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Referat:

Aerosolpartikel wechselwirken durch Streu- und Absorptionsprozesse mit der einfallenden
Sonnenstrahlung und haben somit einen direkten Strahlungseffekt. Bei relativen Feuchten
bis 100% konnen Aerosolpartikel aufquellen und somit ihre Grofie dndern. Im Zuge des
Aufquellens, andern sich die optischen Eigenschaften und somit auch der direkte Strahlungsef-
fekt der Aerosolpartikel. Speziell fiir Mischungen von verschiedenen Aerosolspezies ist die
Anderung der optischen Eigenschaften des Aerosols durch Feuchteeinfluss noch nicht ausre-
ichend verstanden.

Gegenstand der vorliegenden Arbeit ist daher die Quantifizierung der wellenlingen- und
feuchteabhangigen optischen Eigenschaften einer Mischung von Saharastaub- und marinen
Aerosol. Die zur Quantifizierung notwendigen Daten wurden im Rahmen einer Feldmessung
von mikrophysikalischen- und optischen Aerosol-Eigenschaften auf den Kapverdischen Inseln
gesammelt. Auf Grundlage dieser Messungen wurde ein Aerosol-Modell entwickelt. Dieses
Modell wurde daraufhin verwendet, um Berechnungen von optischen Aerosol-Eigenschaften
bei relativen Feuchten bis 90% durchzufiihren. Eine Messung der Lichtschwachung durch
Aerosolpartikel unter Umgebungsbedingungen wurde verwandt, um das Modell bei Umge-
bungsfeuchten zu validieren. Die Wellenlangen- und Feuchteabhangigkeit der optischen
Eigenschaften des Aerosols wurde parametrisiert und konnte anhand von zwei Parameter-
gleichungen bestimmt werden.

Unter Benutzung von tabellierten Werten und der Wellenlange des einfallenden sichtbaren
Sonnenlichtes, der relativen Feuchte, sowie der Staubvolumenfraktion, kann die Feuchte-
abhangigkeit von wichtigen Aerosol-optischen Eigenschaften fiir Saharastaub, marinen Aero-
sol und einer Mischung aus beiden Komponenten bestimmt werden. Globale Zirkulation-
smodelle, die auch eine Berechnung von Strahlungseffekten durch Aerosolpartikel bein-
halten, nutzen Aerosol-optische Eigenschaften als Eingabeparameter. Durch zunehmende
Komplexitat zur Beschreibung von Wechselwirkungen in der Atmosphare, sind einfache
Parametrisierungen unabdingbar. Die vorliegende Arbeit liefert daher einen wichtigen
Beitrag fiir die Modellierung von Strahlungseffekten durch Aerosolpartikel und somit zum

Verstandnis des Strahlungshaushaltes der Erde.

139 S. (Seitenzahl insgesamt)
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Abstract:

Aerosol particles interact with sunlight through scattering and absorption and have there-
fore a direct radiative effect. Hygroscopic aerosol particles take up water and are able to
grow in size below 100% relative humidity, which involves the change of optical properties
and the direct radiative effect. The change of aerosol optical properties for aerosol mixtures
under humidification is presently not well understood, especially for the largest particle
sources worldwide.

The present PhD-thesis quantifies wavelength- and humidity-dependent aerosol optical prop-
erties for a mixture of Saharan mineral dust and marine aerosol. For quantification, an aero-
sol model was developed, which based on in-situ measurements of microphysical and optical
properties at Cape Verde. With this model, aerosol optical properties were calculated from
the dry state up to 90% relative humidity. To validate the model, a measure of the total
extenuated light from particles under ambient conditions was used. Finally, the humidity
dependence of aerosol optical properties for marine aerosol, Saharan dust aerosol, and a
mixture of both species was described by two empirical equations. With the wavelength
of the incident visible solar radiation, relative humidity, and dry dust volume fraction, the
humidity dependence of optical properties can be calculated from tabulated values. To cal-
culate radiative effects, aerosol optical properties were used as input parameters for global
circulation models including radiative transfer. Due to the complexity of aerosol related
processes, they have been treated implicitly, meaning in parameterized form. For modelling
purposes, the present PhD-thesis provides a solution to include humidity effects of aerosol

optical properties.
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1 Introduction

1.1 Placement of the thesis in meteorological science

The understanding of the radiation processes between the Earth’s atmosphere and surface
is a subject in meteorological science. The radiative balance and not only the incident radi-
ation from the sun is responsible for the global mean temperature of the Earth’s surface and
atmosphere. The Earth’s radiative balance can be altered due to changes in the incoming
solar radiation, planetary albedo and in the emitted longwave energy flux. In turn, changes
in the planetary albedo result from changes in the aerosol content in the atmosphere from
natural and anthropogenic sources and land albedo, as well as from changes of gas concen-
trations in the atmosphere, which absorb solar radiation (Seinfeld and Pandis, 2006). Any
such alteration is a radiative forcing that disturbs the equilibrium and leads to a nonzero
average downward net radiative flux at the top of the atmosphere (Seinfeld and Pandis,
2006). For instance, an increase (decrease) of the net downward radiative flux heats (cools)
the Earth.

In this regard, an aerosol is defined as the suspension of solid or liquid particles in a carrier
gas (typically air). These suspended particles occur in the size range from a few nanometers
to 100 um. However, these microscopically small particles interact with radiation by scatter-
ing and absorption. The scattering and absorption behavior can alter the planetary albedo
and has therefore a direct effect on the radiative forcing. The same physical process that
causes the direct effect is the reduction in visibility in a particle laden air mass. To quantify
the direct radiative forcing, the albedo of the underlying surface, the vertical aerosol dis-
tribution, aerosol optical depth, the fraction of the surface covered by clouds (cloudiness)
and relative humidity and wavelength-dependent aerosol optical properties (e.g., single scat-
tering albedo and upscatter fraction) are crucial (Seinfeld and Pandis, 2006; Tegen et al.,
1996). The single scattering albedo is a key parameter governing the change in planetary
albedo. A so called critical single scattering albedo, which is dependent on the albedo of
the underlying surface and the upscatter fraction, defines the boundary between negative
(cooling) and positive (heating) direct radiative forcing (Heintzenberg et al., 1997; Liao and
Seinfeld, 1998). Nevertheless, this approximation is valid in absence of clouds.

Another effect that alters the planetary albedo is the first indirect effect, called Twomey
effect (Twomey, 1974, 1977), which describes the influence of aerosols on clouds. If relative
humidity exceeds a critical value, hygroscopic particles become cloud condensation nuclei

(CCN) and activate to cloud droplets. An increased CCN concentration due to anthro-
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pogenic pollution increases the number of cloud droplets. Since the given amount of water
is distributed over more drops, the effective cloud droplet diameter is reduced. Clouds with
smaller droplets, but with a larger CCN concentration in comparison with larger droplets
and smaller CCN concentrations, have a higher cloud optical thickness and cloud albedo.
Examples for this behavior are ship tracks observed in marine stratocumulus layers. The
microphysically induced effect of aerosols on the liquid water content, cloud height, and

lifetime of clouds is called the second indirect effect (e.g., Ramaswamy et al. (2001)).

1.2 Motivation

As outlined in the last section the quantification of the direct radiative forcing depends on a
number of different parameters. In contrast to atmospheric greenhouse gases such as COs,
CHy, N2O, and the CFCs, aerosol particles show a large spatial and temporal variability in
size, concentration, and composition. Particles are emitted directly due to bulk-to-particle
conversion (BPC) from crustal material (e.g., mineral dust) or from sea spray (e.g., sea-salt)
and due to gas-to-particle conversion (GPC) by nucleation of precursor gases (sulfuric acid,
organic carbon, ammonia). Particles can also be emitted due to high temperature combus-
tion processes or biomass combustion (e.g., elemental and organic carbon). These varieties
of particle types are most abundant close to their sources, e.g., mineral dust particles in the
outflow of large arid regions or secondary and combustion particles in highly industrialized
regions in the Northern Hemisphere. These are some arguments that make the prediction
of radiative forcing by particles more difficult than for the gases. Nevertheless, the last In-
tergovernmental Panel On Climate Change (IPCC) report IPCC (2007) included numerous
research studies, e.g., Forster et al. (2007) in quantifying the aerosol direct radiative forcing.
Based on the newest results of general circulation models (GCMs), which include radiative
transfer, the direct aerosol forcing is -0.54-0.4 W m~2 what means a cooling. However, the
recent IPCC report (IPCC, 2007) rates the scientific understanding of the direct radiative
forcing to be medium or even low.

The largest natural particle sources are mineral dust with a global estimated source strength
of 1500700 Tgyr~t (Tegen et al., 1996) and sea-salt with ~1300 Tgyr~! (Andreae, 1995).
Tegen and Fung (1995) estimate the anthropogenic contribution of mineral dust to be 30-
50% of the total dust burden in the atmosphere, which were later updated by Tegen et al.
(2004) to only 5-7%. Mineral dust from anthropogenic sources originates mainly from agri-
cultural practices (harvesting, ploughing, overgrazing), and changes in surface water (e.g.,
Caspian and Aral Sea, Owens Lake) (Prospero et al., 2002). In contrast to sea-salt and min-
eral dust, sulfate and black carbon have minor total global burdens, ranging from 91.7 to
125.5 Tgyr~! and 5.8 to 8.0 Tgyr!, respectively (Haywood and Boucher, 2000). The direct
anthropogenic radiative forcing on the top of the atmosphere (TOA) for the largest particle
sources is estimated to be -0.140.5 W m™2 for mineral dust particles and -0.3540.15 W m 2

for sulfate particles (Forster et al., 2007). For black carbon particles, the direct radiative
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forcing on TOA is positive and is given by Forster et al. (2007) to 0.4440.13 W m™2. Note
the high uncertainty of the direct anthropogenic radiative forcing, especially for mineral
dust. One major reason for that is caused by the uncertainty of the quantification of aerosol
optical properties (AOP), e.g., complex refractive index, asymmetry parameter, and single
scattering albedo. Moreover, the humidity dependence of aerosol optical properties are cru-
cial to predict the direct radiative forcing correctly (Quinn et al., 1996).

Hygroscopic growth at relative humidities below 100% influences strongly their scattering
properties (Hénel, 1976; Nemesure et al., 1995) mainly by changing the particle size but
also the refractive index (Covert et al., 1972). The hygroscopic particle growth behavior is
insufficiently implemented in GCMs and is therefore a significant source of uncertainty when
predicting direct radiative forcing (Kinne et al., 2003). However, efforts were undertaken
to include effects of hygroscopic growth of aerosol particles in GCMs (Randall et al., 2007).
In GCMs, which include radiative transfer, aerosol related processes have been treated im-
plicitly, meaning in parameterized form. An explicit calculation of AOPs from the dry to
the ambient condition using the Kohler theory (Kohler, 1936) tends to be too complex to
be applicable in a GCM. Empirical growth laws determined from experimental data may
therefore provide a more applicable solution to better approximate ambient aerosol radia-
tive properties at the current state of model development. There is a need to quantify the
humidity dependence for AOPs of the largest natural and also anthropogenic sources.

The humidity dependency of the scattering coefficient of the marine aerosol were determined
from experimental data for several locations of the world, e.g., off the pacific coast of the
United States (Hegg et al., 1996), in the Pacific and Southern Oceans (Carrico et al., 1998)
and in the northern Atlantic during ACE-2 (Carrico et al., 2000). Humidity dependence
on AOPs in the presence of Asian dust during ACE-Asia was reported by Anderson et al.
(2003), Carrico et al. (2003), Howell et al. (2006), and Yoon and Kim (2006). Relative
humidity-dependent AOPs of a mixture of marine and transported Saharan dust aerosol
was published by Li-Jones et al. (1998) and Lack et al. (2009). Nevertheless, the weakness
of the most of the publications given above, is to present the humidity dependence for only
one AOP (e.g., absorption or scattering coefficients) and for few wavelengths (530, 532, and
550 nm).

In contrast to that, the amenity of aerosol models (e.g., Hénel (1976); Shettle and Fenn
(1979); D’Almeida et al. (1991)) is that they deliver a comprehensive set of humidity-
dependent AOPs for certain aerosol species for a large wavelength range. In some regions,
the aerosol consists however, of a mixture of the two largest aerosol species, e.g., Saharan
dust which is the most important source of desert dust on a global scale (Washington et al.,
2003) and marine aerosol. To conclude, a comprehensive quantification of humidity effects

of AOPs of such an aerosol mixture is presently a gap in knowledge.
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1.3 Goals

This PhD-work contributes to the identified gap in the frame of the Saharan Mineral Dust
Experiment (SAMUM) consortium. Other participants of the SAMUM consortium (status
in 2011) are the ”Deutsches Zentrum fiir Luft- und Raumfahrt” (DLR) which operates the
aircraft ”Falcon” for in-situ and remote sensing of the vertical and spatial distribution of
microphysical and optical aerosol properties. In cooperation with the University of Leipzig,
several instruments were operated at the ”Falcon” to measure radiances and irradiances
in the visible solar spectrum. The DLR also provided instrumentation to investigate long-
wave radiative effects of Saharan dust. The modelling department of the Leibniz Institute
for Tropospheric Research (IfT) was involved to model the transport of the Saharan dust
and biomass burning aerosol, its modification and the radiative impact. IfT and University
of Munich operated three multi-wavelength lidar systems and a novel wind lidar to measure
the vertical distribution of Saharan dust and biomass burning aerosol and the vertical mix-
ing within aerosol layers. The Technical University Darmstadt (TU Darmstadt) provided
physicochemical and mineralogical parameters of mixed mineral dust, biomass burning and
marine aerosols as well as meteorological instruments.

Two experiments were carried out in the framework of this consortium. The first experi-
ment called SAMUM-1 was conducted in May / June 2006 at the outskirts of the Saharan
desert in Ouarzazate and in Zagora, Morocco. The scope of SAMUM-1 was to better de-
termine the parameters relevant for computing the direct radiative effect of Saharan dust.
As discussed in chapter 1.2, the sign of the radiative forcing of mineral dust in a global
meaning is uncertain (Tegen et al., 1996; Sokolik and Toon, 1999). To be more specific, the
SAMUM-1 campaign determined optical properties of pure mineral dust. Two years later
the SAMUM consortium moved to the Cape Verde Islands at the outflow region of min-
eral dust from the Saharan desert. The second experiment, called SAMUM-2, was carried
out in January / February 2008, with the highest occurrence of spreading dust plumes from
the Saharan desert over the Atlantic (Chiapello et al., 1997; Engelstaedter et al., 2006),
especially at low altitudes in the trade wind layer (Chiapello et al., 1995). SAMUM-2 was
planned to quantify the radiative effects of the mixed plume of Saharan dust, biomass burn-
ing aerosol from central Africa and marine aerosol from the Atlantic. With the knowledge
from SAMUM-1 it should be possible to test the hypothesis that dust processing during
transport leads to changes in hygroscopic and optical properties of the Saharan dust.

The goal of this PhD-work is the quantification and parametrization of optical properties
of the mixed aerosol for dry and ambient conditions with ground-based in-situ measure-
ments. After the introduction, the theoretical background of hygroscopic and optical aero-
sol properties is given (chapter 2). In the following chapter 3, the measurement location
and meteorological conditions are described. Chapter 4 ” Measurement techniques and data
processing”, introduces the used measurement devices and the data processing for the in-
dividual instruments is explained. Chapter 5 ” Aerosol characterization and closure studies

at dry conditions” characterizes the relevant microphysical and optical aerosol parameters,
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which are the prerequisites for chapter 6. Chapter 6 ” Aerosol model calculations at am-
bient conditions” describes the parameters of the aerosol model and validates the model
calculations with measured quantities in terms of an optical closure study and mass clo-
sure at ambient conditions. The primary goal of the PhD-work is presented in chapter 7,
which delivers look-up tables for the parameterized humidification factors for the extinc-
tion, scattering and absorption coefficient as well as single scattering albedo and asymmetry
parameter. Chapter 7 delivers also parameterizations for the dry single scattering albedo
and asymmetry parameter as function of the incident wavelength of light and mineral dust

volume fraction. The PhD-work closes with a ”Summary and Outlook” (chapter 8).



2 Physical basics

There are two catchwords in the title of the PhD-thesis. These are the aerosol optical
properties and the particle behavior when surrounded by humid air. The following sections
introduce the reader to the two main issues of this thesis and explain basic analytically and

empirically derived equations.

2.1 Optical properties of aerosol particles

In the atmosphere, solar electromagnetic radiation interacts with aerosol particles by scat-
tering and absorption processes. The scattering is the process where an incoming electro-
magnetic radiation with the wavelength A hits a inhomogeneity and induces a secondary
electromagnetic radiation. Elastic scattering occurs when the wavelength of the secondary
electromagnetic radiation equals the wavelength of the incoming radiation. Inelastic (Ra-
man) scattering however occurs when the wavelength changes during the scattering process.
The total scattering includes the physical processes of diffraction, refraction and reflection.
The scattering process distributes the incoming energy from the electromagnetic wave in
different directions. The fraction of electromagnetic radiation scattered in a solid angle 2
is described by the scattering phase function f(£2). The derivation of the scattering phase
function is shown later in this chapter. Absorption occurs, when one part of the incoming
electromagnetic radiation is transformed into thermal energy. A physical property of the

particle that describes the absorption and scattering is the complex refractive index
m =m — niwithi=+v-1. (2.1)

In a simple way, the real part m and imaginary part n mainly characterize the scattering
and absorption ability, respectively. The imaginary part equals zero if no absorption occurs.
To describe the concept of how particles scatter and absorb electromagnetic radiation in the

visible spectral range (light), the following assumptions have to be made:
e particles are placed in an homogeneous medium
e particles do not interact with each other, which means the scattered light by one

particle is small compared to the incoming radiation and does not influence other

particles (single scattering processes)

e only elastic scattering occurs e.g., the wavelength of scattered and incoming light is

identical.
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Stokes vectors S = (I, Q, U, V') quantify the energy of different polarizations of incident light
S; and scattered light Sg. The 4 components of the Stokes vector are

e [ = total intensity of the light

e () = degree of parallel or cross polarized light
e U = degree of 45° polarized light

e V = degree of elliptical polarized light.

The Stokes vector of the scattered radiation Sg are calculated from the incident radiation
S; as follows (Bohren and Huffman, 1983):

1
~ R2a2

S, M-S, (2.2)

where M is the real scattering matrix, a is the distance of the observation point from the
2

scatterer and k = =¥ is the wavenumber. The elements of the 4x4 matrix M depend on
the particle size and shape, the wavelength A, the wavelength-dependent complex refractive
index m and the scattering angle 6. The elements of the scattering matrix are calculated
by solving Maxwell’s equations. In general, all 16 elements of the scattering matrix M for
non-spherical particles can be nonzero and independent of each other. For simplification,
non-spherical particles are assumed to be randomly oriented (macroscopically isotropic) in
a medium and have one symmetry axis. For this case, the scattering matrix becomes block
diagonal with eight nonzero elements, while six of them are independent (van de Hulst,

1957). Hence, M has the form:

S Sz 0 0
Sz S 0 0
M= 12 D22 . (2.3)
0 0 S35 Ss

0 0 —Ssu Su

The incoming sunlight is not polarized and therefore S; = (1;,0,0,0) (Bohren and Huffman,
1983). The Stokes vector of the scattered light is calculated using equation 2.2 and 2.3 as:

I S S 0 0 I; S
s 1 Sy S 0 0 0 1 S
Q S 12 022 - 12 (2.4)
U, k2a 0 0 Ss3  Ssy 0 k?a 0
V 0 0 —S34 Su 0 0

From this, it follows that the intensity of the scattered light I, is solely dependent on the
S11 component. To describe the spatial intensity of the scattered light, the scattering phase
function f(€) is introduced, which equals the S;; component of M. The integral of the
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scattering phase function over the solid angle €2 is:

t/ F(Q)dQ = K2C., (2.5)

where C is the scattering cross section.
The sum of scattering and absorption is called extinction. Due to energy conservation, the
extinction cross section is defined as (Mishchenko et al., 2000; Bohren and Huffman, 1983):

C.=C,+C,. (2.6)

In general, the cross sections C; (here the subscript i stands for a = absorption, s = scattering
and e =extinction) describe the scattered, absorbed and extenuated amount of incoming
energy I; per time and space. The ratio of the cross section C; to the geometric cross
section is called efficiency factor @);.

The outcomes of solving Maxwell’s equation for the scattering problem are efficiency factors
Q; for extinction and scattering as well as the scattering phase function f(£2).

For spherical particle diameters much smaller than the incoming wavelength d, << A, the

scattering efficiency is (e.g., Bohren and Huffman (1983)):

8 ,[m2—-1]7
2 f{W+J (27)

and the extinction efficiency is:

m? — 1 22 (w2 — 1\ M+ 27m2 + 38 8 m? —1\?
. =4zl 1+ = —2*R .
@ x7”{m%+2{+15Cm+a) 2m? + 3 }}+3I ‘ QW+Q)
(2.8)

For particles much larger than the incoming wavelength d, >> A, the asymptotic value of

the scattering and extinction efficiency factors are:

Qs =1 (2.9)
Qe =2. (2.10)

For spherical aerosol particles in the range of the incoming wavelength d, ~ X, the Mie theory
(Mie, 1908) delivers an analytical solution for the efficiency factors Q., @5, and the scattering
phase function f(Q2). The derivation of these parameters starting with Maxwell’s equations
is described e.g. in Bohren and Huffman (1983). There exist a variety of analytical solutions
for computation of the optical parameters of non-spherical particles. Common solutions are
the discrete dipole approximation (DDA) (Purcell and Pennypacker, 1973), the T-matrix
method (TMM) (Waterman, 1971), and finite difference time domain method (FDTDM)
(Yee, 1966). An introduction to these methods is delivered by Mishchenko et al. (2000).

However, each solution is limited in its use and has strengths and weaknesses. With the
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TMM, optical properties of rotational symmetric, homogeneous scatterers can be computed

mdp
A ?
the particle diameter. In contrast to the TTM, the DDA is used for arbitrary shapes, as well

up to a size parameter of x = 200. The size parameter is defined as x = where dp ist
as inhomogeneous and anisotropic particles. Here, one particle is approximated by up to
several thousand dipoles. The disadvantage follows that the scattering problem needs to be
computed for each dipole, thus increasing the computation effort tremendously, especially
for the larger size parameter. As a consequence, current DDA computations can be made
up to x = 25. Within this thesis the following methods for different shaped particles are

used to solve the scattering problem:
e Mie theory for spherical homogeneous particles
e TMM for homogeneous prolate spheroids

e DDA for deformed spheroids & aggregates.

2.1.1 Optical properties of particle ensembles

Aerosol particles in the atmosphere cover a size range from a few nanometers to about

one hundred micrometers. With the known efficiency factors (); and introducing a particle

dN
dlog dp

volume, the total attenuated light in terms of the scattering, absorption, and extinction

number concentration (weighted by the log-equidistant size interval) in a certain

coefficient (represented by the index ¢) can be calculated as follows:

dpmaz—(dp\* AN
= = dlog dp. 2.11
o ﬂ/d Q(z) Tlog dp” 08 W (2.11)

Pmin

Similar to equation 2.11, the scattering phase function f(2) of the particle ensemble in a

certain volume can be calculated as:

1 [dpmes AN
Q) = — Q dlogd 2.12
P =g | @) g dosdy (2.12)

The apostrophe ’ denotes that the scattering phase function has the dimension of m~!sr—!

1

instead of sr™". Introducing the polar azimuth ® and scattering angle @, the scattering

coefficient for certain angle ranges 1,95 and 6,0, is defined as:

25 [0
o5 = / 1'(0, @) sin(9)dddb. (2.13)
01 (o3}

2.1.2 Dimensionless quantities of optical properties

Extinction, scattering, and absorption coefficients are generally wavelength-dependent. The

wavelength dependency of o; in a certain wavelength range \i, Ao gives the Angstrom-
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exponent (Angstrom, 1929) that is

log(0;" /)

AM/x) = T Tog0a /N

(2.14)
The Angstrom - exponent is the exponent of a power law, which is used for the wavelength
dependence of o;. Soot, for instance, has an Angstrém-absorption-exponent of 1 (Bergstrom
et al., 2002; Kirchstetter et al., 2004) in the visible spectral range. Saharan mineral dust
has an Angstrém-absorption-exponent of up to 6 (Linke et al., 2006; Miiller et al., 2009b).
However, the Angstrom-absorption-exponent for Saharan dust is strongly dependent on the
wavelength range. The Angstrom-extinction-exponent is positive when the particle popula-
tion is dominated by small particles sizes (dp << 1pm), while for large particles (dp > 1um),
the Angstrom-extinction-exponent would be zero or slightly negative.

