How does the condensation of volatile organic compounds reacted with NOx on non-
reactive aerosols will change the optical properties of the seed aerosol?
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Figure 7.1 (a) Extinction coefficient vs size parameter for five different groups of complex refractive indices
keeping the real part of the Rl constant at n=1.7 (solid green line), n=1.6 (dotted black line), n=1.5 (blue
dash-dot line), n=1.4 (red dash line), and n=1.3 (orange dash-dot-dot line), and varying the imaginary part
from k=i0.0 to k=i0.2 for each real part. (b) Absorption coefficient vs size parameter for four different groups
of RlIs keeping the imaginary part constant at k=i0.2 (solid balck line), k=i0.15 (blue dash-dot line), k=i0.1 (red
dash line), and k=0.05 (orange dash-dot-dot line), and varying the real part from n=1.3 to n=1.7. The dotted

squares are the proposed areas to perform a single size measurement to derive the complex refractive

index.
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= How does the condensation of volatile organic compounds reacted with O3 on non-
reactive aerosols will change the optical properties of the seed aerosol?

Lastly, I would like to propose the development of a new instrument using a white
light source. Using the design of the WELAS, instead of having a photomultiplier to
measure the total intensity of the scattered light, a CCD camera can be placed instead to
measure the scattering spectrum of single particles. This can give information on what
wavelengths are being absorbed and what is the change in the scattering pattern for different
carbonaceous particles.

98



8 AppendixI

8.1 Particle generation system

A schematic of the particle generation system is shown in Figure 8.1. Aqueous
solutions (201000 mg L) of the pure compounds or mixtures of interest are nebulized using
a TSI constant output atomizer (TSI-3076, 35 psi, 2.5 standard liters per minute (SLM) flow),
with dry particle-free pure nitrogen, generating a polydisperse distribution of droplets. An
external pump is used to control the polydisperse aerosol flow which will be size selected.
The aerosol flow enters silica gel column dryers to produce a dry flow (relative humidity
(RH) of ~3%). Next, the dry polydisperse aerosol passes through a neutralizer (TSI 3012A) to
obtain an equilibrium charge distribution on the particles. The charged particles then enter an
electrostatic classifier (differential mobility analyzer (DMA TSI model 308100)), and a size
selected, nearly monodisperse aerosol is selected at a fix applied voltage. The DMA operates
with 5-3 SLM dry, clean nitrogen sheath flow. The maximum diameters that can be selected
are 500 nm and 800 nm for 5 SLM and 3 SLM sheath flows, respectively. The aerosol
concentration is controlled by the solution concentration with no upper limit for
atmospherically relevant concentrations.

Pump
Polydisperse aerosol
2.51/m flow of 0.3-0.5 I/m
N, ->| Atomizer > | Diffusion
dryers
To P e l :
instrumentation DMA Neutralizer

Quasi-monodisperse
Flow: 0.3-0.5|/m

Figure 8.1Schematic of the quasi-monodisperse particle generation system
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8.2 Derivation of the complex refractive index using cavity ring down
spectroscopy

To retrieve the complex refractive index of a substance in the aerosol phase, the
extinction efficiency (Qext) is measured at different diameters. The measured Qe values are
fitted to Mie curves of different complex refractive indices, and the curve that best fits the
measured data is determined to be the complex refractive index of the substance measured.
To perform this calculation, equation 8.1 is used:

2

, N (Qext measured Qext(n‘k))i
i=1 l

where N is number of diameters measured, ¢ is the estimated error in the measurement (taken
as the standard deviation of repeated measurements of the same particle size with different
concentrations), and n and k are the real and imaginary parts of the complex refractive index,
respectively.

For example, to derive the complex refractive index for nigrosine, measurements of
Qex: at different diameters were performed (shown as the black squares in Figure 8.2).

Diameter (nm)

0 100 200 300 400 500 600 700 800
] 1 ] 1 ] 1 | ) ] ) ] ) | 1 ] 1 |

Qext

- M Measured Q. ‘
(+0.021) +10.243 (

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Size parameter (X)

Figure 8.2. Measured Qext vs diameter for nigrosine dye at 532nm (solid squares). The solid line is
the best Mie curve for the measured data, and it represents a complex refractive index of m =
1.626 (+0.021) +i0.243 (+0.023).
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The obtained Qe values were used in equation 8.1 to calculate x> while varying n and k
values. The set of n and k values that minimize equation 8.1 represent the real and imaginary
part of the complex refractive index of nigrosine. Figure 8.3 shows an example of the search
for the minimum y? value for the measured points shown in Figure A.1. The real part of the
refractive index was allowed to vary from n = 1.3 to n = 1.8, and the imaginary part from k =
0 to k= 0.8, in steps of 0.001.
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Figure 8.3. Calculation of x* for different values of the complex refractive index. The real part was
allowed to vary from n=1.3 to n=1.8, and the imaginary part from k=0 to k=0.8. The red area shows
where the minimum value of exists.

The minimum 2 found for this experiment was y’min = 18.86. Assuming the errors of
the measurement &7 to be normally distributed in the n-k space, the values of XZ for different
calculations of equation A.1 follow a XZ distribution. The quintile for the 68.3% (lo)
confidence level for two degrees of freedom is 2.298. Any n and k values which yield a 5
that falls within the 1 error bound of the best measurement is considered acceptable if y°<
Ymint 2.298 (marked as the red area in Figure A.2).
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