To conclude, the Angstrom-absorption-exponent is controlled mostly by chemical compo-
sition, while the Angstrom-extinction-exponent is controlled mostly by the particle size
distribution. Hence, with the Angstrom-exponents a classification of the particles by their
type and size can be made.

Another dimensionless optical parameter used in this thesis is the asymmetry parameter:

1
g=<cosf >= — 1'(2) cos 6dSQ. (2.15)

Os Jo=dar
The asymmetry parameter is the expectation value of the cosine of the scattering angle 6.
g has values between 1 and -1 and is positive, if the particle scatters more light toward the
forward direction (0 < 6 < 7); g is negative if the scattering is directed more toward the
back direction (§ < 6 < 7). The asymmetry parameter vanishes if the scattering is isotropic
or the scattering is symmetric about the scattering angle ¢ = 7. With increasing particle
size, the relative scattering in forward direction is enhanced, and therefore the asymmetry

parameter can be used to classify the particle ensemble by their average particle size.

The single scattering albedo
o-S

wo = o (2.16)
is an important quantity in aerosol research, since it has a strong influence on the direct
effect of radiative forcing (e.g., Heintzenberg et al. (1997)). The single scattering albedo
may vary between 0 and 1 and gives the proportion of absorption relative to the scattering.
It is thus an indirect measure of the absorption. When wy = 0 the total extenuated light is
absorbed, while wyg = 1 when no light is absorbed by the particle and the total attenuated
light is scattered. Nearly both extreme values were found in the atmosphere, for instance
wo = 0.17 for Diesel soot (Schnaiter et al., 2003) and wy = 0.99 for sea-salt dominated

acrosol (Quinn et al., 1998).

10
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2.2 Hygroscopic properties of aerosol particles

This chapter introduces the ability of atmospheric aerosol particles to interact with water
vapor in the atmosphere. The hygroscopicity is a measure of the affinity of particles to
adsorb and absorb water molecules. It encompasses the mass transfer of water in both
directions, from the gas phase to the particle phase (condensation) and vice versa (evap-
oration). Furthermore, the atmosphere seeks equilibrium conditions and reaches that via
condensation and evaporation. The affinity of a particle to interact with the surrounding
water vapor depends on its chemical composition and size; additionally the relative humid-
ity around the particle controls the amount of water mass transfer.

The theoretical description of this mechanism is the Kohler theory introduced by Koéhler
(1936). An overview of the classical Kohler theory presented here is taken from Liljequist
and Cehak (2006), Pruppacher and Klett (1997), and Rogers and Yau (1989). The classi-
cal Kohler theory and several modifications and parametrization made in the last decades,
called modified Kéhler theory, are introduced in section 2.2.1. Rose et al. (2008) give an
overview of different types of Kohler models and compared their differences. Within this
thesis the modified Kohler theory according to Tang and Munkelwitz (1994) and Petters
and Kreidenweis (2007) is used.

2.2.1 Classical and modified Kohler theory

The saturation water vapor pressure over a plane water surface eg,(00) can be calculated
by the Clausius-Clapeyron equation. Rogers and Yau (1989) and references therein give an

empirical formula

(2.17)

17.67T
esat(oo):6.112-exp( r.67 )

T+ 243.5
that is valid for atmospheric relevant temperatures 243 K < T' <308 K. The saturation water

vapor pressure over a water droplet diameter dp is given by the Kelvin equation

4M, 0.
esat(dp) - esat(oo) Y ( > )

e 2.18
RT pydp (2.18)

where M,, is the molecular weight of water, and p, and o, are the density of water and
surface tension of water, respectively. R is the universal gas constant. Equation 2.18 demon-
strates that for a given T" and o,,, the saturation water vapor pressure over the surface of
a water droplet dp is larger than that over a plane water surface. Therefore, for a con-
stant T', supersaturation (esq(dp) > esat(00)) is needed for condensation of water vapor
on a droplet. The expression eg,(dp) > €s4:(00) means that the relative humidity (RH) is
>100% on the droplet relative to the plane surface. Moreover, smaller water droplets require
a higher supersaturation to reach equilibrium conditions between condensation and evapo-

ration. Figure 2.1 shows the Kelvin effect of a pure water droplet as a function of the droplet

esat(dp) :
f —esa:(oo) is

required to form thermodynamic stable pure water droplets of a given size, otherwise they

size dp. From equation 2.18, it is obvious that an atmospheric supersaturation o

11
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Figure 2.1: Calculated equilibrium saturation ratio using Kohler theory for pure water (dot-
ted line), sodium chloride (solid line), and ammonium sulfate (dashed line)
versus droplet diameter. Curves are shown for several initial dry diameters

dps

evaporate. For instance, a droplet size of dp = 0.05um requires a supersaturation of 4.4% at
T = 293 K. Such large saturation ratios have been never observed in the atmosphere, where
supersaturations rarely exceed 1-2% (Rogers and Yau, 1989). Consequently, homogeneous
nucleation of liquid water from water vapor does not occur in the atmosphere.

In fact, water droplets in the atmosphere are solutions of water and dissolved particle com-
ponents e.g., inorganic salts. Indeed, the presence of a condensation nucleus (heterogeneous
nucleation) lowers the saturation water vapor pressure over a dissolved water droplet, and
hence the equilibrium water vapor pressure occurs at much lower saturation ratios than
compared to the pure water case.

The saturation vapor pressure over of a plane water surface consisting of n,, moles water

and n, moles of a solute s, is expressed by Raoult’s law:

Ty

_— 2.19
Ny + Mg ( )

€sat(007 ns) = esat(oo)
The factor i is the degree of ionic dissociation or van’t Hoff factor and expresses the deviation
from ideality of the solution (Pruppacher and Klett, 1997). An ideal solution means that the
dissolved ions do not interact with each other. The most hygroscopic substances found in
the atmosphere do not behave ideally in solution. The Raoult’s law describes the reduction
of the equilibrium saturation water vapor pressure in presence of a solute compared to the
pure water case. The reduction of the equilibrium saturation water vapor depends also on
the value of the van’t Hoff factor, which in turn depends on the solute substance. The ratio
csar(00ms) i5 4150 known as the water activity a,,. Returning to a droplet, replacing the moles

esat(oo)
of solute and water through masses, and assuming spherical particles for the solute s, the
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2.2 Hygroscopic properties of aerosol particles

water activity has the form:

_ (dp® — dp?)puw/M.
b idpg’ps/Ms + (dp® — dp?)pw/Mw7

a (2.20)
where dp; is the initial dry diameter, p; the dry density, and M, the molecular weight of
the solute s, respectively. Combining the Kelvin equation 2.18 (curvature term) and the

Raoult’s equation 2.19 (solution term) one obtains the Kohler equation

esat(dpu dps) 4Mwaw
Coat\ P, Ps) _ Zw0w ) 2.21
€sat(00) G = XD RT p,dp ( )

which describes the equilibrium saturation water vapor pressure of a given droplet size dp
and solute particle diameter dp,. Figure 2.1 shows the Kohler curves for solutions of sodium
chloride and ammonium sulfate at initial dry solute diameters of dp, =0.05, 0.1, and 0.5 pm.
Each curve represents the equilibrium saturation ratio of a droplet containing a solute rela-
tive to a plane water surface. In contrast to the pure water case, an equilibrium saturation
ratio can occur under sub-saturated conditions (% =RH < 100%). Furthermore, all
curves pass a maximum, which occurs at the critical diameter dp. (activation diameter) and
the equilibrium saturation ratio at dp,. is called critical saturation. The present PhD-work
only considers cases for which dp < dp..

Consider an aqueous droplet lying on the branch of the Koéhler curve (cf. Figure 2.1) for
which dp < dp. and is in equilibrium with the atmosphere at a certain saturation ratio
(RH). If the droplet size increases (decreases), by adsorbing (desorbing) water, its equilib-
rium vapor pressure is larger (lower) than the fixed ambient vapor pressure, the droplet
shrinks (grows) and the water of the droplet will evaporate (condense) until reaching the
former equilibrium state. Finally, the droplets on the rising part (dp < dp.) of the Kohler

curve are in stable equilibrium with their environment.

Modified Kohler theory according to Tang and Munkelwitz (1994)

The improvements to enhance the accuracy of the Kohler equation, called modified Kohler
theory, occur mostly in the Raoult’s term (equation 2.19). The disadvantage of using classi-
cal Kohler theory, is that the van’t Hoff factor describes the non-ideality of the solution not
fair enough. In the following, the modified K&hler theory according to Tang and Munkelwitz
(1994) and Tang (1996) is introduced. Now, the water activity a,, introduced in equation

2.21 is represented by the polynomial expression
a, =1+» Cil, (2.22)

where C; are polynomial coefficients (not to be confused with the cross sections in chapter

2.1) and 2° is the solute weight fraction in solution in percent. The solute weight fraction

13



2 Physical basics

is defined as

psdp}
pdp?®’
where p is the density of the solution. Since the density of the solution p depends on the

z, = 100 (2.23)

solute weight fraction by
p=09971+ ) A, (2.24)

(Tang and Munkelwitz, 1994), the solute weight fraction has to be determined iteratively
by solving

p (zy) z4dp* = 100dp?p,. (2.25)

Values of A; and C; for several solutes, e.g., sodium chloride (NaCl) and ammonium sulfate
((NH4)250,) are tabulated in Tang and Munkelwitz (1994) and Tang (1996). A comparison
of the equilibrium saturation ratio for these two substances calculated with modified Kohler
theory after Tang and Munkelwitz (1994) and with classic Kohler theory is shown in Figure

2.2. For supersaturated as well as for sub-saturated conditions, the Kohler theory deviates

0.1 1 10 100
100.2 el el RIS S
dp_=0.1um _ - - =(NH,),SO, Kdhler
| S ---(NH,),SO, Tang |
- \\ .
— It A} NaCl Kéhler
100.1 - b N NaCl Tang L

100 + -

©

o
|

T

80 -

equilibrium saturation ratio [%

70

60

0.1 1 10 100
dp [um]

Figure 2.2: Calculated equilibrium saturation ratio using Kohler theory and modified
Kohler theory after Tang and Munkelwitz (1994) and Tang (1996) for sodium
chloride (solid line), and ammonium sulfate (dashed line) versus particle
diameter.

from the modified Kohler theory.

However, practical use of the polynomial expression of the water activity is limited, since
coefficients are available for a small number of hygroscopic components. In the real atmo-
sphere, the variety of hygroscopic material is much larger, since some hygroscopic material

with certain hygroscopicity can interact with hydrophobic material, leading to a modified
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2.2 Hygroscopic properties of aerosol particles

hygroscopicity. With regard to a parametrization of the measured hygroscopic growth factor

dp(RH)

GF(RH) = o

(2.26)
for modeling hygroscopic behavior of particles, a simple relationship is additionally worth-
while. In recent years, several studies have been developed to represent the water activity
a, by a single parameter. In Petters and Kreidenweis (2007) this parameter is called &,
whereas in the work of Wex et al. (2008) it is called p;,, and the values can easily be con-
verted. In this work, the parametrization of hygroscopic particle growth is based on the

more common k parameter.

k - Kohler theory after Petters and Kreidenweis (2007)

Starting with equation 2.19, the water activity can also be written as

-1 __ Mg _ dp:s3
a,, —1+la—1+/€m, (227)
where k = i%ﬁj- Combining equation 2.27, 2.26, and 2.21 the x parameter can be written
as function of the growth factor and the respective relative humidity:
GF3 -1 4M,,o
=14+ —— —— ) -~ GF® 2.28
FEAT TR Y (RprdpsGF> (2.28)

2.2.2 Hysteresis effect of hygroscopic growth

As already mentioned, aerosol particles can form aqueous solutions at relative humidities
below 100%. A property of inorganic (salts) particle components is their hysteresis effect as
shown in Figure 2.3.

The phase change from solid to liquid state starting at low RH and increasing it, occurs
at a certain relative humidity, commonly called the deliquescence relative humidity (DRH).
Below the DRH, which is specific to the chemical composition of the aerosol particle and
temperature (Gysel et al., 2002), only a limited amount of water may be adsorbed on the

particle (Orr et al., 1958). DRHs of some inorganic salts are given in Table 2.1. If the

Table 2.1: Physical properties of inorganic salts with corresponding recrystallization- and
deliquescence relative humidities taken from Tang (1996).

salt ps [kgem™3] | refractive index m | CRH [%] | DRH [%]
(NH,4)2S04 1770 1.53 37-40 80
NaySO, 2680 1.48 57-59 84
NaCl 2164 1.544 46-48 75.3

relative humidity equals DRH, the particle spontaneously becomes a solution droplet. If the
relative humidity is above the DRH, the particle growths in size according to the Kohler

curve.
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Figure 2.3: Hysteresis effect of hygroscopic growth of sodium chloride (NaCl) taken from
Mikhailov et al. (2004). The initial dry NaCl diameter was dps = 99 nm. Shown
are the measured droplet diameter with an HTDMA during hydration and
dehydration.

For decreasing relative humidity, starting at a point above the DRH, the solution droplet
follows the Kohler curve. Below DRH, the solution droplet does not recrystallize and re-
mains in a metastabile equilibrium state as a supersaturated solution droplet (Gysel et al.,
2002). Further decrease of the relative humidity leads to a recrystallization. The recrys-
tallization relative humidity (CRH) is much lower than the DRH, and all water evaporates
instantaneously from the solution droplet and leftover the solid particle. Table 2.1 gives
ranges of CRHs for some inorganic salts.

In general, Rood et al. (1989) point out that more than 50% of the aerosol particles for
ambient relative humidities between 45 and 75%, are in metastable equilibrium, instead of

the more thermodynamically stable solid phase.
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3 Measurement site and meteorology

The following chapter describes the measurement site and the meteorological situation dur-
ing the SAMUM-2 campaign. The measurements presented in this thesis were performed
from January 17 to February 10, 2008, which slightly deviate from the official measurement
duration of SAMUM-2.

The measurement site was located near the Praia airport (14°57" N, 23°29’ W, 101 m above
sea level, asl) on the Island of Santiago, Cape Verde. The Republic of Cape Verde is located
approximately 650 km westwards from the northeast tip of Africa. The measurement site
was located on a small hill on the north end of the runway of Praia airport, about two

kilometers away from the coastline (Figure 3.1'). In order to determine the representative-

Ribeiran sequeim

Measurement site

Praia gf
g
Achadinha_paiol

Terra Branca

#dhada Grande ¥,
Tra Giapey . 1
Cha|diAreia

Achada Santo AntGnio.
Prainna

® OpenStreetMap and contributors, CC-BY-SA

Figure 3.1: Map of the south-eastern part of Santiago Island, Cape Verde taken from
OpenStreetMap (http://www.openstreetmap.org/) under license CC-BY-SA
(http://creativecommons.org/licensec/by-sa/2.0/).

ness of the station for characterizing the aerosol from their source areas and not measuring
aerosol particles from local anthropogenic emissions, the general circulation pattern, and the
prevailing wind directions were taken into account. Figure 3.2 shows the measurement con-

tainer, which was situated on the measurement site shown in Figure 3.1. The measurement

Due to limitations of use, the figure was changed in the approved version of the PhD-thesis.
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3 Measurement site and meteorology
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Figure 3.2: Measurement container from the front position.

container includes the aerosol instrumentation for in-situ characterization. On the roof top
of the measurement container at about 6 m above the ground, an ultrasonic anemometer
(Model 81000, R.M. Young, Traverse City, USA) from TU Darmstadt measured the three-
dimensional wind. The ultrasonic anemometer was placed in a way, such that the influence
from obstacles for the prevailing wind direction was minimal. Further meteorological pa-
rameters measured at the station were the relative humidity and air temperature (position
is designated by an arrow in Figure 3.2) by a Humicap sensor (HMP233, Vaisala, Vantaa,
Finland) and atmospheric air pressure at station level by a barometric sensor (type 5002,
Friedrichs, Schenefeld, Germany). The time series of the weather situation at the measure-
ment site is shown in Figure 3.4(a)- (c) in terms of air temperature, relative humidity and
atmospheric air pressure. The water vapor mixing ratio shown in Figure 3.4(d) is defined
as the ratio of the density of the actual water vapor content to the density of dry air and
was calculated from the air temperature and relative humidity. Figure 3.4(e) illustrates the
horizontal wind vector (north is at the top) as a time series.

As a result of the Hadley circulation, the predominant wind direction in this region is
between NNE and NE. By comparing the measured wind direction with Figure 3.1, con-
tamination with local emissions from larger urban areas (e.g., Praia city and Praia airport)
can be excluded. The influence from emissions from the exhaust plume from aircraft is
estimated to be minor, since the frequency of starting and landing aircraft was about 5-10
times per day. The influence of uplifting crustal material from the island cannot be 100%
excluded. An influence is possible, if the surface wind velocity exceeds a threshold wind
speed of 8ms™! (Engelstaedter et al. (2006) and references therein). However, the measured
wind speeds at the station exceeded the threshold wind velocity of only about 1% of the
time. Moreover, wind speed and measured dust mass concentration show no (significant)

correlation.
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Figure 3.3: Measurement container from the rear position.

Looking at the general circulation pattern in the winter season, there are two wind systems,
which influence the weather at the Cape Verde Islands. These are the NE trade wind and
the Harmattan. The NE trade wind is driven by the Hadley circulation, and transports
air masses near the surface from northwestern Africa, along the West-African coastline to
the Cape Verde Islands. The Harmattan is a hot, dry wind that is strengthened by a low-
pressure center over the north coast of the Gulf of Guinea and a high-pressure center located
over northwestern Africa in winter. It blows over the Cape Verde region and Western Sahara
from NE or E and is strongest in late fall and winter (late November to mid March).

On January 17, a high pressure centre (Azores anticyclone) was located to the north of the
Canary Islands. A flat low-pressure center was located over the Gulf of Guinea. With this
pressure field constellation, similar to the Harmattan case, the air moves from east to west
in the lowermost levels. In the following days, the high pressure center moved slowly north-
eastward across the Iberian Peninsula into the western Mediterranean Sea with slightly
increasing core pressure. Hence, the pressure gradient was reduced, leading to a period
with lower wind speeds (Figure 3.4e). Trajectories reaching Praia between the surface and
850 hPa (not shown) show advection of Saharan mineral dust mainly from sources in Mali
and Niger, but also from the Bodélé Depression in Chad. From January 30, the subtropical
high pressure center began to diminish and stayed weak until the end of the campaign. The
consequence was a cutting-off effect of the dust transport to the Cape Verde region from the
African continent. From February 9, back-trajectories show air masses originating in the
tropical Atlantic, caused by the penetration of a cyclonic disturbance from mid-latitudes to
the subtropical Atlantic.

The temperature curve in Figure 3.4(a) shows a typical diurnal variation, with maxima

typically between 12 p.m. and 2 p.m. local time. The temperatures did not fall below 20° C
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Figure 3.4: Meteorological data with a temporal resolution of 3 hours from January 17 to
February 11, 2008.

during nighttime, due to the warm reservoir of the surrounding Atlantic Ocean.

If the air parcel’s water vapor pressure is constant, the relative humidity (Figure 3.4b) is
exclusively dependent on the temperature. The time series of relative humidity shows an
opposite diurnal variation with respect to the temperature curve, with lowest values at noon
and highest values at nighttime. This effect is caused through increasing saturation water
vapor pressure with increasing temperature (cf. equation 2.17). Since the water vapor
mixing ratio is a conservative parameter of an air mass, the variation of the water vapor
mixing ratio as shown in Figure 3.4(d) was altered through an air mass change or mixing of
different air masses. Especially for the dust influenced period, there is a minimum in water
vapor mixing ratio during daytime. This behavior is caused by the down-mixing process of
dust into the marine boundary layer, because the water vapor mixing ratio of the dry dust
layer is lower than in the marine boundary layer. Additionally, this behavior was observed

mainly after noon, when convection was fully developed.
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Remark:

Text passages or single sentences of the following chapters 4, 5, 6, and 7.1
are taken literally or basically from two submitted publications (status: June
20, 2011) of the author of this PhD-thesis. Also Figures 4.1, 4.7, 4.9, 4.10,
4.11, 4.12, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, 5.11, 5.12, 6.1, 6.2,
6.4, and 6.5 and Tables 5.1, 5.2, 5.3, 7.1, 7.2, 7.3, and 7.4 are taken from

these two publication given below.

Schladitz, A., Miiller, T., Nowak, A., Kandler, K., Lieke, K., Massling, A.
and Wiedensohler, A. 2011a. In-situ aerosol characterization at Cape Verde.
Part 1: Particle number size distributions, hygroscopic growth, and state of
mixing of the marine and Saharan dust aerosol. to be published in Tellus
63B(4), status: accepted.

Schladitz, A., Miiller, T., Nordmann, S., Tesche, M., Gro8, S., Freuden-
thaler, V., Gasteiger, J. and Wiedensohler, A. 2011b. In-situ aerosol charac-
terization at Cape Verde. Part 2: Parametrization of relative humidity- and
wavelength-dependent aerosol optical properties. to be published in Tellus
63B(4), status: accepted.
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4 Measurement techniques and data

processing

In this chapter, important instruments are presented that measure aerosol properties under
ambient conditions as well as inside the aerosol measurement container. Figures 3.2 and 3.3
illustrate the position of the instruments located on the roof of the aerosol measurement
container. These are the visibility sensor (chapter 4.3.1), PMy 5 and PM;q filter sampler, a
high volume sampler, and a miniature cascade impactor (all in chapter 4.6).

Figure 4.1 gives an overview of the aerosol instruments that operated inside of the aerosol

measurement container. To supply the instrumentation with aerosol, an aerosol PMq inlet

diffusion
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Figure 4.1: Instrumental setup of the container and flow rate partitioning to each instru-
ment. Instruments for microphysical characterization are shown on the left,

whereas optical instrumentation are shown on the right.

(shown by an arrow in Figure 3.2) from manufacturer Rupprecht and Patashnik Co. Inc.,
Albany, USA, was employed to remove particles larger than 10 ym in aerodynamic diameter
(dp, < 10um). Downstream of the inlet, an automatic aerosol diffusion dryer (Tuch et al.,
2009) that was stored in a separate shelter was used to dry the sample aerosol below 30%

RH. The dehydration of the sample aerosol is a crucial step to avoid uncontrolled water up-
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take of aerosol particles when they enter the air-conditioned aerosol measurement container.
Downstream the dryer and inside the measurement container, the sample aerosol was split
isokinetically to conduct the aerosol sample to the instruments. The temperature inside the

container was kept constant (7= 29342 K), using two independently working air condition-

ers.
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4 Measurement techniques and data processing
General remarks for the measurements and data processing

Measurement conditions All measured data inside the container relate to container con-
ditions. The conditions inside the container were stable with only small changes in
temperature T'=293+2K and atmospheric pressure pg,, =1001+2hPa during the
campaign. Here, the atmospheric pressure is the measured ambient atmospheric pres-

sure (cf. Figure 3.4).

Date A master computer was configured to run at local time (LT =UTC- 1h). The system
time of the other measurement computers was regularly synchronized with the master
computer. The measurement data were stored by recording a timestamp. Before
processing the data, the timestamps were converted into ”day of year 2008” (DOY),
which simplified data averaging. In case of no leap year, January 1 and December 31
equal DOY 1 and DOY 365, respectively.

Corrupt data Corrupt data were excluded from the raw dataset. Examples of corrupt
data include e.g., power breakdowns, filter changes in the MAAP and PSAP, routine
zeroing in the integrating nephelometer, and automatic switching between the two

columns of the automatic aerosol diffusion dryer.

Time average Since the HDMPS is the instrument with the lowest temporal resolution of
three hours, all data were averaged after data processing within this time interval to

yield a uniform data set.

4.1 Dry particle number size distribution

4.1.1 DMPS and APS

The dry particle number size distribution (PNSD) was measured in the size range from
26 nm < dp < 10pm, using two different physical techniques. The polydisperse! aerosol was
classified by their electrical mobility with a Differential Mobility Particle Sizer (DMPS),
whereas the Aerodynamic Particle Sizer (APS model 3321 / Serial no. 1297, TSI Inc., St.
Paul, USA) separated the particles due to their inertia. The electrical mobility diameter dp,,
is the diameter of a unit-density spherical particle moving at the same velocity in an electric
field as the particle in question (Willeke and Baron, 1993). The inertia of a particle can be
explicitly attributed to a certain aerodynamic particle diameter dp,. The measured diameter
size range was from 26 nm < dp,, <800nm for the DMPS and 0.57um < dp, < 10um for
the APS. In the following, the design, main parts and calibration procedures of the DMPS
and the APS are explained.

IEnsemble of particles that consists of more than one particle size
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4.1 Dry particle number size distribution

DMPS

Aerosol particles in the atmosphere are naturally bipolarly charged, but the fractions of
neutral, positively or negatively charged particles are undefined. In a mobility size spec-
trometer such as DMPS, aerosol particles pass a ®Kr charger to bring them into a defined
bipolar charge equilibrium. The ®°Kr beta emitter ionizes the carrier gas and the free air
ions are transported to the particles by diffusion and electrostatic forces. In Wiedensohler
(1988), the probability of neutral, (multiple) positive or (multiple) negative charged par-
ticles in the submicron range is described by an approximation formula. Downstream of
the 8°Kr charger, the polydisperse charged aerosol enters the Differential Mobility Analyzer
(DMA). The DMA is a cylindrical capacitor that can select charged particles according to
their electrical mobility Z, (Knutson and Whitby, 1975):

_ neeC.(dpm)

p =

4.1
where n, is the number of negative charges, e the elementary charge (1.602- 1071 C), n the
viscosity of the carrier gas and C, the size dependent Cunningham slip correction factor.

The design of the DMA is shown in Figure 4.2. Between the inner center electrode (positive
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Figure 4.2: Sketch of a Differential Mobility Analyzer with trajectories of charged particles
having a mobility Z,.

potential) and the outer grounded electrode with radii 71 and ry, a certain voltage U is

employed. In Figure 4.2, [ describes the effective length of the resulting electric field. A

particle free sheath air flow rate Qgspeqrn and a flow rate @ ueros0r Of the polydisperse charged
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4 Measurement techniques and data processing

aerosol are injected into the DMA. Due to the electric field, positive charged particles
precipitate directly onto the outer electrode, while neutral particles are not attracted by the
electric field and leave the DMA in the excess air (Qegzcess). A probability density function
(transfer function) describes the probability that particles (negative charge) with a certain
mobility Z, enter the sampling slit of the DMA. An ideal transfer function has a triangular
shape with its maximum at Z, = Z, and its width AZ,. Transfer functions for different
DMAs at several flow rates % are given e.g., in Birmili et al. (1997). According to
Knutson and Whitby (1975), the midpoint mobility Z, and the mobility width AZ), of the
DMA are:

A Qsheath + Qercess &)
Z, = In = 4.2
v 4rUl t (42)
Qsample + QaeTosol T2
AZ, = In —=. 4.3
P 22Ul t 1 (4.3)

Negative charged particles having an electrical mobility of Zp = Zp+ %AZP, exit the DMA
in Qsample through a small sampling slit in the DMA. The DMA (type Vienna medium) was
operated at the flow rates of Qpearn = 51lmin™! and Querosor = 0.5 1 min1.

Downstream of the DMA, the number concentration of particles with the same electrical
mobility Z, is measured by a Condensation Particle Counter (CPC model 3010 / Serial no.
2069, TSI Inc., St. Paul, USA). The function of a CPC is following: The sample flow is
sucked through the CPC with a constant flow. There, it is saturated with butanol vapor in a
slightly heated saturator. Afterwards, the aerosol is conducted through a condenser, where
the butanol vapor becomes supersaturated and condenses onto the particles. Subsequently,
the aerosol particles grow to micrometer size. In the optical detection unit, the droplets pass
a laser beam, and they are individually counted. Measurements with the CPC are limited
by the counting efficiency of each CPC type (Wiedensohler et al., 1997), the set sample
flow, and several other parameters, e.g., atmospheric pressure, temperature difference be-
tween saturator and condenser (Mertes et al., 1995; Hermann and Wiedensohler, 2001). The
typical decrease in counting efficiency for particles of dp,, < 20nm is not of interest for this
thesis, since the lowest measured diameter was dp,, = 26 nm. However, the operated CPC
worked at the half of the nominal flow rate of Qsampre = 1.01min~!. The counting efficiency
in this case is generally approximately 10% reduced (Birmili, 1998; Nowak, 2006).

The general uncertainty of the DMPS depends mainly on the inaccuracy in sizing, internal
particle losses, and measured concentration (Wiedensohler et al., 2010). Fluctuations of the
aerosol inlet flow rates (Birmili et al., 1999), which are restricted by the defined range of
+2% leads to an error in counting of about 10%. As a consequence, flow fluctuations influ-
ence also the shape of the transfer function in terms of the midpoint mobility and mobility
width yielding to a DMPS error in sizing of 2%.

Prior to the measurement campaign, the correct sizing of the DMPS was checked using
spherical polystyrene latex particles (PSL) with volume equivalent particle diameters of
dp,e = 100, 200, and 500 nm. During the campaign the aerosol, sample, sheath, and ex-

cess air flow rates were daily checked using a bubble flow meter (Gilibrator 2, Sensidyne,
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4.1 Dry particle number size distribution

Clearwater, USA).

APS

The APS classifies aerosol particles by their aerodynamic diameter. As illustrated in Figure

4.3, a polydisperse sample flow of 11min~! is drawn into an inner nozzle by the APS. Particle
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Figure 4.3: Sketch of the aerosol flow through the APS model 3321 taken from the APS

user manual.

free sheath air with an air low of 41min~" is sucked through the outer nozzle. The orifice at
the end of the inner nozzle accelerates both flow rates including particles, which are centered
in the inner flow. Due to their low inertia, smaller particles adopt faster to the increased
flow velocity than larger particles do. Directly after the second nozzle, the time of flight is
measured when a particle passes two laser beams. From the time of flight, the aerodynamic
particle diameter is achieved by a calibration function, which was done by the manufacturer
using PSL particles.

The counting error of the APS is given in the user manual to 10%. Additionally, for
high particle number concentrations > 10 cm™ for the size range larger than 500 nm, the
probability of coincident errors increases. For the present measurements with much lower
particle number concentrations, coincident errors did not occur. Sizing of the APS was
checked prior the campaign using PSL particles with dp,. = 800, 1000, and 2000 nm that
corresponds to dp, = 820, 1025, and 2050 nm using a PSL density of p, = 1050 kgm 2. The
measured PNSD by the APS is shown in Figure 4.4(b)-(d). A lognormal size distribution

was fitted to the latex peaks. The free parameters of the lognormal size distribution

AN N o (_(logdp—logdgzv)2> (4.4)
dlog dp \/ﬁlogag P 2(log ay)? '
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Figure 4.4: (a) Scatter plot and linear fit of nominal aerodynamic diameter of latex par-

ticles and geometric mean diameter of fitted particle modes of measured latex
PNSD (b)-(d).

are the total particle number concentration N, the geometric mean diameter d,y, and the
geometric standard deviation o,. Plotting each d,n to the nominal aerodynamic diameter of
the latex sphere as shown in Figure 4.4(a) indicates that the calibration of this instrument

is excellent (slope=1).

4.1.2 Data processing of the DMPS and APS

Before the recorded DMPS number concentrations were corrected for multiple charged par-
ticles in the APS size range, they were converted to a uniform particle diameter. Since the
DMPS and APS measure particles according to different physical methods, a formula given
in DeCarlo et al. (2004) was used that converts volume equivalent (dp,.) to mobility particle

diameters:
Ce(dpm)
Cc (dpve ) ’

and volume equivalent to aerodynamic particle diameters:

dpm = deeX (45)

1 pp Ce(dpye
dpa = dpve _@ ( b >7 (46)

X po Ce(dpa)
where x is the dynamic shape factor, p, the dry particle density, and py the reference density
of 1000 kgm~3. For simplification, it is assumed that in the DMPS size range the particles

are spherical, meaning y = 1 and dp,. = dp,,. The APS measures in the size range of the
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4.1 Dry particle number size distribution

continuum regime?, where C,(dp,.) = C.(dp,) and equation 4.6 simplifies to

1
dpye = dp, . (4.7)
Peff

In equation 4.7, an effective density

Pp
Peff = —— 4.8
1 PoX ( )

is introduced to investigate differences in the conversion from aerodynamic to volume equiv-
alent diameter for prevailing particle components in the APS size range. As seen from
the mixing state (cf. chapter 4.2.3 and 4.2.4), particles in the APS size range are an
externally mixture of hydrophobic dust and hygroscopic sea-salt. A dry particle density
pp = 2170kgm™3 for the hygroscopic fraction was estimated, using the average mineralogi-
cal composition from the single particle analysis of the most frequent three inorganic salts
(see Figure 5.4) and particle densities (Table 2.1). The dynamic shape factor was assumed
to be x = 1.08, which is the value of cubic sodium chloride particles in the continuum regime
(Gysel et al., 2002; Kelly and McMurry, 1992).

The dry density for dust particles was determined to a range of p, = 2450 — 2700 kg m 3
over the Cape Verde Islands (Haywood et al., 2001) and near the Saharan desert during
SAMUM-1 (Kandler et al., 2009). The dry dynamic shape factor was reported to x = 1.25
(Kaaden et al., 2009) for one micrometer sized Saharan dust particles. The overall effective
density of the sea-salt and dust fraction is approximately 2. Without any knowledge of the
actual mixing state of sea-salt and dust, the dry APS diameters were converted into volume
equivalent diameters using pefs = 2.

As proposed by Schladitz et al. (2009), the DMPS number concentration is biased by mul-
tiple charged particles (APS size range particles), when the particle number concentration
in the APS size range exceeds 50 cm 3. To remove these multiple charged particles, a pro-
cedure described in Birmili et al. (2008) and Schladitz et al. (2009) was used, applying the
measured APS number size distribution. Afterwards, the DMPS dataset was smoothed with
a three point floating average to remove rapid changes in the particle number concentration.
The corrected DMPS mobility distributions were then inverted using the regular inversion
algorithm from Stratmann and Wiedensohler (1996). The inversion algorithm accounts for
the DMA-specific area of the transfer function, the CPC counting efficiency for the oper-
ated CPC sample flow (see chapter 4.1.1), and the bipolar charge distribution in the DMPS
size range. Finally, the DMPS and APS data were merged to obtain one PNSD in ¥

dlog dpye
ranging from 26 nm to 10pum with equally spaced lognormal intervals.

2Flow is governed by the macroscopic properties of the gas or fluid such as viscosity and density
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4 Measurement techniques and data processing

4.2 Humidified particle number size distribution,

hygroscopic growth, and state of mixing

4.2.1 HDMPS and HAPS

The measurement technique for the humidified PNSD is similar to that for the dry PNSD.
The Humidifying Differential Mobility Particle Sizer (HDMPS) measures the PNSD in the
size range from 26 nm < dp,, <900nm for discrete RHs, which can be varied in the range
between 30% and 90% RH (Birmili et al., 2009). The adjacent size range was measured with
a humidified APS (HAPS) at a constant RH-level. The HAPS was especially developed for

this field experiment.

HDMPS

The HDMPS is described in detail in the doctoral thesis by Nowak (2006). A simplified
principle of the HDMPS setup is given in Figure 4.5. In step I, a Nafion™ pre-humidifier

sample flow excess flow
0.5 I min*t 51 mint
V3 /
i
// //
/ dryer /
: 5
cpC (MD-series)
aerosolin
0.5 I min+t
DMA
RH>90% targct RH
pre-humidifier conditioner bipolar
(MH-series) (MD-series) charger

compressed >

“| volume
sheath flow o s %
— conditioner mixing

(PH-series)

|\

Figure 4.5: Simplified design of the HDMPS.

(MH-series, ANSYCO Inc., Karlsruhe, Germany) humidifies the aerosol with a flow rate
of Querosor = 0.51min~! to approximately 90% RH. This process humidifies the particles
above the known deliquescence point of most of the abundant aerosol species (Nowak, 2006;
Birmili et al., 2009). In step II, an aerosol conditioner (MD-series, ANSYCO Inc., Karl-
sruhe, Germany) dries the sample aerosol to the target RH following the upper (metastable)
branch of the hysteresis of hygroscopic growth in Figure 2.3. The reason for conditioning
the aerosol to the same relative humidity conditions (and size) as in the subsequent classi-

fication in the DMA, is to obtain the correct bipolar charge distribution. The particle-free
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4.2 Humidified particle number size distribution, hygroscopic growth, and state of mixing

sheath air in the DMA with a flow rate of Qspeqrn, = 51 min—! is kept at the same RH. In step
III, particles were classified in the DMA. Downstream of the DMA, the quasi-monodisperse
sample aerosol is again dried to RH < 30% in order to prevent accumulation of water inside
the butanol reservoir of the condensation particle counter. In a last step, the particles were
counted by a CPC (CPC model 3010 / Serial no. 2254 , TSI Inc., St. Paul, USA). The time
required for a whole cycle of three PNSD scans at a certain RH is about 30 min. During the
measurement campaign, this cycle was repeated for 4 different RHs, which were RH = 30,
55, 75, and 90%. Adding the time for RH stabilization between each change in RH, the
complete characterization of the aerosol required about three hours across the operated rel-
ative humidities .

Humidity and temperature sensors (HMP230, Vaisala Inc., Vantaa, Finland) were used
within the HDMPS. All humidity sensors (2 sensors for regulation of aerosol and sheath air
flow, 2 sensors for monitoring sample and excess air flow) were calibrated prior the mea-
surement campaign with a dew point mirror sensor (DewPrime 1T Dew Point Hygrometer,
Model 2002, Edge Tech, Marlborough, USA). The sizing of the HDMPS was calibrated

with ammonium sulfate particles at the operational relative humidities as follows: During
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Figure 4.6: (a) Measured (dots) and calculated (solid lines) PNSDs of ammonium sulfate
at 30, 55, 75, and 90% RH. (b) Size-dependent correction functions for the
HDMPS at 55, 75, and 90% RH.
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4 Measurement techniques and data processing

the calibration procedure, the HDMPS measured the size distribution of ammonium sulfate
particles at 30, 55, 75, and 90% RH, while the DMPS measured the dry PNSD simul-
taneously. With modified Kéhler theory (Tang and Munkelwitz, 1994; Tang, 1996) (see
Chapter 2.2.1), the hygroscopic growth factor of ammonium sulfate for each size bin of the
dry PNSD was calculated. According to equation 2.26, the wet diameter and hence the
wet PNSD were calculated for each RH given above and compared with the measured wet
PNSD of the HDMPS. For illustration, Figure 4.6(a) shows the HDMPS calibration from
January 23.

In a last step, size- and RH-dependent correction functions were calculated, which are
defined as the ratio of the measured wet PNSD to the calculated wet PNSD. The correction
functions include differences between the DMPS and HDMPS with respect to size dependent
counting efficiencies of the CPCs, particle losses in the sampling lines, and sizing by the
two DMAs. Figure 4.6(b) shows arithmetic mean values =+ single standard deviation of four
independent HDMPS calibrations performed on January 19, 22, 31 and February 9. There
is a significant deviation from unity for dp,, < 300nm. The correction functions decrease
with increasing particle size and show also a slight RH dependency. The HDMPS correction

functions were considered in data evaluation.

HAPS

The HAPS is a novel instrument that consists in principal of a humidification unit and
a commercial APS (APS model 3321 / Serial no. 1223, TSI Inc., St. Paul, USA). The
principle of the HAPS is shown in Figure 4.7. The humidification unit for sheath and
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Figure 4.7: Design of the HAPS.
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4.2 Humidified particle number size distribution, hygroscopic growth, and state of mixing

aerosol air is similar to the HDMPS, except for the pre-humidifier. The mixing of wet and
dry sheath and aerosol air to a set point RH of 85% was achieved by manual adjusting the
flows via needle valves. The humidity sensors for aerosol and sheath air were calibrated
prior the measurement campaign with the dew point mirror sensor. The HAPS calibration
was done in the same way as the HDMPS calibration exemplified in subsection HDMPS.
Figure 4.8(a) shows an ammonium sulfate calibration from January 21 and (b) the average
size-dependent correction function + single standard deviation of four independent HAPS

calibrations performed on January 21, 22 and February 3, 10. The correction function
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Figure 4.8: (a) Measured (dots) and calculated (solid lines) PNSDs of ammonium sulfate
at 85% RH. (b) Size-dependent correction function for the HAPS at 85% RH.

includes different counting efficiencies between the two APS, different particle losses in the
sampling lines relative to the dry APS, and RH changes of the aerosol inside the HAPS.
For aerodynamic diameters >2000nm the correction function decreases, because of the
conditioner unit, the sampling path to the HAPS is longer than for the APS and thus
causes higher particle losses. Another process, causing the decreasing correction function,
is a droplet distortion effect that becomes very significant above 2000nm. The HAPS

correction function was considered in data evaluation.
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4 Measurement techniques and data processing

Table 4.1: Growth factor correction factor for the selected dry mobility diameters.

initial dry | GF' correc-

diameter tion factor
30nm 0.9446
50 nm 0.9634
80 nm 0.977
150 nm 0.9936
250 nm 1.0542
350 nm 1.0207

4.2.2 HTDMA

To determine the hygroscopic growth and mixing state for certain particle sizes, a Hygro-
scopicity Tandem Differential Mobility Analyzer (HTDMA) technique (Liu et al., 1978) was
used. A first DMA selects a quasi-monodisperse aerosol, while the CPC measures the par-
ticle number concentration. Downstream, the quasi-monodisperse aerosol is conditioned to
a target RH, typically above the DRH of common inorganic salts in the atmosphere. The
subsequent humidified size distribution of the quasi-monodisperse aerosol is measured by a
combination of a second DMA and CPC. From this size distribution, hygroscopic growth
factors and number fractions can be achieved for externally mixed particle groups. The
setup of the HTDMA used here is explained in detail in Massling et al. (2007). During the
measurement campaign, hygroscopic growth distributions were measured for particles with
dry mobility diameters of dp,, = 30, 50, 80, 150, 250, and 350 nm at RH =85%. The selected
RH is an appropriate compromise to guarantee that all particles exceeded the deliquescence
point and growth distributions of more hygroscopic components will completely be resolved
by the second DMA, especially at the largest initial dry diameter. The measurement error
of the HTDMA mainly depends on the uncertainty in measuring and controlling the RH
within the system (Massling et al., 2010). Therefore, all RH sensors were calibrated with
the dew point mirror sensor prior the measurement campaign. The sizing accuracy of the
entire HTDMA and a size shift between the two DMAs were checked before the campaign
by selecting atomized ammonium sulfate particles at RH < 20%. A growth factor correction
factor was calculated for each initial dry diameter employing the inversion toolkit for TDMA
measurements (TDMAinv, Gysel et al. (2009)). The GF correction factors in Table 4.1 are
the ratios of the initial dry diameters and the peak diameter measured by the second DMA.

4.2.3 Data processing of the HTDMA

Hygroscopic growth distributions were evaluated with the TDMAinv inversion toolkit (Gysel
et al.,2009). This algorithm considers the growth factor correction factors given in Table 4.1.
For deriving the hygroscopic growth distribution, a tolerance range of 3% to the set point of

RH = 85% was allowed. In a later stage of data evaluation, hygroscopic growth distributions
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4.2 Humidified particle number size distribution, hygroscopic growth, and state of mixing

were corrected to the set point RH using an empirical formula (Equation 3 in Gysel et al.
(2009)). This empirical formula is based on the x-Kohler theory. Figure 4.9 shows an
example of a hygroscopic growth distribution of an externally mixed aerosol at Cape Verde

in terms of hygroscopic growth. In analogy to Swietlicki et al. (2008), the minimum in the
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Figure 4.9: Typical hygroscopic growth factor distribution derived from the HTDMA (red
solid line). The example shows also the retrieved normalized growth factor
probability density function (green solid line) after application of the TDMAinv
program for an initial dry diameter of dp,, = 150 nm.

hygroscopic growth distribution splits the particles into a fraction of hydrophobic particles
(GF < 1.2, hydrophobic particle mode) and hygroscopic particles (GF > 1.2, hygroscopic
particle mode). The mean number fractions and their corresponding mean hygroscopic
growth factors were determined by integration of the normalized growth factor probability
density function (GF-PDF) in defined GF ranges given above.

Similar to the DMPS, the HTDMA results are based on mobility diameters. The instrument
may classify singly as well as multiply charged particles in the same mobility diameter bin.
A correction for multiple charges selected by the first DMA in the HTDMA is not possible,
since the first DMA selects only discrete diameters of the whole particle size spectrum.
However, with the simultaneous measurement of the PNSD, the error can be quantified.
Duplissy et al. (2009) pointed out, if the fraction of singly charged particles in the first
DMA is < 80%, the HTDMA data are erroneous and should be excluded from the dataset.
The fraction of singly charged particles was determined using the DMPS data for each
initial diameter selected by the HTDMA. The fraction of singly charged particles is defined
as the ratio of the particle number concentration of a certain particle diameter of singly
charged particles to the particle number concentration of a certain particle diameter from the
mobility size distribution. Figure 4.10 shows a time series of the fraction of singly charged
particles for the selected initial dry mobility diameters of the HTDMA. The figure also
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Figure 4.10: Time series of number fraction of singly charged particles derived from DMPS
data.

reveals fractions of singly charged particles much smaller than 80% for initial dry diameters
with dp,, = 150, 250 and, 350 nm during the dust dominated periods DOY 24.5-26.5 LT and
28-34 LT (cf. Figure 5.5). Assuming that the multiply charged particles in the HTDMA
are mainly hydrophobic mineral dust particles, the mean number fraction of hydrophobic
particles is measured higher than in reality. It follows that the mean hydrophobic number
fraction and hence the mean hygroscopic number fraction are more biased than the respective

mean G'F's. For further analysis, the biased mean number fractions were excluded from the
HTDMA data.

4.2.4 Data processing of the HDMPS and HAPS

The objective of this section is to derive a time series of RH-dependent mean hygroscopic
growth factors and their corresponding mean number fractions in the size range from 26 nm <
dpye < 10pm by using the HDMPS, HAPS, and HTDMA data and the dry PNSD. To achieve

this aim, it was necessary to solve several substantial problems:

e The information of the time-dependent hygroscopic mixing state is absent in the size

range from 150 nm < dp,. < 10pm.

e The HAPS measured the humidified aerodynamic PNSD. In combination with the
aerodynamic PNSD at dry conditions, an average aerodynamic growth factor was
determined. A conversion from aerodynamic to volume equivalent growth factor has

to be carried out.
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4.2 Humidified particle number size distribution, hygroscopic growth, and state of mixing

e The HDMPS measured the humidified number size distribution and thus in combina-
tion with the DMPS it measured an average GF at 30, 55, 75, and 90% RH, whereas
the HAPS was operated only at 85% RH. The problem to combine both to one hu-
midified PNSD at the same RH has to be solved.

e The HDMPS data has to be corrected for multiply charged particles. Therefore,
information about the PNSD at 30, 55, 75, and 90% RH in the APS size range is

required.

e The summation method is a statistical method and was developed to derive an average
GF from HDMPS and DMPS data. It can only be applied, if the particle number
concentration falls beneath a certain threshold value at the upper or the lower end
of the PNSD. If not, the summation method would disregard a significant number of
particles outside the measurement range of the HDMPS. Hence, the problem to apply
the summation method to the HDMPS data has to be solved.

Applying ”summation method” to calculate the average aerodynamic
growth factor using HAPS and dry APS data

In a first step, the measured HAPS data were corrected with the correction function shown
in Figure 4.8(b). A statistical model called ”summation method” (Birmili et al., 2004) was
used to derive the average aerodynamic growth factor from HAPS and APS data. The
”summation method” was developed to calculate average growth factors from HDMPS and
DMPS data. Until now, the summation method was applied in numerous research projects,
e.g., PRIDE-PRD2004 and CAREBeijing-2006 in China (Eichler et al., 2008; Achtert et al.,
2009) and in a Finnish boreal forest (Birmili et al., 2009). Here, the principle of the summa-
tion method was applied to the HAPS and APS data. The summation method was deployed
in the following:

The number concentrations of the HAPS and APS were summed bin-wise starting at the
upper end of the PNSD, ranging from 835nm < dp, < 19.81um. The obtained cumulative
PNSDs were divided into logarithmically equidistant levels of cumulative number concen-
trations, since the cumulative PNSDs cover multiple orders of magnitude. The logarithmic
equidistant levels of the dry and wet cumulative PNSD are identical. Finally, to each loga-
rithmic equidistant level, a certain dry and wet particle diameter was attributed. The ratio
of the wet to the dry particle diameter (cf. equation 2.26) defines the average aerodynamic
hygroscopic growth factor. This procedure was applied to each logarithmic equidistant level
obtaining the average aerodynamic hygroscopic growth factor as a quasi-continuous function
of the dry particle size. Nevertheless, Birmili et al. (2004, 2009) refer to some restrictions

concerning the summation method.

1. No dry particle of a smaller size reaches a larger wet diameter than a dry particle of

a larger size (i.e. no overtaking during the humidification process).
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2. The average hygroscopic growth factor varies only slowly with particle size.

3. The summation method requires the assumption that the total particle number con-
centration of the PNSD remains constant during the humidification process. The

conservation of particle number requires that particles are neither produced nor lost.

For the present measurements, item 1 is fulfilled since the hygroscopic mixing state (Figure
4.9) offers only one hygroscopic particle mode. As it will be shown in Figure 5.4, the
apparent hygroscopic material from the mineralogical composition shows no abrupt change
with particle size and therefore item 2 is fulfilled. To meet item 3, a maximum variation of
+15% (Nowak, 2006) of the total number concentration ratio was allowed. This maximum
variation was chosen, since it considers the counting error of both APS.

For data analysis, a tolerance range of £5% in RH (cf. 3% for the HDMPS data) to the
set point of RH=285% was allowed. The larger tolerance range was chosen due to manual
adjusting to the set point RH of the HAPS. The average growth factors were then corrected

to the set point RH using the k- parametrization.

Extrapolation of HTDMA derived mean growth factors in the size

range dp,. > 350 nm and k - parametrization

To address the problems stated in bullet points 1 and 2 on page 36 (information of time
dependent hygroscopic mixing state in the size range from 150 nm to 10 um and conver-
sion from aerodynamic to volume equivalent growth factor), information about the mean
hygroscopic growth factors in the size range 350 nm < dp,. < 10pum is needed. For this
case, it was proven to use the mean hygroscopic growth factors from the HTDMA. Figure
4.11 shows a box plot of the mean hygroscopic growth factors of the hydrophobic and hy-
groscopic mode for the entire time period. Hygroscopic growth factors from literature for
sea-salt during ACE-Asia (Massling et al., 2007) and for more hygroscopic particles dur-
ing ARIADNE at Crete (Stock, 2006) are added. The hygroscopic growth factors during
ACE-Asia were measured at RH =90% and were recalculated to RH = 85% for comparison.
Additionally, growth factors for mineral dust measured during SAMUM-1 (Kaaden et al.,
2009) are plotted into Figure 4.11. The literature values lie within the 10 and 90" per-
centile of the HTDMA growth factors measured at dp,. =350 nm. Therefore, the time series
of the HTDMA derived mean growth factors at dp,. =350 nm was used to describe the mean
hygroscopic growth factors in the size range 350 nm < dp,. < 10pm.

Subsequently, the mean hygroscopic growth factors were parameterized according to RH at
RH =85% using the single parameter x formalism (equation 2.28) and were interpolated to
the size bins of the discrete dry PNSD.
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Figure 4.11: Box plot of mean hygroscopic growth factors from HTDMA at 85% RH.
Growth factors for mineral dust (black markers), hygroscopic particles at

the Mediterranean Sea (brown markers) and for sea-salt (green marker) are
added.

Calculation of number fractions in the APS size range

In the following, problems stated in bullet points 1 and 2 on page 36 (information of time
dependent hygroscopic mixing state in the size range from 150 nm to 10 ym and conversion
from aerodynamic to volume equivalent growth factor) will be further addressed. To combine
mean hygroscopic growth factors with the average growth factor, a formula for the average

hygroscopic growth factor is introduced as (e.g., Meier et al. (2009)):

GF' =Y nfi-GF?, (4.9)

7

where G'F; are the mean GF's and corresponding mean number fraction nf; of the hygro-
scopic and hydrophobic mode (i=2), respectively. Rearranging equation 4.9 and using the

expression n fryg = 1 — nfryy, the mean hygroscopic number fraction can be written as:

———3
"Gy, — GFY

(4.10)

The easiest way would be, to calculate an average growth factor from the measured average
aerodynamic growth factor. However, this is not possible, because an average particle
density at RH=285% is unknown. In turn, the average particle density depends on the

actual mixing state of mineral dust and sea-salt, which is actually also unknown. For this
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case, a formula is essential to convert the growth factors into aerodynamic growth factors

first. The aerodynamic growth factor is defined (cf. equation 2.26) as:

dp.(RH)

GF,(RH) = oldra)”

(4.11)
Combing equations 4.11, 4.7, and 2.26 and introducing the solution droplet density and the

dynamic shape factor at a certain RH, one obtains the following expression:

p(RH) - x

GE,(RH) = GF - |22 A
(RH) pp - X(RH)

(4.12)
with the unknown parameters p(RH) and y(RH). Obviously, after humidification a hygro-
scopic particle is spherical, and therefore, y(RH = 85%) = 1.0. The solution droplet density

at a certain RH is calculated using a volume mixing rule (e.g., Leinert and Wiedensohler

(2008)):

p(RH) = +(1 (4.13)

grs (L= Gps) e
Combining equations 4.12 and 4.13 leads to a formula to calculate aerodynamic growth

factors from the mean GF's in the APS size range:

GF,(RH) = AR S 414
a( )_ X(RH)GF N ( )

Now, all information needed to calculate the mean hygroscopic and hydrophobic number

fractions in the APS size range by replacing in equation 4.10 the respective GF to GF, as:

=3
GF3 GFihyd

ahyg —

nfhyg = (415)

In equation 4.15, GF, is the measured average aerodynamic hygroscopic growth factor

and GFy pyq and GFy pyq are the calculated mean aerodynamic hygroscopic growth factors

(hydrophobic and hygroscopic mode) from equation 4.14.

Calculation of PNSD at 30, 55, 75, and 90% RH in the APS size
range and merging with humidified PNSD from HDMPS

This section addresses problems stated in bullet points 3 and 4 on page 36 (HDMPS / DMPS
measured an average GF', while the HAPS was operated at 85% RH and HDMPS data has
to be corrected for multiply charged particles).

By using the derived « values, the mean hygroscopic growth factors were calculated at 30, 55,
75, and 90% RH in the APS size range based on the growth factors at 85% RH. Afterwards,
the average hygroscopic growth factor was calculated at the 4 RHs applying equation 4.9.
Finally, the PNSDs at 30, 55, 75, and 90% RH in the APS size range were calculated, by
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4.2 Humidified particle number size distribution, hygroscopic growth, and state of mixing

multiplying the dry PNSD bin-wise with the respective RH-dependent average hygroscopic
growth factor.

The HDMPS raw data were classified into different RH intervals of RH = 304+3%, RH = 554+
3%, RH="75+3%, and RH=90£3%. Secondly, the multiple charge correction (APS size
range particles) was applied using the PNSD at 30, 55, 75, and 90% RH in the APS size
range. Thirdly, the HDMPS data were inverted using the regular inversion algorithm by
Stratmann and Wiedensohler (1996). Fourthly, the humidified PNSDs in the HDMPS size
range were corrected using the RH-dependent correction functions shown in Figure 4.6(b).
Finally, the humidified PNSDs at 30, 55, 75, and 90% RH in the HDMPS and in the HAPS
size range were merged to final PNSDs ranging from 26 nm < dp,. < 10pm.

Applying the "summation method” to calculate the average
hygroscopic growth factor in the size range from
26 nm < dpye < 10pum

This section gives an answer to the problem outlined in bullet point 5 on page 36 (conser-
vation of total particle number concentration).

The ”summation method” was applied to obtain the average hygroscopic growth factor at
4 RHs in the size range from 26 nm < dp,. < 10um. Therefore, cumulative PNSDs were
obtained starting again at the upper end of the PNSD, but now ranging from 26 nm <
dpye < 10pum. The derived average hygroscopic growth factor was corrected to the respec-
tive set point RH using the k- parametrization. The statistical evaluation of the HDMPS
data claims conservation for the total particle number concentrations when the particles are
humidified from the dry to the wet state. Hence, in most of the time, this demand is however
not fulfilled. For this case, a maximum deviation of the total particle concentrations of 15%
was allowed.

At this stage of data processing, a comparison of different methods to retrieve average hy-
groscopic growth factors is shown. The first method to derive average GF's is to use the
HTDMA, while the second method is based on a statistical evaluation (summation method)
of the HDMPS data. The HTDMA derived growth factor probability density function (GF-
PDF)at RH = 85% was recalculated to RH =90% using the x - parametrization. Afterwards,
the normalized (GF-PDF) was integrated over the full GF range to yield an average GF.
Figure 4.12 shows an intercomparison of average GF's of the six selected initial diameters by
the HTDMA. Generally, GF for dp,. = 150, 250, and 350 nm lie on the 1:1 line, while GF
for dp,e = 30, 50, and 80 nm of the HDMPS method underestimate the HTDMA derived
average G'F's. Considering the smallest 3 selected diameters (dp,. = 30, 50, and 80nm),
the deviation from the 1:1 line is largest for the smallest particles. This behavior is also the
case in Meier et al. (2009) in their Figure 7, and is an artefact of the ”summation method”.
Due to the maximum variation of the particle number concentration of +15% and summing-

up the particle concentration from the upper end of the PNSD, the ”summation method”
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Figure 4.12: Intercomparison of average growth factors from HTDMA and HDMPS data

at RH=90% for different volume equivalent particle diameters. Values from
HTDMA are disregarded, where the fraction of singly charged particles drops
below ~ 80%. Error bars for average growth factors from HDMPS (10%) and
HTDMA (5%) are added.

causes an underestimation of average GF' for the smallest diameters.
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4.3 Extinction coefficient

Calculation of number fractions in the intermediate size range from

150 nm < dpy,e < 570nm

This section addresses the problem discussed in bullet point 1 on page 36 (information of
time dependent hygroscopic mixing state in the size range from 150 nm to 10 um). Due to
the exclusion of biased HTDMA mean number fractions at dp,. = 150, 250, and 350 nm,
quasi-continuous mean number fractions are only available in the size range from 30 nm <
dpye < 80nm. Quasi-continuous mean number fractions in the size range dp,. > 570nm
are derived by calculations based on the HAPS data exemplified above. The mean number
fractions in the intermediate size range were calculated according to equation 4.10, using
the size resolved average GF's from the HDMPS and the corresponding mean hygroscopic

growth factors.

Error discussion of growth factors, x values, and number fractions

After diverse calibrations and corrections, the remaining uncertainty of the mean hygroscopic
growth factors depends mainly on the uncertainty in RH within the HTDMA system. At
90% RH, the manufacturers give absolute uncertainties of 1% for the humidity sensors, and
0.5% for the dew point mirror sensor, respectively. An overall uncertainty of 5% for GF's
as well as for k values was estimated, when the HTDMA growth factors were corrected to
the set point RH as shown in Gysel et al. (2009) in their Figure 6. This uncertainty for the
mean GF's is in agreement with reported values from HTDMA measurements by Massling
et al. (2009).

The uncertainty of the mean number fractions for dp,. < 150 nm results from the HTDMA,
while the uncertainty for dp,. > 150 nm results from average G F's as well as from uncertain-
ties of mean GF's. To estimate the uncertainty of the number fractions for dp,. > 150 nm,
the uncertainty of the average G'F needs to be quantified.

The average G I uncertainty is composed of uncertainties in RH and deviations in the PNSD.
Here, deviations of up to +15% in the total particle concentration of the dry and humidified
PNSD involve the largest source of error. Since the average deviations of the total particle
number concentrations are even smaller, an average GF' uncertainty of 10% from HDMPS
and HAPS derived data was estimated.

Applying error propagation, the uncertainty for the mean number fractions in the size range
dpye > 150nm is about 24%.

4.3 Extinction coefficient

4.3.1 Visibility sensor

The visibility sensor (VPF 710, Biral, Bristol, UK) is a meteorological instrument, to deter-
mine the visibility in the range from 10m-75km (3.0-10"'m~! > o, > 4.0-10~°m™!, Biral
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4 Measurement techniques and data processing

user manual) at e.g., roadside stations, airports, and automatic weather stations in hazy and
foggy conditions. In this work, the visibility sensor was used to measure the reduction in
visibility caused by aerosol particles at ambient (atmospheric) conditions. This is possible,
since fog, drizzle or rain did not appear during the campaign. The visibility sensor consists

of a transmitter and receiver unit with the sample volume in between (Figure 4.13).

_ scattering angle = 45°

“:"{... .-H 4 receiver unit
transmitter unit =) i

__rﬂ;—- >

Figure 4.13: Top view of the visibility sensor, showing transmitter and receiver unit. The
dashed lines illustrate the light paths of transmitted and scattered light, en-
closing by the scattering angle 0. (modified figure from Biral user manual)

The transmitter unit emits infrared light at a wavelength of A = 880nm. The transmitter
unit is rotated with respect to the receiver unit at about 45°, to ensure that only scattered
light with a scattering angle of § = 45 £ 6° is measured by the receiver unit. Hence, this
visibility sensor is classified as a forward scatter meter (FSM), which measures the amount
of light scattered at scattering angles less than 90°. However, the internally stored calibra-
tion constant converts the measured receiver signal into an extinction coefficient, but this
is only valid for fog (Biral user manual) and is unfortunately unknown.

The accuracy of the instrument given in the user manual decreases with decreasing atmo-
spheric extinction (increasing visibility) and is smaller than 10% for o, > 1.87 - 107*m™!
and smaller than 20% for o, > 1.0-10*m!

Contamination of the windows in front of the transmitter and receiver influence the mea-
sured signal. This functioning of the sensor was checked periodically with a calibration
reference standard of 0. = 0.0237m™!, which was mounted between the transmitter and
receiver unit. If the latter o, value agreed with the measured value within the instrument
uncertainty, the extinction coefficient was calibrated, otherwise the windows were cleaned.

The periodically checks made during the measurement period are shown in Table 4.2.

4.3.2 Data processing of the visibility sensor

The ambient extinction coefficient measured by the visibility sensor includes the attenuating
effects of both aerosol particles and air molecules. Yielding an ambient extinction coefficient
not to be affected by the attenuation of light by air molecules, the extinction of the air has
to be subtracted from the measured extinction. Using equations 2.8 and 2.11 the extinction

-1

coefficient of air at a wavelength of 880nm is around 2.0 - 107m~!. This value does not
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4.4 Scattering coefficient

Table 4.2: Measured o, during calibration with reference standard.

day of year | date 2008 | measured o, [m™!] | cleaning
2008 (5 min average) optical
window

14.660 14.1. 15:50 0.0209 v
22.415 22.1. 9:57 0.01514 v
27.403 27.1. 9:40 0.02346 No
33.413 2.2. 9:55 0.02354 No
35.383 4.2. 9:11 0.02346 No
39.392 8.2. 9:25 0.02346 No

contribute significantly to typical atmospheric extinction of visible light at that wavelength
and was therefore neglected.

As outlined in chapter 4.3.1, the calibration factor that converts the receiver signal of the
visibility sensor into an extinction coefficient is a constant and is only valid for fog conditions
with low visibility conditions. To use the measured extinction coefficient as a reference for
optical closure studies at ambient conditions, the ratio of the receiver signal of the visibility
sensor to the extinction coefficient must be constant during the campaign. Thus, it is
necessary to show that a measurement of the angular scattering coefficient, under certain
strict conditions, can be related to the ambient (atmospheric) extinction coefficient (Biral
user manual). Therefore, the receiver signal of the visibility sensor and the extinction
coefficient were simulated with the aerosol model (introduced in chapter 6). As it will
be shown in Figure 6.3(c), both values show a linear dependency and are connected by a

constant factor.

4.4 Scattering coefficient

4.4.1 Integrating nephelometer

An integrating nephelometer (Model 3563, Serial no. 1027, TSI Inc., St. Paul, USA) was
used to measure a value that is close to the particulate scattering and hemispheric backscat-
tering coefficient at three wavelengths (A =450, 550, and 700 nm). The setup and the func-
tion of the instrument are described in detail by Anderson et al. (1996) and Heintzenberg
et al. (2006). The sample aerosol is drawn through an inlet via a blower or an external
vacuum supply. During the campaign, the blower was removed and bypassed, and the
integrating nephelometer was placed upstream of the Multi Angle Absorption Photome-
ter (MAAP) (see Figure 4.1), which generally operates with an external vacuum pump.
Automatic daily zero measurements with particle-free air were performed daily to correct
online the scattering coefficient for changes in wall scattering artifacts due to contamination
of the sensing volume.

Calibrations with particle-free air and carbon dioxide were carried out before and after the

field campaign on January 16 and February 11, respectively. Table 4.3 summarizes the cal-
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Table 4.3: Calibration constants derived from calibration made on January 16 (red) and
February 11 (green).

A =450nm A=550nm A =700 nm
K2 | 4.347-1073 4.228-1073 4.194-1073
K4 | 4.130-107! 4.080-1071 3.950-1071

ibration constants K2 and K4. The deviation of the calibration constants was smaller than
2%, and hence, no nephelometer drift was observed during the measurement period. Never-
theless, the K4 value, which describes the ratio of hemispheric backward to total scattered
light, was lower than normal. The value should be about 0.5 for a symmetrical scatterer,
such as a gas molecule. The deviation of the K4 values was investigated after the measure-
ment campaign. The integrating nephelometer was disassembled and it was found that the
backscatter shutter, which shadows the forward scattered light, was deformed such that it
blocked some light in the backward direction. As a consequence, the data of hemispheric
backscatter coefficient were unfortunately corrupted and thus excluded from the data set
for further analysis.

The uncertainty of the integrating nephelometer was investigated recently in an intercom-
parison workshop. Heintzenberg et al. (2006) intercompared nine TSI nephelometer (model
3563) using submicrometer and supermicrometer test aerosols. For the submicrometer and
the supermicrometer particles, the TSI nephelometer varied within an average value of 6%

and 13%, respectively.

4.4.2 Data processing of the nephelometer

Due to the truncation error of the sensing volume and for the non-Lambertian illumina-
tion from the white light source, the scattering coefficient measured by the integrating
nephelometer differs from the true scattering coefficient. Numerous research studies (e.g.,
Anderson and Ogren (1998); Heintzenberg et al. (2006); Bond et al. (2009); Miiller et al.
(2009a)) present correction factors for a non-Lambertian illumination. In this work, the
corrections were not applied to the measured scattering coefficients, since the measured
nephelometer values were used to verify the calculated nephelometer signal within a clo-
sure study at dry conditions (cf. chapter 5.3.1). For further considerations, the scattering
coefficient measured by the integrating nephelometer is called nephelometer scattering co-

efficient.

4.5 Absorption coefficient

The particulate light absorption coefficient was determined with three types of absorption
photometers, which are all based on the filter measurement technique. These are the Multi
Angle Absorption Photometer (MAAP), the Particle Soot Absorption Photometer (PSAP),
and the Spectral Optical Absorption Photometer (SOAP). In this investigation, the data
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4.5 Absorption coefficient

from the MAAP were not used. Therefore, only the PSAP and the SOAP instrument are

introduced.

4.5.1 PSAP

The dry absorption coefficient at A = 522nm (Miiller et al., 2010) was determined with
two PSAPs (Radiance Research, Seattle, USA). The first PSAP (PM;o PSAP) measured
the absorption coefficient downstream the PM;q inlet, while the second PSAP (PM; PSAP)
measured the particulate absorption coefficient downstream of an extra sharp cut cyclone
(ESCC). Inside the PSAP, a LED illuminates a glass fibre filter (Pallflex E70-2075W) with
accumulated particles on it and a blank filter simultaneously. With the Lambert-Beer law,
the transmitted light by the deposited particles gives a direct measure of the particulate
absorption coefficient. Bond et al. (1999) deliver a detailed description of the PSAP. The
flow rates of the PSAPs were calibrated with an electronic bubble flow meter before and
after the measurement period on January 15 and February 10, respectively. As illustrated
in Figure 4.14, both calibrations differ within 1%.
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Figure 4.14: Flow rate calibrations on January 15 and February 10 for PM; and PMq
PSAPs, respectively.

The measurement uncertainty of both PSAPs was investigated in a laboratory experiment.
For two days both PSAPs ran parallel and the average deviation of both PSAP signals was
6%, which corresponds to the device to device uncertainty given by Bond et al. (1999).

The cyclone upstream of the PM; PSAP originated from an electrical aerosol detector
(Model 3070A, TSI Inc., St. Paul, USA) and is based on the work of Kenny and Gussman
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(1997, 2000). The cyclone efficiency curve at a default volume flow rate of Q =2.51min*
was determined with an APS during a laboratory experiment. Figure 4.15 shows a 50%

penetration at dp, =1.0um. A sigmoidal (logistic) function (cf. Winklmayr et al. (1990))
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Figure 4.15: Measured PM, cyclone efficiency at a flow rate of 2.5Imin™' as function of
different particle diameters and sigmoidal fit represented by equation 4.16.

was fitted to the experimental data:

1.0005 + 0.0037
1+ (dpye/700.75)70556°

Jeu, (dpoe) = —0.0037 + (4.16)

The PM; PSAP measured the particulate absorption coefficient at PMj;.

4.5.2 Data processing of the PSAP

Following the scheme described in Bond et al. (1999), the apparent particulate absorption
coefficients derived by both PSAPs were corrected for a scattering artefact using neph-
elometer data, the deposition spot size of the filter, and the volume flow rate. Nevertheless,
Andreae and Gelencsér (2006) point out that the cross sensitivities of the filter based absorp-
tion measurements to the size, single scattering albedo, and mixing state causes systematic
errors of the absorption. Bond et al. (1999) proposed that the corrections cannot cover
strongly scattering particles (high single scattering albedo) and are insufficient at high filter
loadings. Therefore, the absorption coefficients were additionally corrected for filter load-
ing and particle scattering effects by using a ray-tracing method reported by Miiller et al.
(2009b). This correction compensates for a loading-dependent sensitivity of the PSAP in
cases of high single scattering albedo and was successfully applied to PSAP data of the
SAMUM-1 field experiment. The loading effect for purely scattering particles was recently
shown in Miiller et al. (2010).
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4.6 Particle mass concentration and single particle analysis

4.5.3 SOAP

The SOAP was designed to measure the absorption coefficient in a wavelength range from
300-950nm. In contrast to the PSAP, the transmitted and the reflected light at 140°
are detected for a blank and a particle laden filter. Key components of the SOAP are
a deuterium-halogen light source, two (in the latest version) optical spectrometers with
an optical resolution of 25 nm and a sensing head, which collects the particle on a filter, to
illuminate the sample spot and to measure the transmittance and the reflectance. A detailed
description of the device is delivered by Miiller et al. (2009b) and in the latest version by
Meusinger (2009). The measurement uncertainty of the SOAP caused by photon noise is
estimated to 15% by Miiller et al. (2009b) during the SAMUM-1 experiment.

4.5.4 Data processing of the SOAP

Basic data provided by SOAP are intensities in transmission and reflection over time and
wavelength. In the end, absorption and scattering coefficients are wanted for output. Sev-
eral steps are needed to get there. After applying some simple corrections and averaging
procedures, optical depths® of transmission and reflection were calculated. They provide
the basis for the constrained two stream method (CTS), where the optical depths of the
particle and filter system were transformed to CTS-corrected optical depths (particle prop-
erties only). Hence, corrected optical depths were used to calculate particulate absorption

and scattering coefficients.

4.6 Particle mass concentration and single particle analysis

4.6.1 PM,; and PM, filter sampler

Particle mass concentrations of PMs 5 and PM;, equivalent were measured daily with filter
samplers. The position of the filter samplers was on top of the measurement container in a
height of about 4 m above ground as shown by an arrow in Figure 3.3. Both filter samplers
consist of a double slit pre-impactor with a 50% penetration at dp, = 2.5um and dp, = 10um,
respectively, and a backup filter for sampling. Further details of the design of the filter
sampler are given in Kandler et al. (2009). The mass concentrations were determined by
weighing the filter samples, the flow rate through the filter sampler (8 m®*h~') and the
measurement duration of the filter. The weighing in terms of a microbalance was performed
at a constant relative humidity of about 55% and thus, the mass concentrations were derived
at the same RH. The uncertainty for the mass concentrations was specified to 10% (Kandler,

2010).

3The optical depth is a measure of the proportion of radiation absorbed or scattered along a path through
a partially transparent medium
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4.6.2 High volume sampler

Total suspended (TSP) particle mass concentrations were measured daily with a high volume
sampler on a wind vane (same height as filter sampler) to achieve isoaxial sampling (Kandler
et al., 2009). The particles were drawn quasi-isokinetically into the high volume sampler
and were deposited on a 70 mm filter. Details for this device are given in Kandler et al.
(2009). The determination of the TSP mass concentrations was identical to the PMy 5 and

PM;, filter samples.

4.6.3 Raman spectroscopy

Inelastic or Raman scattering occurred during a scattering process, when the wavelength of
the incident and the scattered light changes. A detailed description of the Raman-Effect is
found e.g., in Haken and Wolf (1998). The energy difference between incident and scattered
light is called Raman shift. In a Raman spectrum, the intensity of the Raman scattered
light is plotted in dependence of the Raman shift. In the early 1970s, Tuinstra and Koenig
(1970) found bands of activated graphitic carbon in the Raman spectrum. Rosen et al.
(1978) identified the relationship of the amount of absorbing species and the graphitic soot
content of the G-Band at the wavenumber k = 1585 cm ™! in the Raman spectrum.

From the present measurements, the mass concentration of graphitic carbon was determined
using Raman spectroscopy. Glass fibre filter probes sampled with the PM; PSAP were ana-
lyzed with a Bruker IF'S 55 spectrometer including a FRA-106 Raman module in backscatter
configuration. The monochromatic light source is a Nd: YAG* laser with a wavelength of
1064 nm. For each filter probe, the Raman spectrometer delivers a characteristic Raman
spectrum, which depends of the amount of graphitic carbon on the substrate.

The calibration of the Raman spectrometer that converts the Raman intensity into a mass

2 was done by Mertes et al. (2004) using synthetic carbon black

load in the unit of ug cm™
(Monarch 71, Cabot Corporation, Billerica, USA). Hence, the calibration is valid for the
graphitic carbon content in this specific synthetic carbon black. Due to the similar structure
of the Raman spectrum of the synthetic carbon black compared to atmospheric soot probes
(Mertes et al., 2004), the measured mass load is a soot mass load.

Finally, the mass concentration of soot in the unit of ug m=3 was derived from the soot
mass load, the area of the filter deposited with particles (2.04 - 107°m?), and the total air
volume sucked through the filter.

The uncertainty in the soot mass concentration is about 10% (Mertes et al., 2004) includ-
ing the uncertainty of the Raman spectrometer, the systematic error from the calibration,

uncertainties of the measured deposited area, and the total air volume.

4Neodym-dotierter Yttrium-Aluminium-Granat
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4.6.4 Miniature cascade impactor

Aerosol sampling for single particle analysis was carried out with a miniature cascade im-
pactor (MINI). Samples were taken up to twice each day for 5-180 seconds, depending
on the awaited aerosol concentration. This novel device was developed by Kandler et al.
(2007). For isoaxial sampling the MINI was mounted on a three-dimensional wind vane on
top of the container as shown in Figure 3.3. In Figure 4.16 the impactor tube holds four
individual stages, with orifice diameters ranging from 0.25 to 1.5 mm, which corresponds to

cutoff sizes from 0.1pm to ~3um. Particles smaller than ~0.8um in diameter were collected

'e
|

Figure 4.16: Disassembled miniature cascade impactor. (photo from Kirsten Lieke)

on transmission electron microscopy (TEM) grids, whereas larger particles were collected
on an adhesive carbon substrate.

The samples were taken and analyzed by TU Darmstadt using scanning electron-microscopy
of single particles. Analyzing all samples would take too long, therefore only some of them
were analyzed. The analyzed sample dates for this work are: DOY 18.65, 19.76, 25.63, 28.39,
28.71, 35.63, 35.76, 36.58, 36.76, 37.56, 38.43, 39.43, and 40.42 LT. Based on the chemical
composition derived from the X-ray count rates, particles were classified into 25 different
mineralogical groups. Then, the particles were classified into logarithmically equidistant

size classes according to their projected area diameter.
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5 Aerosol characterization and closure

studies at dry conditions

The primary goal of this section is to deliver parameters of an aerosol model (introduced
in chapter 6), which describes the optical as well as the microphysical properties of the
marine and Saharan dust aerosol at dry conditions. The second goal of this chapter is to
characterize the aerosol measured at Cape Verde in terms of particle number size distribu-
tion, hygroscopic growth behavior and hygroscopic mixing state as well as particle shape
and wavelength-dependent complex refractive index. To derive the imaginary part of the
complex refractive index for mineral dust, the following steps are performed:

First, within a closure of optical properties such as scattering and absorption coefficients
at dry conditions (chapter 5.3.1), the calculated optical properties are compared with mea-
surements using refractive indices from literature. Second, with some knowledge from this
closure (differences in the spectral behavior of the absorption coefficient), e.g., an optical
equivalent imaginary part of mineral dust is retrieved (chapter 5.3.2). In contrast to the
imaginary part of the refractive index, the optical equivalent imaginary part includes also
the shape of the particle and optical properties can be calculated applying Mie theory.
The optical equivalent imaginary part imaginary is compared with imaginary parts of pure

Saharan dust.

5.1 Dry parameterized PNSD

Figure 5.1 shows a statistical analysis of the discrete dry PNSD for the entire period. For
illustration, four lognormal size distributions (equation 4.4) were fitted to the median value.
Two fine particle modes (blue solid lines) represent the typical bimodal submicrometer
marine PNSD composed of an Aitken and an accumulation mode. In a review article
about marine aerosols (Fitzgerald, 1991), the geometric mean diameters of the bimodal
marine PNSD are reported in the range of d,n =40-60nm and dyy = 180- 300 nm, respec-
tively. The fine fraction of the marine (background) aerosol, typically in the size range
dpye < 600 nm is explained primarily as non-sea-salt sulfate (NSS), formed by gas-to-particle
conversion of the oxidation products of organosulfur gases (such as DMS!) emitted by the
ocean (Fitzgerald, 1991). The double peak characteristic is caused through cloud process-
ing of non-precipitating clouds (Hoppel et al., 1990). In clouds, trace gases such as SO,

Ldimethyl sulfide
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Figure 5.1: Bozx plot of the dry particle number size distribution for the entire measurement
period as well as fitted lognormal size distributions to the median value.

are absorbed by cloud droplets and are converted to particulate matter such as sulfates
(Fitzgerald, 1991). The aerosol particles remaining after the evaporation are larger than
the original ones. The new particles are potential cloud condensation nuclei (CCN) on which
the cloud droplets maybe formed (Fitzgerald, 1991).

The average mineralogical composition shown in Figure 5.2 revealed that a high portion of
sulfate particles in the fine mode are ammonium sulfate, which is in accordance to former
studies (Mészédros and Vissy, 1974; Gras and Ayers, 1983). Therefore, a dry particle density
of p, = 1700kgm ™2 for the fine mode was estimated.

The coarse mode (green solid lines in Figure 5.1) represents the external mixture of sea-salt
and mineral dust particles. Gras and Ayers (1983) pointed out that in the clean marine
aerosol essentially all particles larger than dp,.=600nm consist of sea-salt. The process
of production of sea-salt aerosol is due to agitation of the sea surface by the wind. The
wind over the sea surface produces water drops which burst, producing both film and jet
drops. As illustrated in Figure 5.2, components of mineral dust particles, such as silicates
and quartz, occur nearly in the same size range as sea-salt particles, which mainly consist
of sodium chloride and sodium sulfate.

During SAMUM-1, the geometric mean diameter of a mineral dust PNSD was 715nm on
average (Kaaden et al., 2009), which agrees to the fitted (first) coarse mode geometric mean
diameter shown in Figure 5.1. Hence, the first coarse mode can be directly attributed to
sea-salt and mineral dust particles, while the second coarse mode is a virtual mode (no
physical meaning) to achieve conservation, especially for the particle surface and volume
concentration. It is assumed that the second (virtual) coarse mode has the same chemical
composition as the first coarse mode.

The time series of the discrete dry PNSD was automatically fitted with a least square al-
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Figure 5.2: Average mineralogical composition for 12 components. Components which have
a relative abundance <1% are grouped into ”"other”.

gorithm (Birmili, 1998) yielding the fit parameters N, dyn, and o, for each lognormal size
distribution. From the parameterized PNSD, a discrete PNSD was recalculated and com-
pared with the initial discrete PNSD. It was found, that the deviations in total number,
surface and volume concentrations were always lower than 5%. Table 5.1 summarizes the
arithmetic mean value and single standard deviation for the lognormal size distribution pa-

rameters. In general, within each particle mode, the variation of the total particle number

Table 5.1: Arithmetic mean value and single standard deviation (std) of the total particle
number concentration N, geometric mean diameter dyn, and geometric standard
deviation oy of the four fitted lognormal size distributions.

mode # mode name N £+ 1 std dgy £ 1std | oy £ 1std

1 combined sea-salt & dust | 3.945.4 ecm™ | 1790£328 nm | 1.5440.07

2 combined sea-salt & dust | 39.4+37 cm™3 780+49 nm 1.52+0.05
3 accumulation 844425 cm™3 | 177+17.5nm | 1.54+0.07
4 Aitken 5414247 cm ™3 53411 nm 1.9+0.11

concentration is larger than the variation of the geometric mean diameter and geometric
standard deviation. The largest variations of the total particle number concentration show
the coarse particle modes, followed by the accumulation and Aitken modes. Typical total
particle number concentrations for the Aitken and accumulation particle modes over central

regions of the Atlantic are 600 cm ™3

on average (Junge and Jaenicke, 1971) and 50- 100 cm >
(O’Dowd et al., 1997), respectively. These values agree with the values found in this study
of 5414241 cm ™2 for the Aitken mode and 84442 cm ™3 for the accumulation mode.

The large variation of N in the coarse mode is exemplified in the following: Some inves-

tigations (e.g., Fitzgerald (1991); O’'Dowd and Smith (1993); O’Dowd et al. (1997)) found

o4



5.2 Hygroscopicity parameter x and number fractions

a connection of the particle number concentration of the marine aerosol-in particular for
the sea-salt aerosol-and the actual wind speed over the ocean. In our study, the sea-salt
variation in the total number concentration is superimposed by the contribution of mineral
dust particles in the coarse particle mode. Hence, the following section confirms that the
variation of the amount of Saharan mineral dust particles is much larger than the variation

of the sea-salt content in the coarse mode.

5.2 Hygroscopicity parameter « and number fractions

Figure 5.3 shows a box plot of the x parameters for the hygroscopic and hydrophobic par-

ticles for the entire measurement period. For the hygroscopic particles, the xk parameter is
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Figure 5.3: Bozx plot of the hygroscopicity parameter k for the entire measurement period.

nearly constant in the size range dp,. < 100nm with a median around 0.35 and increases
to k = 0.65 in the subsequent size range from 100 nm < dp,. < 350nm. In the adjacent size
range, Kk was set to a constant (cf. chapter 4.2.4). For the hydrophobic particles, x varies
between 0 and 0.1 in the size range up to dp,e < 250 nm. The small hump around 250 nm
is possibly caused by a broadening of the hygroscopic particle mode to smaller hygroscopic
growth factors. Because of the separation of GF' < 1.2 to hydrophobic particles, the mean
hygroscopic growth factor of the hydrophobic mode is therefore enhanced. For larger par-
ticles dp,. > 250 nm, k decreases towards 0 and remains constant (cf. chapter 4.2.4). The
variation within x is largest for the hygroscopic particles in the size range dp,. > 250 nm.

The size dependency of k can be explained by hygroscopic materials from the mineralog-
ical composition. From the mineralogical composition (Figure 5.2), it is obvious that
different species of hygroscopic materials are present: sodium chloride, sodium chloride-

sulfate-mixtures, sodium sulfate, ammonium sulfate, and other undetermined and mixed
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5 Aerosol characterization and closure studies at dry conditions

sulfates. Averaged, size segregated fractions of the three main inorganic salts (sodium chlo-
ride, sodium sulfate, and ammonium sulfate) are shown in Figure 5.4. Note that Figure

5.3 and Figure 5.4 are based on different particle diameter definitions. It is seen from
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Figure 5.4: Average fractions of sodium chloride, sodium sulfate, and ammonium sulfate
from the mineralogical composition. The error bars (£ single standard devia-
tion) represent the variability for each fraction.

Figure 5.4 that in the size range dp < 100 nm, ammonium sulfate is the predominant hy-
groscopic component. In Petters and Kreidenweis (2007), k parameters were derived from
hygroscopic growth factors and CCN measurements for pure inorganic salts. The non-ideal
growth behavior of hygroscopic substances near 100% RH causes the differences of CCN and
hygroscopic growth factor derived x values. For comparison issues, the hygroscopic growth
factor derived k values were chosen, since the s values in this investigation was also derived
from measured hygroscopic growth factors.

The measured x value in the size range dp,. < 100nm is on the lower end of the reported
values for pure ammonium sulfate particles that ranges from 0.33 to 0.72. A possible rea-
son is the internal mixture with one or more hydrophobic substances and organic material,
which can be less hygroscopic or hydrophobic. This assumption was supported by Kandler
et al. (2011), who found ammonium sulfate particles internally mixed with soot, as well as
hints of a possibly organic coating.

In the size range from 100 nm < dp,. < 300nm, the increase of the hygroscopicity parameter
k with particle size is caused by the large fraction of sulfate within the particle, which was
produced through cloud processing. The subsequent increase of the hygroscopicity parame-
ter k with particle size correlates with the increasing fractions of more hygroscopic materials,
e.g., sodium chloride and sodium sulfate. The reported x values for sodium chloride and
sodium sulfate are 0.91 to 1.33 and 0.68, respectively. Again, the measured values are on the

lower scale of the literature values. Nevertheless, Niedermeier et al. (2008) reported slightly
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5.2 Hygroscopicity parameter x and number fractions

lower hygroscopic growth of sea-salt particles compared to pure sodium chloride particles.
Furthermore, organic compounds in the uppermost thin layers of the sea water reduce the
hygroscopic growth compared to pure sodium chloride. The larger variation of x in the size
range dp,. > 250 nm is caused by the variability, represented by the standard deviation of
the sodium sulfate and sodium chloride fraction in Figure 5.4.

Figure 5.5 illustrates the mean number fraction of hydrophobic particles. The difference
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Figure 5.5: Image plot of the mean hydrophobic number fraction for the entire measurement
period.

to unity equals the mean number fraction of hygroscopic particles. In general, the mean
hydrophobic number fraction is larger in the coarse mode than in the fine particle mode.
The highest (reddish) values occur for the hydrophobic mineral dust particles in the coarse
particle mode. For this mode, the mean number fraction of mineral dust is still variable,
with maxima close to 100%, between DOY 24.5-26.5 LT and DOY 28-34 LT. The low-
est values with minima of ~30% occur in the last period from DOY 34 LT. From Figure
5.5, the influence of dust particles reaches down to dp,. =300nm, which agrees with the
smallest observed dust particles during SAMUM-1 (Kaaden et al., 2009). Figure 5.2 re-
veals that soot and probably some silicate particles are the main hydrophobic component
in the fine particle mode. Assuming that soot particles were completely externally mixed,
the hydrophobic mass concentration derived from the hydrophobic number fraction in the
fine mode and the mass concentration of soot, derived from Raman spectroscopy, would
be positively correlated. However, this is not the case. Cheng et al. (2006) for instance
pointed out that soot from long range transport is more internally mixed. Kandler et al.
(2011) found some ammonium sulfate particles internally mixed with soot, as well as sulfate
particles without soot and pure soot particles externally mixed. Moreover, Massling et al.
(2007) argued that the hydrophobic particle fraction in the fine mode can be attributed to

freshly emitted externally mixed soot particles. Hence, from the argumentation above it is
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5 Aerosol characterization and closure studies at dry conditions

concluded that soot particles at Cape Verde were internally as well as externally mixed and
the temporal variation of the hydrophobic number fraction in the fine particle mode was

caused by changes in the mixing ratio of externally and internally mixed soot particles.

5.3 Wavelength-dependent complex refractive index

To compare calculated dry scattering and absorption coefficients with the measurements,
literature values for the complex refractive index were used. The complex refractive index is
taken from the OPAC database (Hess et al., 1998), which is based in the original version on
D’Almeida et al. (1991). To each lognormal size distribution (fine, coarse mode), and state
of mixing in terms of hygroscopicity (hygroscopic, hydrophobic), a wavelength-dependent

complex refractive index was addressed (Table 5.2). For the coarse mode, the complex

Table 5.2: Corresponding complex refractive indices for the different particle modes and
hygroscopic mizing state.

mode name coarse (hy- | coarse (hygro- | fine (hydropho- | fine (hygro-
drophobic) scopic) bic) scopic)

name of aero- | mineral (trans- | sea-salt (0% | 92% water | 92% water sol-

sol  component || ported) RH) insoluble, 8% | uble (0% RH),

(Hess et al., soot 8% soot

1998)

dry particle den- 2700 2170 1700 1700

sity [kg m™3]

imaginary part n
A =300nm 1.53-2.5-10% 1.51-2.00-107% | 1.55-4.50-107%i | 1.55-4.50-10~%i
A =350 nm 1.53-1.7-1072% 1.51-3.24-1077i | 1.55-4.46-107%i | 1.55-4.18-107%i
A =400 nm 1.53-1.3-1072 1.50-3.00-1078i | 1.55-4.42.10721 | 1.55-4.14-107%4
A =450 nm 1.53-8.5-10731 1.50-2.43-107% | 1.55-4.38-107%1 | 1.55-4.10-107%
A = 500 nm 1.53-7.8-10731 1.50-1.55-107% | 1.55-4.34-107%i | 1.55-4.06-1072
A = 550nm 1.53-5.5-1073%i 1.50-1.00-107% | 1.55-4.26-107%i | 1.55-4.07-107%
A = 600nm 1.53-4.5-1073%i 1.49-1.60-107% | 1.55-4.22-107%i | 1.55-4.03-1072i
A = 650nm 1.53-4.5-1072 1.49-4.24-1078% | 1.55-4.22-10"%4 | 1.55-4.12-1072
A = 700 nm 1.53-4.0-1073 1.49-2.00-1077i | 1.55-4.18-107%1 | 1.55-4.08-1072i
A = 750 nm 1.53-4.0-10731 1.49-1.08-107%1 | 1.55-4.18-107%1 | 1.55-4.22-107%
A =800 nm 1.53-4.0-1073%i 1.48-1.95-107%1 | 1.54-4.18-107%i | 1.54-4.36-107%
A =900 nm 1.53-4.0-1073%i 1.48-4.24-107% | 1.54-4.22-107%i | 1.54-4.68-1072i

refractive index for ”sea-salt (0% RH)” was assigned to the hygroscopic particles, while
"mineral transported” (is the same as ”"mineral” in Hess et al. (1998)) was assigned to
the hydrophobic particles. The complex refractive index for the fine mode was calculated
by using an internal mixture of ”soot” and ”insoluble” for the hydrophobic particles, and
”soot” and ”"water soluble (0% RH)” for the hygroscopic particles. The average soot fraction
in the fine particle modes is 7.7+3.1vol%, and was determined as the ratio of soot mass
concentration to total mass concentration in the fine particle modes. To calculate the mixed

refractive indices for the hydrophobic and hygroscopic particles in the fine particle modes,
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5.3 Wavelength-dependent complex refractive index

the Maxwell-Garnet relation (Maxwell-Garnett, 1904) was used, which is a two component

mixing rule for refractive index.

5.3.1 Closure of optical properties at dry conditions

For an intercomparison of measured and calculated nephelometer scattering coefficients,
Mie calculations were performed. For the Mie calculations, homogeneous spherical particles
were assumed. The nephelometer response was calculated using equations 2.12 and 2.13, and
sin(#) in equation 2.13 was replaced by the angular illumination function 7(#). The angular
illumination function for the present TSI nephelometer is taken from Miiller et al. (2009a),
which confirms former measurements made by Anderson et al. (1996). Miiller et al. (2009a)
show in their Figure 2 that the angular illumination function obviously deviates from an
ideal nephelometer, with I(0) = sin(f).

Figures 5.6(a) and (b) show the results of the calculation as a time series and scatter plot,

respectively. In general, there is a good correlation between the calculated and measured

',_'_‘ -IOOO < I 1 I 1 1 I 1 I 1 1 1 1 1 1 1 1 =
£ 3 E
=) ] C
E i -
R
Y 100 3 E
b= 3 E
[} 4 -
S ] "\ i
gﬁ 4= - - Mie_450nm \I’I -
'?1_3 104" Mie_550nm L
= 3- - - Mie_700nm E
§ 1—— measured_450nm C
E ]—— measured_550nm i
& —— measured_700nm
c T

1 T r-—rr—r—r—r 1T 1T T 1T T 1T T T
18 20 22 24 26 28 30 32 34 36 38 40 42

day of year 2008

- IIIII 1 11 IIIIII 1 11 — 'IOOO I I I I

'€ 1+ 450nm  r=0.996 s e Coeficient values |

= 7+ 550nm r=0.995 o s 450nm a =1.9232

> 71+ 700nm r=0995 i 800 sstm s oieme

£ —_—1:1 A b =-1.2096e-005

% 100 _E E_ g‘ 600 — 7oonm b ;jé?;QZGSSe»OO6 |

A ] C E

< g - £

2 1 - S 400 — —

c i B .

3 £

2 - B g 200 .
3 ] (b) K ©

8 T II T T TTTT II T T 5 I I I I

10 100 g 100 200 300 400 500
measured neph. scattering [Mm'1] calculated neph. scattering [Mmq]

Figure 5.6: (a) Time series of Mie calculated and measured nephelometer scattering coef-
ficients at A = 450, 550, and 700 nm. (b) Scatter plot of Mie calculated versus
measured nephelometer scattering coefficients at X = 450, 550, and 700nm.
(c) Scatter plot and linear fits of measured nephelometer scattering >25Mm™!
versus calculated nephelometer scattering. The error for the measured values
are given by the nephelometer uncertainties, while the error for the calculated
values is 7% and taken from Wez et al. (2002).

values. The ”Pearson’s correlation” coefficient (r) is 0.99 for the three wavelengths A = 450,
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5 Aerosol characterization and closure studies at dry conditions

I calculated and

550, and 700nm. Moreover, for scattering coefficients o2°P® < 25Mm™
measured values agree within the range of uncertainty. For larger scattering coefficients
oPh > 25 Mm~! the measured values are larger than the calculated values. Figure 5.6(c)
shows a scatter plot of measured and calculated scattering coefficients with coefficients
larger 25 Mm ™. Linear fits applied to the data show wavelength-dependent slopes, which
are 1.9240.02 for the blue, 1.6540.02 for the green, and 1.354+0.02 for the red wavelength,
respectively. To interpret this behavior, the dry dust volume fraction was plotted against the
measured scattering coefficient 02°P! in Figure 5.7, and the ratio of measured to calculated
scattering was indicated through color coding. The dry dust volume fraction v fg,s is the
ratio of the (hydrophobic) mineral dust volume concentration in the coarse mode to the

total volume concentration and defined as

f Viya(coarse mode) > —dlf,évdp (coarse mode) - 1 frya - dp3, (5.1)
v U = = . .
4tV (fine+coarse mode) > dl‘ig 7 (fine+coarse mode) - dpj,

As shown in Figure 5.7, a?eph increases with increasing v fg,s in most of the cases. The
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Figure 5.7: Relationship between measured scattering coefficient and dry dust volume frac-

tion. The data are sorted by the ratio of measured to calculated scattering at
A = 450 nm.

ratio of measured to calculated scattering increases with both o™P" and v fz,s. Only for
U?eph < 25Mm™!, the ratio of measured to calculated scattering is independent of v fyus.
The deviations of measured and calculated scattering coefficients can be explained by effects
of non-spherical mineral dust particles. In this case, the assumption of spherical particles
for mineral dust particles underestimates the real scattering coefficient. The magnitude of
these deviations was investigated in a laboratory experiment and by numerical calculations
of certain non-spherical shaped particles in chapter 5.4. To mention in advance, only the

laboratory experiment can reproduce the observed differences between measured and Mie
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5.3 Wavelength-dependent complex refractive index

calculated scattering coefficients. For this case, a wavelength-dependent non-sphericity fac-
tor for the scattering coefficient of mineral dust is introduced, which is the slope of the linear
regression lines in Figure 5.6(c). Figure 5.8 illustrates the scattering non-sphericity factor
of mineral dust for the three nephelometer wavelengths. A power function given in Figure

5.8 reproduces the wavelength dependency of the non-sphericity factor very well.
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Figure 5.8: Average non-sphericity factor for the nephelometer scattering coefficient (black
crosses), and fitted power function y = yo+A-A\P°" (red solid line). Extrapolated
power function in the wavelength range from A = 300 - 950 nm (red dashed line).
The parameters of the power function are added.

In order to calculate aerosol optical properties at the dry state and at a certain relative
humidity in the wavelength range between A =300-950nm, the power function was used to
extrapolate the non-sphericity factors in the desired wavelength range.

Besides the scattering coefficient, closure studies were performed for absorption coefficients,
measured by the PM; PSAP, PM;y PSAP, and SOAP. To calculate the PM; PSAP response,
using equation 2.11, the fitted sigmoidal function (equation 4.16) of the PM; penetration
curve shown in Figure 4.15 was considered. In contrast to the SOAP, both PSAPs were not
measuring directly behind the aerosol inlet. Therefore, aspiration particle losses due to a
tee connector and the reduction of the flow rate (from 10.51min~! to 3.51min"!; see Fig-
ure 4.1), impaction in bends (1x90°, 1x45°), and sedimentation in horizontal lines (40 cm
in sum) were considered in the PSAP calculations. The formulas used for calculating the
particle losses in the sampling lines are summarized in chapter 6.

Time series and corresponding scatter plots of measured and calculated absorption coef-
ficients of the PM; and PM;y PSAPs are shown in Figure 5.9. Generally speaking, with
the simple classification of the absorbing species soot and mineral dust into fine and coarse

mode, the calculations reproduce the measured values. For a more quantitative discussion,
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Figure 5.9: (a) Time series of Mie calculated and measured absorption coefficients by PM;
and PMyy PSAPs at A = 522 nm. (b) Scatter plot of calculated and measured
absorption of PMy PSAP. (c) Scatter plot of calculated and measured absorp-
tion of PMyy PSAP.

the PM;y PSAP calculations correlate much better (r=0.985) with the measurements than
the PM; PSAP calculations (r =0.455). The weaker correlation is caused by the assumption
of a constant imaginary part of the complex refractive index of the fine mode. In chapter
5.3 it was found that the soot fraction in the fine particle mode derived from Raman spec-
troscopy is however variable (7.7£3.1vol%). It is reasonable that the variation during the
measurement period (represented by the single standard deviation) caused a variable imag-
inary part of the complex refractive index of the fine mode.

Figure 5.10 shows time series and corresponding scatter plots of measured and calculated
absorption coefficients of the SOAP at A = 400, 550, 700, and 850 nm.
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Figure 5.10: (a) Time series of Mie calculated and measured absorption coefficients by the
SOAP at A =400, 550, 700, and 850nm. (b) Scatter plots of calculated and

measured absorption at the four wavelengths.
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In general, the calculations reproduce the measured values. However, the correlation is
highest at A=400nm (r=0.988) and lowest at A=850nm (r=0.930). The "weaker” cor-
relation for the larger wavelengths can be explained again by a variable imaginary part of
the complex refractive index of the fine mode as follows: As shown in Table 5.2 for larger
wavelengths in the visible spectral range, the fine mode imaginary part of the complex re-
fractive index is about one magnitude higher than for the coarse mode. In contrast to the
smaller wavelengths, the absorption for the larger wavelengths is therefore more dominated
by particles from the fine particle modes. Particles from the coarse particle modes with
lower imaginary parts for larger wavelengths have a lower contribution to the absorption.

Nevertheless, Figure 5.10(b) shows that for larger absorption coefficients at A =400, 700,
and 850 nm, the calculated and measured values deviate from the 1:1 line. For A=400nm
the calculations underestimate the measurements, while for A =700nm and A =850 nm the
calculations overestimate the measurements systematically. Illustrated by time series in
Figure 5.10(a), differences between calculations and measurements are higher in dust dom-
inated periods (DOY 24.5-26.5 LT and DOY 28-34 LT) than in the low dust period (from
DOY 34 LT on). The reason for this result could be a slightly different spectral behavior of
the calculated absorption coefficient, and hence the imaginary part of mineral dust. There-
fore, the next section describes the retrieval of an optical equivalent imaginary part of the

refractive index for mineral dust.

5.3.2 Soot mass closure at dry conditions and retrieval of an optical

equivalent imaginary part of mineral dust

As mentioned in the last section, the goal of this section is to retrieve an optical equivalent
imaginary part of the refractive index for mineral dust, based on the measured absorption
coefficients and particle number size distributions. One possibility would be, to calculate
the fine mode absorption with a constant imaginary part as done in chapter 5.3.1 and to
vary the dust imaginary part until calculated absorption fits the measured absorption. The
disadvantage of this approach is that inaccuracies in determining the fine mode absorption
lead to inaccuracies in determining the wavelength-dependent imaginary part of the refrac-
tive index of mineral dust. The following approach is more accurate and starts with the
absorption coefficients for the PM; PSAP and PM;o, PSAP:

PM; PSAP

Og, ! deust,PM1 * Oq,dust + Oa,s00t (52)
PMio PSAP

g, 10 = Oa,dust + Oa,soot» (53)

where 0, gust and 0, 5001 are the absorption coefficients of dust and soot, respectively. v faust P,
is the time-dependent fraction of mineral dust within PM;, and is illustrated in Figure 5.11
for clarification.

U faust,pm, Was calculated analogously to equation 5.1 and incorporates the sampling effi-

ciency to the PSAP, and the PM; penetration curve (equation 4.16).

64



5.3 Wavelength-dependent complex refractive index

| | 1 1 | N | | 1 1 1 1 | N |
300 coarse mode (hydrophobic fractiq n)100
g registered by the PSAPs
g 250 coarse mode registered
e by PM,; PSAP —80
= sigmoidal fit of PM, efficiency =
S 200 - )
< 3]
= — 60 .=
£ £
e 150 — o
= ()
8 — 40 S
g S
£ 100 aﬁ
o
=

>

9 20 &
L 50—

]

o

O T T T T L L | T T T T LI O
100 1000 10000

volume equivalent particle diameter [nm]

Figure 5.11: [llustration of the dust volume fraction within PM, as a shaded area. The
shaded area is enclosed by the sigmoidal fit of the PM; penetration curve (red
solid line) and the fitted hydrophobic (mineral dust) fraction of the coarse
mode (green solid line).

Subsequently, both equations were rearranged yielding a formula for the absorption coeffi-

ient of :
cient of soot oPM1 PSAP PMio PSAP
a

- deust,PMl $ 0,

(5.4)

Oq,s00t —
I vfdust,PMl

For validation, the retrieved absorption coefficient of soot was averaged within the time
interval of the measured soot mass concentration from the Raman spectrometer. Figure
5.12 shows the result of the soot closure as a scatter plot. The mass absorption cross
section (MAC) converts the absorption coefficient into a mass concentration and vice versa.
Bond and Bergstrom (2006) and references therein report MACs of soot ranging from 3-
16m2g~! at A = 550nm including laboratory aerosol, diesel engines, and carbon black.
However, values given in 16 of 21 references lie between 6.3-8.6 m?g~!. The wavelength for
the reported MAC is close to the PSAP wavelength of A = 522nm. The lowermost and
uppermost reported values are represented in Figure 5.12 as a straight line with a slope of
3m2g~! and 16 m?g !, respectively. Regarding the large uncertainty (~30%) of the method,
the data points lie within the boundaries and therefore the soot mass closure was successful.
Finally, the spectral absorption coefficient of soot was calculated using an Angstrém-ab-
sorption-exponent of 1 (Bergstrom et al., 2002; Kirchstetter et al., 2004). The spectral
absorption coefficient of dust was determined using the measured absorption coefficient by
the SOAP gS0AF:

Oa,dust(N) = oSOAP () — Ta,s00t(N)- (5.5)

Applying Mie calculations, an optical equivalent imaginary part of the refractive index of

mineral dust was retrieved using the secant method. The secant method is based on the
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Figure 5.12: Scatter plot of retrieved soot absorption versus measured soot mass concen-
tration. The error for the soot absorption is about 30% on average and was
calculated using error propagation.

Newton-Raphson method, where the derivative of the function is replaced by the differential
quotient. During the iteration, only the imaginary part was varied, while the real part of the

complex refractive index was set constant (1.53, cf. Table 5.2). The iteration was repeated
Mie

until Mie calculated (o, 4.

) and measured absorption coefficients of dust fit within a small
Mie

residual € = (W#’id““) < 1.0-1075 (cf. Cheng et al. (2006)). In Figure 5.13, a box
plot show the optical equivalent imaginary part of mineral dust for this investigation. For
comparison, literature values for mineral dust imaginary parts from Hess et al. (1998) and

Miiller et al. (2009b) are added.
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Figure 5.13: Boz plot of the imaginary part of the refractive index of mineral dust. The
statistical analysis contains a dust volume fraction of at least 90% and data of
at least 55 of 66 wavelengths per time interval. Literature values of imaginary
parts for mineral dust are added for comparison.

Table 5.3: Literature values and arithmetic mean values from this investigation for the
imaginary part of the refractive index for mineral dust. The data in the last
column are arithmetic mean values from a time series containing a dust volume
fraction of at least 90% and data of at least 55 of 66 wavelengths per time

interval.
wavelength | imaginary part n | imaginary part n
[nm] for mineral dust | for mineral dust
(Hess et al., 1998) | (this investigation)
300 2.5-1072 4.5-1072
350 1.7-1072 3.7-1072
400 1.3:1072 2.8:-1072
450 8.5-1073 1.5-1072
200 7.8-1073 1.0-1072
550 5.5-1073 5.6-1073
600 4.5-1073 3.7-1073
650 4.5-1073 2.9-1073
700 4.0-1073 2.7-107°
750 4.0-1073 2.7-1073
800 4.0-1073 2.5-1073
900 4.0-1073 2.4.1073
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As expected from the dry absorption optical closure, the retrieved optical equivalent imagi-
nary part for A < 550 nm is larger than the values reported by Hess et al. (1998). In contrast
to that, the imaginary parts of this investigation are somewhat lower for A > 550 nm. Com-
paring the imaginary parts with values for pure Saharan mineral dust derived by Miiller
et al. (2009b) during SAMUM-1, the imaginary parts from this investigation are shifted to
larger values, which may have several reasons: Comparing the trajectory analysis for the
lower air layers in Knippertz et al. (2009) with Knippertz et al. (2011), the Saharan dust
during SAMUM-2 originated from more southeastward sources (Sahel region) than during
SAMUM-1. Different chemical compositions of the Saharan dust may change the imaginary
part of the refractive index. Another investigation (Kandler et al., 2011) point out that
the volume fraction of iron oxides was slightly higher than during SAMUM-1. Another
reason might be aged soot particles, which accumulated on a mineral dust particle during
transport, and causes an increase of the imaginary part of mineral dust. However, such a
soot-dust mixture was rarely observed (Licke et al., 2011).

Table 5.3 shows the arithmetic mean values from this study, and additionally the literature
values of the imaginary part for mineral dust. In the following, the optical equivalent imagi-
nary part is used to describe the optical properties of the hydrophobic fraction of the coarse

particle mode.

5.4 Influence of particle shape on AOPs at dry and

humidified conditions

Many investigators (e.g., Koepke and Hess (1988); Nakajima et al. (1989); West et al. (1997);
Kahnert et al. (2007)) used laboratory experiments to calculate non-sphericity effects of min-
eral dust particles. As pointed out in Mishchenko et al. (1997), the weakness of this method
are missing values at scattering angles close to 0° and 180° due to the arrangement of source
of light and detector. A widely used approach to simulate non-spherical effects is the semi-
empirical theory by Pollack and Cuzzi (1980). The advantage of this method that is based
on Mie theory is the easy implementation and the low computation effort. The disadvan-
tage of this method is to determine the three free parameters to simulate a particle shape.
Hence, this method is more convenient to adjust the semi-empirical theory to measurements
of particle properties (e.g., the scattering phase function of non-spherical particles). Nev-
ertheless, there are numerous studies (e.g., Kalashnikova and Sokolik (2002); Kalashnikova
et al. (2005); Mishchenko et al. (1995, 1997); Bi et al. (2010)) that gave numerical solutions
of optical properties for arbitrarily shaped particles, reproducing the non-spherical shape of
mineral dust particles. The results from these studies can however be only approximations
of non-sphericity effects on optical properties for this study, since the used PNSD, complex
refractive indices, and equivalent particle diameter often deviate from each other, and addi-
tionally from this investigation. For this case, a database for spheroids, deformed spheroids

and aggregates (Gasteiger et al., 2011) was used. The database includes the S;; component
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of the scattering matrix M (equation 2.2) as well as extinction (Q.) and scattering efficien-
cies (Qs). Here, the particle diameter of the non-spherical particle is defined as the diameter
of a sphere that has the same volume (volume equivalent particle diameter). To simulate the
effect on optical properties of modelled non-spherical dust particles, the optical equivalent
imaginary parts from Table 5.3, and the corresponding real parts of the complex refractive
index from Table 5.2 were used. The database for the deformed spheroids and aggregates
include imaginary parts only up to n=3.44 - 1072, For this case, computations for these
particle shapes were made only for wavelengths > 400 nm. Beyond that, the computations
of the deformed spheroids and aggregates using DDA are limited to a size parameter of
x ~ 25. Hence, to compare the DDA results with results made with TMM (spheroids),
and the reference case (spheres), the upper particle diameter of the PNSD was fixed to
dpye = 2650 nm.

For the calculation of the scattering matrix M of spheroids, a particle size independent
aspect ratio distribution was taken from Wiegner et al. (2009) shown in their right column
in Table 1. The optical properties of the deformed spheroids were averaged over three as-
pect ratios (1.4, 1.8, and 2.4). The deformed spheroids are prolate spheroids with surface
deformations according to the Gardner series, as described in Gasteiger et al. (2011). For
aggregate particles, a single shape is considered only. Figure 5.14 summarizes the ratio
of non-spherical to spherical optical properties (non-sphericity factor) for the mineral dust
particles in the coarse mode.

Non-sphericity factors of the extinction coefficient (scattering coefficient) range from 1.085-
1.305 (1.094 - 1.363) at A=450nm to 1.034-1.129 (1.035-1.133) at A =880 nm, and are high-
est for the aggregates and lowest for the prolate spheroids. In other words, the smoother the
particle the smaller is the non-sphericity factor. The non-sphericity factor of the extinction
and the scattering coefficient shows additionally a wavelength dependency, and the influence
of non-spherical particle shape decreases with increasing wavelength. This wavelength de-
pendency is in agreement with the wavelength dependency of the scattering non-sphericity
factors (cf. Figure 5.8) and with other investigations (e.g., Koepke and Hess (1988); Kalash-
nikova et al. (2005)). The enhancement of the extinction by non-spherical particles at short
wavelengths may be explained by the fact that the cross section of a particle is the driving
parameter for extinction, if particles are larger than the wavelength. For a given particle
volume, the cross section of the particle and, as a consequence, the extinction increases with
increasing non-sphericity of the particle.

An investigation by Kalashnikova and Sokolik (2002) reveals a non-sphericity factor for the
extinction of about 1.3 at A=550nm. There, the particle shape was reconstructed from
Saharan dust samples in the atmosphere yielding a so called representative composition-
shape-size (CSS) distribution for Saharan dust particles. In another study, Kalashnikova
et al. (2005) found differences in extinction up to a factor of 1.45 for weakly absorbing dust
at A=>550nm by using modelled grain and plate-like particles.

Nevertheless, the aforementioned scattering and extinction non-sphericity factors are signif-
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Figure 5.14: Non-sphericity factors of optical properties for the mineral dust fraction of
the coarse mode at several wavelengths. Optical properties are extinction
and scattering coefficients as well as single scattering albedo and asymme-
try parameter. Non-spherical approximations are prolate spheroids, prolate
spheroids with surface deformations, and aggregates.

icantly lower than the derived non-sphericity factors of mineral dust from this investigation
(cf. Figure 5.8). For this instance, a laboratory experiment was performed, using a soil dust
sample, collected near Zagora, Morocco during SAMUM-1. The setup of the laboratory
study is shown in Figure 5.15.

Two nephelometer (Serial no. 1027 and 70847344, both: Model 3563, TSI Inc.) were
connected with an aerosol chamber with a volume of about 0.5m? to measure the neph-
elometer scattering coefficient. Downstream of the two nephelometers, an external pump
of the MAAP sucked the aerosol through the nephelometer. This setup, using the MAAP
pump as a vacuum supply for the nephelometer, was identical to the setup during the field
campaign (cf. Figure 4.1). Two APS (Serial no. 1026 and 1089, both: model 3321, TSI Inc.)
measured the PNSD in the size range from 0.57um < dp, < 10um. To make sure, that both

APS and nephelometer measure the same aerosol, the connection tubes from the aerosol
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Figure 5.15: Instrumental setup of the laboratory experiment to investigate differences in
measured and Mie calculated nephelometer scattering coefficients.

chamber to the instruments had nearly the same length and were as short as possible.

Before starting the measurement, the aerosol chamber was flushed with particle free com-
pressed air, to obtain a total particle number concentration < 3 cm™ in the APS size range.
Afterwards, the mineral dust sample was dispersed in a reservoir using particle free com-

pressed air with a variable flow rate of 2-51min~!.

The subsequent mineral dust aerosol
was additionally diluted and then drawn into the aerosol chamber. To guarantee that no
contamination of particles occurred from outside, the excess flow in Figure 5.15 was checked
to be always positive.

The correction of recorded aerodynamic particle diameters of both APS to volume equiv-
alent particle diameters, was made according to chapter 4.1.2 by using the same effective
particle density for mineral dust. The resulting particle number, surface, and volume size
distribution of the dispersed mineral dust is shown in Figure 5.16. The particle size distri-
butions show a narrow mono-modal shape, while the dyy is around 600 nm, which is close
to the d,n of the first coarse particle mode (cf. Table 5.1). Because of the sizing limitations
of the APS for the smaller particles, the left branch of the PNSD could not be completely
resolved. However, with regard to compare measured and calculated scattering coefficients,
the scattering is more correlated with the particle surface and particle volume. Figure 5.16
clarifies that more than 99% of the particle surface and volume was measured by the APS.

In a next step, Mie calculations were performed, using the PNSD of both APS. As an input
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Figure 5.16: Particle number, surface, and volume concentration of dispersed mineral dust
soil sample.

parameter for the Mie calculations, the complex refractive index of mineral dust derived by
Miiller et al. (2009b) during SAMUM-1 was used. It was not determined that the complex
refractive index of the soil mineral dust and the mineral dust aerosol were the same. How-
ever, considering the fact that the particle surface and volume are the driving parameters
for the scattering coefficient, this assumption is reasonable.

Figure 5.17 shows scatter plots of measured and calculated nephelometer scattering coeffi-
cient for each APS and nephelometer. In general, the measured values are higher than the
calculated nephelometer scattering coefficients. The slope of the linear fits show a wave-
length dependence, and values between 1.75-1.88, 1.55-1.67, and 1.39-1.46 at 450, 550, and
700 nm wavelength, respectively. The intercept of the fit around 1 Mm™! can be explained
by the lower detection limit of the nephelometer and is negligible. In spite of different min-
eral dusts at Cape Verde and in Morocco, the laboratory study quantitatively confirms the
derived non-sphericity factors from the field campaign.

Now, coming back to the spheroids, deformed spheroids, and aggregates. Lower non-
sphericity factors were found for the single scattering albedo (1-1.044) and the asymmetry
parameter (0.997-1.045). For the three shape classes, the non-sphericity factor of the single
scattering albedo shows a wavelength dependency and increases for smaller wavelengths.
This property is basically caused by the stronger increase of the scattering non-sphericity
factor in contrast to the extinction non-sphericity factor with decreasing wavelength. The
non-sphericity factor of the asymmetry parameter doesn’t show such a characteristic pat-
tern.

Other investigations (e.g., Mishchenko et al. (1995, 1996); Kalashnikova and Sokolik (2002);
Otto et al. (2009); Wiegner et al. (2009)) qualitatively confirm these small non-sphericity
factors for the single scattering albedo and the asymmetry parameter by using spheroidal
particles and randomly oriented, polydisperse circular cylinders. On the other hand, larger
differences up to 1.2 for g for sharp edged modelled grain and plate-like particles was re-

ported by Kalashnikova et al. (2005). Beside this large discrepancy in g, it seems unrealistic
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Figure 5.17: Scatter plots of measured versus calculated nephelometer scattering coeffi-
cients at A = 450, 550, and 700 nm of dispersed mineral dust. The parameters
of the linear fits are added for each wavelength.

that these sharp edged grain and plate-like represent the mineral dust particles well.

Differences in the aerosol optical properties (AOPs) due to the non-spherical particle shape
of mineral dust at dry conditions lead to consequences for quantification of AOPs at hu-
midified conditions. Due to the nearly hydrophobic behavior of the Saharan mineral dust
at Cape Verde, it is assumed that the AOPs and hence the non-sphericity factors do not
change during the humidification process. For this case, the scattering non-sphericity factor
(Figure 5.8) for the mineral dust component in the coarse particle mode is included in the

aerosol model introduced in the following chapter 6.
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conditions

The aim of the aerosol model is to calculate microphysical and optical properties at am-
bient conditions, e.g., ambient mass concentration and ambient extinction coefficient. For
this, the relative humidity measured at ambient conditions (cf. Figure 3.4b) is the single
input parameter. A Mie-code for homogeneous spherical particles taken from Bohren and
Huffman (1983) was applied to calculate optical properties.

The aerosol model describes the optical and microphysical properties of the marine and
Saharan dust aerosol. The microphysical part of the aerosol model is described by time
series of the lognormal size distributions and corresponding dry particle densities given in
Table 5.2. Further microphysical properties are the hygroscopicity parameters x and the
corresponding mean hygroscopic and hydrophobic number fractions. The optical part in
terms of the complex refractive index for each lognormal size distribution and mixing state
is given in Tables 5.2 and 5.3. To describe the non-spherical shape of Saharan mineral dust,
the wavelength-dependent non-sphericity factor for the particle scattering (Figure 5.8) is
implemented.

The first step to calculate microphysical and optical properties at ambient condition, is to
transform the dry PNSD being measured outside the measurement container. During the
aerosol transport from outside to the measurement systems, sedimentation and impaction
losses appeared for larger particles, while ultrafine particles underlie diffusion losses. In this
thesis, the microphysical properties (e.g., particle mass concentration) and optical proper-
ties are more dominated by particles in the coarse particle mode than in the fine particle
mode. Losses due to diffusion were neglected for this study. Particle losses were calculated
for the particle segregation through the PMj, inlet and the transport system to the size
spectrometers. The transport system consists of the automatic aerosol diffusion dryer, the
aerosol splitter, and connection tubes to the size spectrometer. The aspiration efficiency
for anisoaxial and anisokinetic sampling and the formulas for the impaction through inertia
in bends and the sedimentation through gravitation in tubes are needed for laminar and
turbulent flows and were taken from Brockmann (1993).

Starting at the inlet, the penetration curve of a PM, inlet with a flow rate of Q = 18 1 min~!

(see Figure 4.1) that is close to the required flow rate of Q@ =16.71min~*

is given by Lee
et al. (1986) and Liu et al. (1983). The particle transmission efficiency through the aerosol

dryer is taken from Tuch et al. (2009). As shown in Figure 4.1, the aerosol splitter splits
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the sample flow rate of the APS (Q=11min™!) from the total flow. The tube diameter
reduces to 1/4” and thus the aerosol flow was split nearly isokinetically with minimal par-

ticle losses (cf. Figure 6.1). Downstream of the aerosol splitter, the APS was connected
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Figure 6.1: Sampling efficiencies for the dry PNSD through particle transport losses in the
sampling lines and particle segregation in the PMiy inlet.

by 2x45° bends and a 0.5m tube with an inclination angle of about 30°. The product of
all transmission efficiencies is the total transmission efficiency for the dry PNSD, which is
illustrated in Figure 6.1. For the following calculations, the dry PNSD was divided by the
total transmission efficiency, yielding a dry PNSD, which was corrected for inlet particle

losses.

6.1 Aerosol model validation at ambient conditions

6.1.1 Mass closure at ambient conditions

In order to carry out a closure for particle mass concentrations at ambient conditions, am-
bient temperature, pressure, and relative humidity, has to be considered. Since the ambient
mass concentration was calculated from the dry PNSD, the thermodynamic conditions from
the container have to be considered. The temperature and pressure during the measurement
of the dry PNSD and during the measured PM;, and TSP mass concentrations at ambient
conditions were nearly the same. However, PM;y and TSP mass concentrations were de-
termined at about ~55% RH, which deviates from the actual measured ambient RH at the
site (cf. Figure 3.4). A RH of 55% is relevant, because the particle mass on the filter was
determined at this RH.

First, the inlet loss corrected PNSD at dry state was transformed to ambient conditions.

Therefore, each bin of the dry PNSD was multiplied with the time- and size-dependent mean
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6 Aerosol model calculations at ambient conditions

hygroscopic and hydrophobic number fractions (cf. mean hydrophobic number fraction in
Figure 5.5), yielding a hygroscopic and a hydrophobic PNSD. The dry diameters of the
hygroscopic and hydrophobic PNSDs were multiplied bin-wise with the mean hygroscopic
growth factors at RH=55%, which were in turn calculated from time- and size-dependent
hygroscopicity parameters s using equation 2.28. To ensure conservation of the total par-
ticle number concentration, the number concentrations of the size bins of the PNSDs were
modified according to the change of the size interval width.

The solution droplet density p(55%) was determined bin-wise using the volume mixture
rule (equation 4.13) and the time- and size-dependent mean hygroscopic growth factors at
RH =55%.

The upper panel of Figure 6.2 shows the time series of measured PMs 5, PM;(, and TSP as
well as calculated ambient mass concentrations (averaged according to the chemical sam-

pling periods) at RH=55% based on the procedure described above. Measured TSP mass
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Figure 6.2: Ambient mass closure at ~55% RH. The upper panel shows a time series of
measured PMs 5, PMyg, and TSP as well as calculated ambient mass concentra-
tion. The lower panel shows a scatter plot of calculated ambient mass concen-
tration versus measured PMyy and TSP mass concentration, respectively. The
error of the calculated mass concentration was set to 20%, regarding uncertain-
ties in quantifying the sampling efficiency of the dry PNSD (Figure 6.1).

concentrations range from 28 to 542 ugm™3, while the measured PM;y to TSP mass con-
centration ratio range from 28% to 91% with an arithmetic mean value of 68%. The lowest
PM;y to TSP mass concentration ratio occurs in the last period starting DOY 34, with the

lowest mass concentrations during the entire measurement period. The time series of the
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6.1 Aerosol model validation at ambient conditions

PM, 5 mass concentration shows a similar trend when comparing with the PM;y, and TSP
mass concentration. The coarse particle mode has a larger mass contribution to PMs 5 than
the fine particle mode. The lower panel of Figure 6.2 shows a scatter plot of calculated am-
bient mass concentration at RH = 55% versus measured PM;o, and TSP mass concentration.
In general, the calculations and the measurements are highly correlated (r=0.99) and lie
close to the 1:1 line indicating the successful recalculation of particle mass concentrations by
particle number based measurements. To be more specific, for high measured mass concen-
trations before DOY 34 LT, the calculated ambient and measured PM;, mass concentrations
lie directly on the 1:1 line. In contrast to that, for lower mass concentrations (starting DOY
34 LT), the calculated ambient mass concentration is closer to the measured TSP than to
the PM;, values. This finding gives a hint that the mass increase due to hygroscopic growth
of large sea-salt particles significantly exceeds the measured PM;, value as the calculations
are sensitive to these large particles and their hygroscopic behavior. In summary, the ratio
of calculated ambient mass concentration to measured TSP mass concentration is between
61% and 101% with an arithmetic mean value of 79%. Hence, taking error bars into account,
as illustrated in Figure 6.2, the aerosol model was successful to calculate almost the total

mass of particles at ambient conditions.

6.1.2 Closure of optical properties at ambient conditions

The aim of this subsection is to validate the optical part of the aerosol model with the

ambient measured extinction coefficient. The PNSD for each mode at the actual RH was

calculated according to chapter 6.1.1. The complex refractive index at the actual RH was

calculated bin-wise using the Maxwell-Garnet relation and the mean hygroscopic growth
m(RH)? — m? :<1_ 1 )_m%v—ﬁﬂ. (6.1)
m(RH)? + 2m? GF3) m2 +2m?

factor as:

The dry complex refractive indices are tabulated in Tables 5.2 and 5.3, while the wavelength-
dependent complex refractive index of water m,, is taken from Hale and Querry (1973). The
calculations were done without the scattering non-sphericity for mineral dust, because the
influence of particle non-sphericity at this wavelength is expected to be marginal when com-
paring with Figure 5.8. The thermodynamic conditions during measuring and calculating
the extinction coefficient are different, because the calculations are based on container con-
ditions. Thus, the extinction coefficient calculated for container conditions was adjusted to
the actual ambient temperature T, and atmospheric pressure pu,, (Figure 3.4a and c)

using equation:
293K pamsb

Tums 1000 hPa’

The extinction coefficient was measured at pgmp ~ 1000hPa (1.5m above the container)

Ue(Tambapamb) = O¢ (62)

that means the atmospheric pressure equals the pressure inside the measurement container.
The closure between measured and calculated extinction requires a constant factor (cf. chap-

ter 4.3.2) between calculated visibility sensor signal and extinction coefficient for the entire
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6 Aerosol model calculations at ambient conditions

measurement period. Figure 6.3(c) shows the result of these calculations as a scatter plot. It
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Figure 6.3: Ambient extinction closure at ambient RH. (a) Time series of measured extinc-
tion as well as calculated extinction at the actual RH and under dry conditions.
(b) Scatter plot of calculated versus measured extinction coefficient. The error
of the calculated extinction coefficient was assumed to 20%, regarding uncer-
tainties in quantifying the sampling efficiency of the dry PNSD (Figure 6.1).
(c) Scatter plot of calculated extinction coefficient versus calculated receiver
signal of the visibility sensor. The data were fitted using a linear regression.

is obviously seen from the plot that the calculated visibility signal and extinction coefficient
show a linear dependency and are connected by a constant factor. Figure 6.3(a) shows a
time series of measured as well as calculated extinction at dry and ambient conditions. The
measured ambient RH is added to the plot. The aerosol model reproduces the measured
extinction very well, but deviated from it by a constant factor of about 1.5. Until DOY 34
LT, the calculated dry and ambient (RH) extinction do not differ significantly from each
other. However, from DOY 34 LT on, the calculated dry and ambient (RH) extinction
deviates. This behavior is caused by a lower dust fraction and thus a higher fraction of
sea-salt particles. A higher fraction of hygroscopic sea-salt particles are grown up at RH
between 40% and 80%, and this may enhance the extinction significantly. The calculated
extinction reproduces the measured extinction for this last time period, which is evidence
that the particles are in a metastable equilibrium (upper branch of the hysteresis of hygro-
scopic growth).

Figure 6.3(b) shows a scatter plot of calculated versus measured ambient extinction. Both

values correlate very well (r=0.99). In general, the measured ambient extinction is a con-
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6.2 Comparison of calculated extinction coefficient with lidar measurements

stant factor of ~1.5 higher than the calculated ambient extinction. A possible reason for this
discrepancy might be caused by the fog calibration of the visibility sensor. It is concluded
that for the measurements at Cape Verde, the fog calibration overestimates the measured
extinction coefficient. Despite of the discrepancy between measured and calculated ambient
extinction, the aerosol model is able to simulate RH effects and thus hygroscopic growth

effects on aerosol optical properties.

6.2 Comparison of calculated extinction coefficient with

lidar measurements

This section proofs the applicability of the calculated extinction coefficient by the aerosol
model in the atmospheric boundary layer. Vertical profiles of the extinction coefficient
were measured with various lidar systems at the measurement site. Tesche et al. (2009)
give an overview of the lidar systems. One of them, the MULIS lidar (Wiegner et al.,
1995; Freudenthaler et al., 2009) has the strength, to measure columnar extinction and
backscatter coefficients within the atmospheric boundary layer down to a height of ~100 m
above ground level. Therefore, the extinction coefficients from this lidar were compared
with the calculated extinction from the ground. The lidar profiles of the particle extinction
coefficients were analyzed with the Fernald-algorithm (Fernald, 1984), using the lidar ratio
derived from simultaneous Raman measurements. For further details concerning the data
processing and the determination of measurement errors refer to GroBet al. (2011).

In contrast to the lidar, the aerosol model wasn’t developed to resolve the vertical structure
of the extinction coefficient. For this issue, aerosol transport models were developed that
can model e.g., the aerosol layering in the atmosphere. Now, the applicability of the aerosol
model in the vertical was checked, assuming a height-independent PNSD from the ground.
Vertically resolved meteorological parameters, e.g., relative humidity, atmospheric pressure,
and temperature were provided at least once a day by radiosonde (Vaisala RS80, RS92)
launches at the site. The relative humidity served as input for the aerosol model to calculate
the RH-dependent vertical extinction coefficient.

Calculations of extinction coefficients of the total aerosol were done twice, from scatter-
ing coefficients including spherical dust particles (without consideration of non-sphericity
factor), and from scattering coefficients including non-spherical dust particles (with consid-
eration of non-sphericity factor). Employing equation 6.2, information about temperature
and atmospheric pressure were used to adjust the calculated extinction coefficient from con-
tainer to ambient conditions. Figures 6.4 and 6.5 show average vertical lidar profiles of the
extinction coefficient at A = 532 nm from DOY 29.786-29.8375 LT and DOY 37.604 - 37.625
LT, respectively. The calculated vertical profiles of the extinction coefficient are shown in
the figures for comparison.

Figure 6.4 shows a case of high dust concentrations and therefore high extinction coefficients

at the ground, while Figure 6.5 shows a case of low dust concentrations with more influence
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Figure 6.4: (a) Radiosonde humidity and temperature profiles up to 2km height at DOY
29.829 LT. (b) Measured (black line) and calculated (non-spherical dust par-
ticles: blue solid line, spherical dust particles: red solid line) profiles of the
extinction coefficient averaged from DOY 29.744-29.796 LT.
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Figure 6.5: (a) Radiosonde humidity and temperature profiles up to 2km height at DOY
37.572 LT. (b) Measured (black line) and calculated (non-spherical dust par-
ticles: blue solid line, spherical dust particles: red solid line) profiles of the
extinction coefficient averaged from DOY 37.563-37.583 LT.
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6.2 Comparison of calculated extinction coefficient with lidar measurements

of marine aerosol. The radiosonde humidity and temperature profiles in Figure 6.4 indicate
a shallow marine boundary layer (MBL) up to 400 m above sea level. The adjacent temper-
ature inversion and a decreasing relative humidity indicate the Saharan dust layer. In the
MBL, the measured extinction coefficient increases up to 700 Mm~!. The calculated profiles
show large differences applying spherical and non-spherical dust particles. In the MBL the
non-spherical approach agrees within the measured extinction coefficient (relative deviation
of 6%+11%), while the spherical model does not (relative deviation of 73%=+13%). The
comparison at high dust concentrations clearly revealed that an assumption of spherical
dust particles significantly underestimates the extinction coefficients.

In contrast to Figure 6.4, Figure 6.5 indicates not such a clear layering in the radiosonde
profiles. The radiosonde profiles revealed only a small temperature inversion at about 650 m
height asl, which assigns the top of the MBL. As illustrated in Figure 1 in Knippertz et al.
(2011), the adjacent upper aerosol layer is composed of dust and smoke. In the MBL,

the measured extinction coefficient increases up to 25Mm™!.

For the lowermost layer,
the spherical as well as the non-spherical calculations agree with the measured extinction
profile (relative deviation of 17%=+29% and 12%+23%, respectively). This fact is not sur-
prising, because the lower the dust particle number concentration is, the lower is the effect
of non-sphericity of the extinction coefficient. The quantification of aerosol optical prop-
erties at ambient conditions, e.g., extinction coefficients is a great afford, especially when
non-sphericity effects have to be taken into account.

To summarize, both case studies revealed that on the one hand the aerosol model is not
capable to reproduce the extinction profile in the MBL. On the other hand, with the aerosol
model it is however possible to extend the extinction profile of lidar measurements to the
ground. It is important to have a complete profile from the ground to the uppermost layers,
when comparing the column integrated aerosol optical thickness, with directly measured
from the sun-photometer. In both presented case studies, the extinction coefficient is high-
est in the lowermost layers. Disregarding of these not by lidar detectable layers may lead

to systematic errors for such intercomparison studies.
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7.1 Parameterizations of humidity effects of optical

aerosol properties

Time series of aerosol optical properties were calculated at the dry state and at relative
humidities of 55, 75, and 90% for the wavelength range from 300 to 950 nm in steps of
50 nm using the aerosol model. The calculated aerosol optical properties are the absorption,
scattering, and extinction coefficients as well as the single scattering albedo, and asymmetry
parameter. As revealed in chapter 5.3.1 and confirmed in a laboratory study in chapter 5.4,
the scattering coefficient of mineral dust particles differ significantly between non-spherical
and spherical particle shape. Therefore, calculations of the scattering coefficient for the
hydrophobic fraction of the coarse mode were made for spherical and non-spherical mineral
dust particles. Extinction coefficients for the hydrophobic fraction of the coarse particle
mode were calculated from the sum of the scattering coefficient (with and without scat-
tering non-sphericity factor) and the absorption coefficient. As revealed in chapter 5.3.2,
the absorption coefficient of the hydrophobic fraction of the coarse mode was calculated
using the optical equivalent imaginary part. Also, the single scattering albedo of the total
aerosol was calculated twice, from scattering and extinction coefficients including spherical
dust particles, and from scattering and extinction coefficients including non-spherical dust
particles.

The RH dependence of the aerosol optical properties (AOP) can be described by the hu-
midification factor

AOP(A,RH)

Eaor(A, RH) = AOP(\, dry)’ (7.1)

in analogy to the definition of the growth factor (cf. equation 2.26). Here, AOP(dry) refer to
RH < 30%. This value is close enough to dry conditions, because it is supposed that further
drying of the air does not change the AOP (Charlson et al., 1984). Humidification factors
were calculated for the extinction (&), scattering (&), and absorption coefficient (£,) as well
as for the single scattering albedo (,,) and the asymmetry parameter (£;). An often used
parametrization of {xop is based on a power law, (e.g., Kasten (1969); Hénel (1976); Hegg
et al. (1996); Grant et al. (1999); Anderson et al. (2003); Carrico et al. (2003); Quinn et al.
(2005); Nessler et al. (2005); Cheng et al. (2008)). The dependency of {40p on RH results
from the power law characteristic of the metastable branch of the hysteresis of hygroscopic

growth (cf. Figure 2.3). The goal of this investigation was to find a simple parametrization
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7.1 Parameterizations of humidity effects of optical aerosol properties

of £xop for further use in radiative transfer models. The best fit for all AOPs was found by

using equation:

H W(A)'%
Eaor(A, RH) = (1 - R—> ;

100 (7.2)

where the free parameter v(\) was derived using a nonlinear least-squares routine (Levenberg
Marquardt method). This was done for &, &, &, &, whereas &, can be derived from &, and

¢s and the humidification factor for the single scattering albedo is given as

_ S

Ewp = g (7.3)

Equation 7.2 equals equation 5 in Cheng et al. (2008) for RHy = 0% and is valid in the range
from 0%-90% RH. In equation 7.2, the power increases with increasing RH, accounting for
the steeper behavior of {xop at high RH. The advantage of this formulation is to describe
the RH dependency of the power with no further parameter. For instance, Hanel (1984)
used different power functions to parameterize the humidification factors for several RH
ranges.

A general correlation of y(A) and A was not found, but Cheng et al. (2008) reported that
the free parameter v(\) depends on the chemical composition. Figures A.1 to A.6 show
the () value versus the dry dust volume fraction v fg,s in the wavelength range from 300
to 950nm. The lowest v values and thus the largest humidification factors are found for
the scattering coefficient followed by the extinction and the absorption coefficients. This is
in consistency to Hanel (1984). Quinn et al. (2005) parameterized the v value as a linear
function of the relative amount of organic particulate matter for submicrometer aerosol.
Similar to this investigation, Howell et al. (2006) showed a measured &, dependence on the
dust volume fraction during ACE-Asia. On the basis of Howell et al. (2006), it was found

to be adequate to parameterize () as a function of v fy,s using a power law formalism:
YA = 5o (A) + AN - (0 faus) . (7.4)

For this study, the three free parameters yo(\), A(A), and pow(\) were determined for each
AOP by a nonlinear least-squares fit. The best fit function and the fit parameters + single
standard deviation are shown in Figures A.1 to A.6. Beyond that, Tables 7.1 to 7.4 sum-
marize the fit parameters for &, &, &, &, and for each wavelength. For & and &, the fit
parameters are added for non-spherical dust particles, following the remarks in chapter 5.4.
In contrast to y(\), the three fit parameters yo(\), A()), and pow(A) and the wavelength
are clearly connected. For the extinction, scattering, and absorption gy, decreases, and A
increases with increasing wavelength. For the extinction and scattering, pow decreases with
increasing wavelength.

In a special case, when v fg,ss =0, equation 7.4 simplifies to v(A) =yo(A). This means, the
parameter yo(A) represents the pure marine aerosol. During the measurement campaign,

the dry dust volume fraction varied between 0.5 and 1.0. Strictly speaking, equation 7.4
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is only valid in the range of v fy,s given above. The aim is to extend the applicability of
equation 7.4 from v fg,se =0 to v fguse = 1. To check the validity of this equation at v fy,s =0,
the humidification factors &, &, &q, £uy, and & were calculated in the range from 0 to 90%
RH and compared with literature values.

In literature, humidification factors for specific aerosols, several AOPs and additionally for
a wide range of RH are primarily based on model calculations. Directly measured humidi-
fication factors of several AOPs for marine aerosol are rare. One humidification factor, &
was measured by Covert et al. (1972) and Anderson et al. (2003) using a combination of a
humidified and a dry nephelometer. By using the same measurement technique, Hegg et al.
(1996), Carrico et al. (1998), Kotchenruther et al. (1999), and Carrico et al. (2003) reported
measured & ranging from 2.0- 2.5 for marine aerosol at 80% RH. The humidification factors
for the scattering coefficient from this investigation (cf. Figure 7.2 lie within this range).
Now, the calculated humidification factors for pure marine aerosol (setting ~(\)=1yo())
in equation 7.2) were compared with modelled humidification factors from literature at
RH =50, 70, 80, and 90%. First, the models are introduced, which are the ”maritime-
polluted” aerosol (D’Almeida et al., 1991), the "maritime model” (Shettle and Fenn, 1979),
and the "maritime aerosol (model 3)” (Hénel, 1976). The humidification factors from
D’Almeida et al. (1991) are valid for polluted maritime environment in the Mediterranean
and the north Atlantic and based on three lognormal size distributions. The ”maritime-
polluted” aerosol comprises water-soluble, soot, and sea-salt lognormal size distribution.
The particle growth to equilibrium size at a distinct relative humidity is based on Kohler
theory, whereas the AOPs are calculated with Mie theory. The humidification factors from
Hénel (1976) are based on measured particle mass, mean particle density, and real part
of the complex refractive index for specific relative humidities onboard the research vessel
"Meteor” in 1969 over the central Atlantic. The AOPs of interest (here: &, &,, and &, at
A =300 and 550 nm) for the "maritime aerosol (model 3)” were calculated by Hénel (1976)
using Mie theory. The "maritime model” from Shettle and Fenn (1979) is composed of a
so called "rural model” and a sea-salt component. The respective particle growth factors
stem from Hénel (1976) from his "model 6” and "model 2”. The calculation of the AOPs
of interest (here: &, &, &, &uy, and &, at A =300, 550, and 700 nm) was also done with Mie
theory.

For & and & (Figures 7.1 and 7.2), the best agreement (average relative deviation' of
5.7% and 7.6%, respectively)-in particular for higher relative humidities-is found for the
"maritime-polluted” aerosol from (D’Almeida et al., 1991). The values for £, (Figure 7.3) of
this study lie between the "maritime - polluted” aerosol and the " maritime model”, while the
latter show &, < 1. In contrast to this, for &, (Figure 7.5), the best agreement (average rel-
ative deviation of 0.1%) is found for the ”maritime model” by Shettle and Fenn (1979). For
€, the "maritime aerosol (model 3)” by Hénel (1976) shows the largest values at all. Hénel

(1976) reported very low single scattering albedos around 0.7 at dry conditions in the visible

IThe average relative deviation is the relative deviation for the humidification factor from literature and
this investigation, averaged for 3(4) wavelengths and 4 RHs.
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spectral range. The difference from the dry value to single scattering albedos larger than

0.9 at humidified conditions induces such large values for &,,. For &, (Figure 7.4), the best

agreement (average relative deviation of 0.5%) is again found for the ”maritime-polluted”

aerosol. To conclude, in literature there are still differences between humidification factors

of one aerosol type. The humidification factors for pure marine aerosol from this investi-

gation agree within the variability of literature values. Therefore, it seems reasonable to

extend the validity of the parametrization (equation 7.4) from v fguse =0 to v fguse = 1.

Table 7.1: Coefficients + single standard deviation for the humidification factor of the
extinction coefficient for spherical (sph) and non-spherical (nsp) dust particles.

Amm] | yo(sph) Yo(nsp) A(sph) A(nsp) pow(sph) | pow(nsp)
300 | -0.521:0.026 | -0.587+0.055 | 0.483+0.024 | 0.567+0.053 | 3.145+0.355 | 1.777+0.273
350 | -0.546+0.029 | -0.618+0.061 | 0.512+0.027 | 0.599+0.059 | 2.932+0.339 | 1.71+0.273
400 | -0.561=0.031 | -0.635+0.065 | 0.533+0.029 | 0.619+0.062 | 2.792+0.325 | 1.664=£0.27
450 | -0.5760.033 | -0.659+0.07 | 0.552+0.031 | 0.6460.068 | 2.669+0.305 | 1.5680.259
500 | -0.575+0.034 | -0.66140.073 | 0.55540.032 | 0.65+0.071 | 2.535+0.291 | 1.505+0.254
550 | -0.582+0.035 | -0.66640.074 | 0.56640.033 | 0.65740.071 | 2.457+0.282 | 1.501+0.251
600 | -0.582+0.037 | -0.66140.072 | 0.568+0.034 | 0.653+0.07 | 2.364+0.275 | 1.506=0.25
650 | -0.584=0.039 | -0.66140.073 | 0.572+0.037 | 0.653+0.071 | 2.234+0.269 | 1.488+0.249
700 | -0.587+0.041 | -0.65140.069 | 0.57640.039 | 0.64340.067 | 2.181+0.268 | 1.552+0.252
750 | -0.593+0.044 | -0.64740.068 | 0.58340.041 | 0.6440.066 | 2.096+0.269 | 1.585+0.256
800 | -0.594£0.047 | -0.638+0.067 | 0.585+0.045 | 0.631+0.064 | 2.003+£0.27 | 1.601=0.261
850 | -0.604=0.052 | -0.636+0.066 | 0.595+0.049 | 0.628+0.064 | 1.953+0.282 | 1.673+0.275
900 | -0.603+0.052 | -0.621+0.06 | 0.596+0.05 | 0.614=0.058 | 1.908+0.275 | 1.753+0.272
950 | -0.615+0.055 | -0.619+0.056 | 0.609+0.052 | 0.612+0.054 | 1.891+0.278 | 1.86+0.277

Table 7.2: Coefficients + single standard deviation for the humidification factor of the
scattering coefficient for spherical (sph) and non-spherical (nsp) dust particles.

Amm] | yo(sph) Yo(nsp) A(sph) A(nsp) pow(sph) | pow(nsp)
300 | -0.52940.017 | -0.576£0.039 | 0.469+0.017 | 0.55+0.037 | 4.82140.475 | 2.284+0.289
350 | -0.55+0.02 | -0.602+0.043 | 0.497+0.019 | 0.578+0.041 | 4.313+0.431 | 2.194+0.283
400 | -0.564=0.022 | -0.61940.048 | 0.522+0.021 | 0.599+0.045 | 3.846+0.386 | 2.077+0.282
450 | -0.583+0.026 | -0.65+0.057 | 0.552+0.024 | 0.635+0.055 | 3.271+0.331 | 1.825+0.264
500 | -0.583+0.029 | -0.65540.062 | 0.5640.027 | 0.644+0.06 | 2.922+0.303 | 1.689+0.256
550 | -0.593+0.032 | -0.66840.067 | 0.57540.03 | 0.65940.064 | 2.667+0.284 | 1.608+0.25
600 | -0.593+0.034 | -0.667+0.067 | 0.579+0.032 | 0.658+0.065 | 2.498+0.272 | 1.579+0.246
650 | -0.594=0.037 | -0.6670.069 | 0.582+0.034 | 0.659+0.067 | 2.3310.264 | 1.545+0.244
700 | -0.596+0.038 | -0.65740.065 | 0.58540.036 | 0.6540.063 | 2.266+0.261 | 1.605+0.246
750 | -0.6012£0.041 | -0.65440.064 | 0.59240.039 | 0.6474+0.062 | 2.17+0.261 | 1.6350.249
800 | -0.601:0.044 | -0.64440.063 | 0.593+0.042 | 0.637+0.06 | 2.073+0.261 | 1.662-0.253
850 | -0.609+0.048 | -0.6440.062 | 0.60120.046 | 0.633+0.06 | 2.021+0.273 | 1.729+0.267
900 | -0.608=0.049 | -0.625+0.056 | 0.602+0.046 | 0.619+0.054 | 1.97+0.266 | 1.807+0.263
950 | -0.62+0.051 | -0.623+0.052 | 0.6140.049 | 0.617+0.05 | 1.951+0.269 | 1.919+0.268
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Table 7.3: Coefficients £ single standard deviation for the humidification factor of the

Table 7.4: Coefficients + single standard

86

absorption coefficient.

A [nm] Yo A pow
300 | -0.017%0.006 | 0.017+£0.006 1£0.483
350 | -0.014+0.005 | 0.013£0.004 1£0.449
400 | -0.013£0.004 | 0.013+0.004 140.472
450 | -0.018%0.006 | 0.018+0.005 1£0.415
500 | -0.02440.007 | 0.024%0.007 1£0.404
950 | -0.036=0.011 | 0.035%0.011 1£0.407
600 | -0.049+0.014 | 0.047£0.014 1£0.391
650 | -0.054£0.012 | 0.051+0.012 | 1.17540.392
700 | -0.061%£0.015 | 0.059+0.014 | 1.144+0.392
750 | -0.068+0.016 | 0.06540.016 | 1.148+0.39
800 | -0.074%0.019 | 0.071%0.019 | 1.091+0.391
850 -0.08£0.023 | 0.077£0.023 1£0.397
900 | -0.083+0.022 | 0.0840.021 | 1.07240.393
950 | -0.087+0.024 | 0.083£0.023 | 1.03840.393

asymmetry parameter.

deviation for the humidification factor of the

A [nm] Yo A pow

300 | -0.073£0.013 | 0.079£0.013 1£0.221

350 | -0.084+£0.013 | 0.088+0.012 1£0.189

400 | -0.079£0.008 | 0.081+0.008 | 1.343+0.188
450 | -0.059+£0.003 | 0.058+0.003 | 2.587+0.225
500 | -0.064+0.002 | 0.062£0.002 | 2.856+0.222
550 | -0.054=£0.002 | 0.053+0.002 | 3.173£0.227
600 | -0.062£0.002 | 0.061+0.002 | 3.367£0.231
650 | -0.054+£0.002 | 0.05340.002 | 3.115£0.231
700 -0.06+0.002 | 0.059+0.002 | 3.173£0.233
750 | -0.04940.002 | 0.048+0.002 | 2.93640.259
800 | -0.058+0.003 | 0.057£0.003 | 2.89540.28
850 | -0.052£0.003 | 0.052+0.003 | 2.981+0.319
900 | -0.052+£0.003 | 0.05140.003 | 2.723+£0.353
950 | -0.057£0.004 | 0.056£0.003 | 2.856£0.36
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Comparison of humidification factors for the extinction coefficient for the ma-
rine aerosol. Humidification factors from this investigation for spherical dust
particles (red solid line) and non-spherical dust particles (red dashed line) are
shown. The corresponding error bars result from the standard deviation of yo.
Additionally shown are humidification factors from D’Almeida et al. (1991)
(hollow circles), from Shettle and Fenn (1979) (hollow triangles), and from
Hiénel (1976) (hollow squares).
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Same as Figure 7.1 but for scattering. Additionally shown are humidification
factors from D’Almeida et al. (1991) (hollow circles) and from Shettle and
Fenn (1979) (hollow triangles).
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Figure 7.3: Comparison of humidification factors for the absorption coefficient for the ma-
rine aerosol. Humidification factors from this investigation for spherical dust
particles (red solid line) are shown. The corresponding error bars result from
the standard deviation of yo. Additionally shown are humidification factors
from D’Almeida et al. (1991) (hollow circles), from Shettle and Fenn (1979)
(hollow triangles), and from Hdnel (1976) (hollow squares).
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Figure 7.4: Same as Figure 7.3 but for the asymmetry parameter. Additionally shown are
humidification factors from D’Almeida et al. (1991) (hollow circles) and from
Shettle and Fenn (1979) (hollow triangles).
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Figure 7.5: Comparison of humidification factors for the single scattering albedo for the
marine aerosol. Humidification factors from this investigation for spherical
dust particles (red solid line) and non-spherical dust particles (red dashed line)
are shown. The corresponding error bars result from the standard deviation
of yo. Additionally shown are humidification factors from D’Almeida et al.
(1991) (hollow circles), from Shettle and Fenn (1979) (hollow triangles), and
from Hdénel (1976) (hollow squares).
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7.2 Parametrization of optical aerosol properties at dry

conditions

In this section, time series of the dry single scattering albedo and the asymmetry parameter
were parameterized according to the dry dust volume fraction (v fgus, equation 5.1). The
wavelength-dependent AOPs at dry state were already calculated in chapter 7.1 to determine
the humidification factors of the AOPs. Figure A.7 and A.8 show scatter plots of the single
scattering albedo versus v fg,s for spherical and non-spherical dust particles, respectively.

The best fit to the data was achieved, using a power law:
wo(A) = C1(A) + Co(N) -+ (1 — v fause) ™. (7.5)

The three free parameters C1(\), Cy(N), and C3(\) were determined for each wavelength
using a nonlinear least-squares fit. The three fit parameters are summarized in Tables 7.5
and 7.6. From equation 7.5, the fit parameter C equals the single scattering albedo for pure
dust (vfaust =1). However, the pure dust single scattering albedo show large differences be-
tween spherical and non-spherical dust particles. The differences increases (up to = 36% at
A=300nm) the smaller the wavelength, and the lower the single scattering albedo is. These
discrepancies in wy between non-spherical and spherical particle shape are much larger than
the non-sphericity factors for the spheroids, deformed spheroids and aggregates (cf. Figure
5.14). There are two reasons for that. The revealed scattering non-sphericity factor from
the data is larger than the scattering non-sphericity factor of the three shape classes. The
influence of the scattering non-sphericity factor on the non-sphericity factor of the single
scattering albedo increases, the lower the single scattering albedo is. This effect results
from the particle non-sphericity and was also observed by Kalashnikova et al. (2005), who
compared weakly absorbing dust (higher single scattering albedo) and strongly absorbing
dust (lower single scattering albedo). To conclude, basically for single scattering albedos
< 0.95 the effect of non-sphericity should be included in model calculations.

Literature values of wy for pure Saharan dust were reported e.g., by Schladitz et al. (2009),
Linke et al. (2006), Alfaro et al. (2004), Haywood et al. (2003), and Haywood et al. (2001).
The single scattering albedo of pure dust (v fg,s = 1) are slightly lower than the values from
Schladitz et al. (2009) during SAMUM-1. Schladitz et al. (2009) reported wy values for
high dust concentrations of about 0.964+0.02 and 0.984+0.01 at A =537 and 637 nm, respec-
tively. A reason for these higher single scattering albedos are lower imaginary parts of the
refractive index of mineral dust during SAMUM-1 as discussed in chapter 5.3.2. The dust
origin during SAMUM-1 and SAMUM-2 was different and hence the single scattering albe-
dos are necessarily not in agreement. Airborne measurements near the Cape Verde region
determined by Haywood et al. (2001) revealed a Saharan dust single scattering albedo of
0.87 at 550 nm wavelength. Later, Haywood et al. (2003) reported a reassessment of this wy
value for Saharan dust from 0.87 to 0.94. The new wy value fairly agrees with this investi-

gation for pure Saharan dust (wy=C}). Sun-photometer measurements during the SHADE
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(Saharan Dust Experiment) field campaign, which took place at the Cape Verde Islands,
yielded values for wy of about 0.96 and 0.97 for 440 nm and 673 nm (Haywood et al., 2003),
respectively. Additionally, aircraft measurements were performed using a PSAP and a TSI
integrating nephelometer. The derived wy values range from 0.95 to 0.99 at A=550nm .
Laboratory measurements from dust samples of other Saharan dust sources, e.g., Nigerian
and Tunisian dust revealed wy values of 0.95+0.01 and 0.974+0.01 at 660 nm (Alfaro et al.,
2004). The single scattering albedo, e.g., from the Nigerian dust agree with this investi-
gation, which can be interpreted as a hint for the influence of dust from these regions (cf.
discussion of air mass origin in chapter 3 ).

Altough, the derived single scattering albedo of the marine (background) aerosol (v fg,s =0)
does not depend on the sphericity, the single scattering albedos for non-spherical (Figure
7.5) and spherical (Figure 7.6) dust particles are different. Therefore, the derived single
scattering albedo of the marine aerosol should be used with caution, because it depends
-especially for the lower wavelengths- strongly on the applied fit. Nevertheless, the de-
rived wp values are around 0.9-0.95 (derived from fit using non-spherical dust particles)
and 0.95-0.98 (derived from fit using spherical dust particles) and show a slight wavelength
dependence. For comparison, literature values from D’Almeida et al. (1991) and Shettle and
Fenn (1979) for the same wavelength range are about 0.94-0.95 and 0.97-0.98, respectively.
Figure A.9 shows a scatter plot of the dry asymmetry parameter versus v fg,s;. The best fit

to the data was achieved using the common power law:
g(A) = Bi(\) + Ba(N) - (v faust) P (7.6)

The three fit parameters Bi()\), Ba()), and B3(\) were determined for each wavelength,
and are summarized in Table 7.7. The fit parameter B; equals the asymmetry parameter
for marine background (v fz,s =0). The asymmetry parameter for pure dust was computed
setting v fquse = 1 in equation 7.6. Table 7.7 clarifies that the asymmetry parameter for pure
dust is higher than for the marine (background) aerosol. This fact is not surprising, since
the asymmetry parameter depends on the particle size. The aerosol model attributes the
dust particles exclusively in the coarse particle mode, whereas the marine aerosol was at-
tributed in the coarse mode as well as in the fine particle mode. The asymmetry parameters
for the marine (background) aerosol and the pure dust increase from mid-visible to ultravi-
olet wavelengths. Other publications e.g., Sokolik and Toon (1999) and Otto et al. (2009)
studying the asymmetry parameter of mineral dust, confirm this wavelength dependence.
As aforementioned, the asymmetry parameter depends on the particle size, and therefore
quantitative comparisons are omitted. It seems that the dust asymmetry parameters in
Sokolik and Toon (1999) and Otto et al. (2009) are slightly higher than in this investiga-
tion. In particular, the values from Otto et al. (2009) are valid near the dust source region
with a high concentration of large dust particles.

The asymmetry parameter of the marine (background) aerosol are around 0.7 and slightly
higher than 0.67-0.69 found in D’Almeida et al. (1991) and Shettle and Fenn (1979). It
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is difficult to perform a comparison for the asymmetry parameter of marine aerosol, since

the sea-salt content is highly variable. It should be noted that the ”error values” in Tables

7.5-7.7 are the error of the used fit with a confidence level of 66%.

Table 7.5: Coefficients £+ single standard deviation for the single scattering albedo for
spherical dust particles at dry conditions.

Values in brackets should be used

with caution, because of uncertainties of the used fit (cf. Figure A.7).

Anm] | C1 =wy (Vfguse = 1) Cy Cs wo (Vfaust = 0)
300 0.56240.002 0.413+0.008 0.749+0.023 0.975+0.01
350 0.59840.002 0.372+0.006 0.771£0.021 0.97+0.008
400 0.65640.002 0.30640.007 0.80940.026 0.96240.008
450 0.77140.002 0.17440.013 0.9474+0.087 0.94540.015
500 0.84140.002 0.123+0.029 1.3940.281 0.964+0.031
550 0.90240.002 (0.055+0.126) (2.542.88) (0.956+0.128)
600 0.93840.01 (-0.02+0.007) | (0.365+0.515) | (0.918+0.017)
650 0.9584+0.011 (-0.031+0.007) | (0.345+0.313) | (0.927+0.018)
700 0.963+0.009 (-0.033+0.006) | (0.388+0.295) | (0.93+0.015)
750 0.9684+0.007 (-0.03540.006) | (0.418+0.276) | (0.93440.013)
800 0.9714+0.007 (-0.03340.005) | (0.413£0.275) | (0.93840.013)
850 0.973+0.007 (-0.034+0.005) | (0.426+0.268) | (0.9440.012)
900 0.976-£0.006 (0.0320.005) | (0.4440.266) | (0.944-0.011)
950 0.97640.006 (-0.031+0.005) | (0.43140.268) | (0.945+0.011)

Table 7.6: Coefficients + single standard deviation for the single scattering albedo for non -
spherical dust particles at dry conditions. For the wavelengths from 450 - 550 nm,

the C'3 parameter was set to unity, to obtain a linear relationship.

A [nm] C’1 =Wy (deust - ]-) 02 03 Wo (deust - O)
300 0.765+0.001 0.1584+0.007 | 1.0840.052 0.92340.008
350 0.773+0.001 0.15240.008 | 1.064£0.065 0.925+0.01
400 0.84+0.001 0.129+0.012 | 1.124+0.111 | 0.92840.014
450 0.863£0.001 0.038=+0.006 1+0 0.902+0.008
500 0.901£0.002 0.003+0.007 1+0 0.904+0.008
550 0.93840.002 -0.031+0.007 140 0.90740.008
600 0.96+0.005 -0.033£0.006 | 0.52440.274 | 0.92640.011
650 0.969£0.004 -0.03840.006 | 0.55940.249 0.932+0.01
700 0.971+0.004 -0.037£0.006 | 0.5540.25 0.934+0.01
750 0.97440.004 -0.037£0.006 | 0.53840.245 0.937+0.01
800 0.975+0.005 -0.035%0.006 | 0.50740.252 0.94+0.01
850 0.976+0.005 -0.03440.005 | 0.48740.251 0.94240.01
900 0.977+0.005 -0.03240.005 | 0.47140.258 0.945+0.01
950 0.9771+0.006 -0.031£0.005 | 0.44240.265 | 0.94540.011

92




7.2 Parametrization of optical aerosol properties at dry conditions

Table 7.7: Coefficients £ single standard deviation for the asymmetry parameter at dry
conditions. For the wavelengths from 500- 950nm, the B3 parameter was set to
unity, to obtain a linear relationship.

A [nm] Bl =g ('deust - 0) BQ BS g (deust - ]-)
300 0.74540.004 0.127£0.004 | 4.153+0.3 0.87240.007
350 0.72610.004 0.116+0.004 | 3.5740.27 0.84240.008
400 0.699+0.005 0.104£0.005 | 2.789+0.273 | 0.803%0.01
450 0.676+£0.013 0.072+0.012 | 1.68440.457 | 0.7484+0.025
500 0.64£0.003 0.08£0.003 140 0.7240.006
950 0.656£0.003 0.053£0.003 1+0 0.70940.005
600 0.64340.002 0.04240.003 1+0 0.684+0.005
650 0.64740.002 0.049+0.003 1+0 0.696+0.005
700 0.637£0.002 0.044=+0.003 1+0 0.681+0.005
750 0.65£0.003 0.0484+0.003 140 0.698+0.006
800 0.635£0.002 0.04940.003 1+0 0.684+0.005
850 0.64140.002 0.05%0.003 1+0 0.69+0.005
900 0.6444-0.002 0.048=+0.003 1+0 0.693£0.005
950 0.636+0.002 0.048=+0.003 1+0 0.684£0.005
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8.1 Summary

Humidity effects of optical aerosol properties of mixed aerosol species are presently a gap in
knowledge. The present PhD-thesis delivers a comprehensive quantification of wavelength-
dependent humidity effects of aerosol optical properties of a mixture of marine aerosol and
Saharan mineral dust. The experimental basis for this work are measurements of microphys-
ical and optical particle properties at Cape Verde Islands in the framework of the Saharan
Mineral Dust Experiment (SAMUM). The measurements took place in January and Febru-
ary 2008, with highest occurrence of dust plumes from the Saharan desert.

During the measurement campaign dry particle number size distributions were measured
with mobility and aerodynamic size spectrometers. Hygroscopic growth factors and the state
of mixing were determined with humidified mobility and aerodynamic size spectrometers
as well as with the tandem differential mobility analyzer technique. Optical properties in
terms of light scattering and absorption were measured with nephelometry and filter-based
absorption photometry at dry conditions. These measurements served as a basis for the
aerosol model, which is a central point of this work.

The goal of the aerosol model was to reproduce the measured aerosol optical and micro-
physical properties and to predict aerosol optical and microphysical properties at ambient
conditions by a few numbers of parameters. The measured particle number size distribu-
tions were parameterized by four lognormal size distributions. The Aitken and accumulation
mode particles were mainly attributed to the marine aerosol, while coarse mode particles
were composed of sea-salt and Saharan mineral dust. A new methodical approach was used
to derive the mean hygroscopic growth factors and mixing state in almost the full particle
size range from 26 nanometers to 10 micrometers. Hygroscopic growth and mixing state
information in this size range are a requirement to predict optical properties (of the particle
ensemble) at ambient conditions. The state of mixing in terms of hygroscopicity shows a
clear distinction into hygroscopic and hydrophobic particles. From the growth measure-
ments, mean hygroscopic growth factors for the hydrophobic and hygroscopic particles were
derived. The measured mean hygroscopic growth factors at a certain relative humidity were
parameterized with the common single hygroscopicity parameter s to extrapolate the mean
hygroscopic growth factors in the relative humidity range from 0-90%. For hygroscopic
particles, k is nearly constant for particles smaller 100 nm with a median around 0.35. For

particles in the size range from 100 nm to 350 nm s increases up to 0.65. For larger parti-
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cles, time-dependent k parameters at 350 nm were used. For hydrophobic particles, k varies
between 0 and 0.1 in the size range up to 250 nm. For larger particles, x decreases towards
0.

With the information on hygroscopic mixing state, the lognormal size distributions, and
the mineralogical particle analysis, a chemical classification of the particles was possible.
According to the chemical composition, a dry density of 1700kgm™—3, 2170kgm 3, and
2700kgm ™ was assigned to the fine mode, the hygroscopic particles of the coarse mode,
and the hydrophobic particles of the coarse mode, respectively.

As a first guess, literature values of complex refractive indices were used to represent opti-
cal properties in dependence of the lognormal size distribution and the hygroscopic mixing
state. Complex refractive indices of ”"sea-salt (0% RH)” and ”mineral transported” were
assigned to the hygroscopic and hydrophobic particles of the coarse mode, respectively. The
complex refractive index for the fine mode was calculated by using an internal mixture of
”soot” and ”insoluble” for the hydrophobic particles, and ”soot” and ”water soluble (0%
RH)” for the hygroscopic particles.

Using the lognormal size distributions and the complex refractive indices, Mie-calculated
optical properties were compared with measured optical properties at dry conditions. An
intercomparison of measured and calculated scattering coefficients showed that the calcula-
tions underestimate the scattering coefficient at higher mineral dust concentrations. From
measured and calculated scattering, a wavelength-dependent scattering non-sphericity factor
was derived. In a laboratory study, this non-sphericity factor was quantitatively confirmed.
Similar to the scattering coefficient, the absorption coefficients were compared at dry condi-
tions. This closure revealed that the calculations underestimate the absorption coefficients
for wavelengths smaller 550 nm and overestimate the absorption coefficients for wavelengths
larger 550 nm. This effect was mainly caused by a different imaginary part of the complex
refractive index for mineral dust. Thus, a new (optical equivalent) imaginary part of mineral
dust was retrieved applying Mie calculations. At this stage, the aerosol model was adapted
to the measured optical properties at dry conditions.

The aerosol model was validated with measured mass concentrations and extinction coeffi-
cients at ambient conditions. Intercomparison studies at ambient conditions revealed that
the aerosol model is able to reproduce the effect of hygroscopic growth to the extinction
coefficient and reproduce quantitatively the measured particle mass concentration. Both
studies demonstrate the importance of hygroscopic growth of coarse mode sea-salt particles
for relative humidities below 90%. It was shown that the aerosol model was deployed to
calculate the extinction coefficients in the lowermost layers of the atmosphere up to a height
of about 200 m to extend measured lidar profiles to the ground. A complete vertical profile
of the extinction coefficient from the ground to the uppermost aerosol layers is necessary,
when comparing column integrated aerosol optical thickness with measured aerosol optical
thickness from sun-photometer.

Time series of optical properties (absorption, scattering, and extinction coefficients as well
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as single scattering albedo, and asymmetry parameter) were derived at the dry state and
at relative humidities of 55%, 75%, and 90% in a wavelength range from 300 to 950 nm by
using the aerosol model. From these time series, humidification factors for the given relative
humidities, wavelength range and aerosol optical properties were calculated. Following the
common literature, the humidification factors were parameterized by a power law. From
this single parameter power law, a time series of a parameter v was derived, which depends
solely on the aerosol optical property and wavelength. It was found that the parameter v
depends on the dry dust volume fraction. Hence, v was in turn parameterized by three
parameters using a power law formalism. The parameterization was extended to describe
the humidity dependence of optical properties of clean marine aerosol. The humidification
factors from the parameterization agreed within the literature values of the marine aerosol.
In summary, with known relative humidity, wavelength and dry dust volume fraction, the
humidity dependence of optical properties can be calculated from the tabulated three pa-
rameters.

The derived parameterization is a powerful tool and can be applied to calculate the humid-
ity dependence from the dry state up to 90% RH for regions of pure Saharan dust, regions
with influence of marine and Saharan dust, and regions of pure marine aerosol. However,
the parameterization is only valid for particles being in a metastable equilibrium with the
surrounding moist air.

Dry optical properties in terms of the single scattering albedo and the asymmetry parameter
were parameterized using a power law. The parameterization was done using spherical and
non-spherical dust particles. The power law is a function of the dry dust volume fraction and
includes three parameters. The pure dust case is described by one of the three parameters.
The single scattering albedo differs between the spherical and non-spherical dust case and
the non-sphericity factor of the pure dust single scattering albedo increases with decreasing
wavelength. These non-sphericity factors are much larger than predicted in literature us-
ing modelled non-spherical particle shapes. It was found that for single scattering albedos
smaller 0.95, the non-sphericity effect plays an important role.

With regard to radiative transfer calculations, the role of hygroscopic growth is insufficiently
considered. The present PhD-thesis delivers a simple parameterization to transform opti-
cal properties from dry state to ambient conditions. Therefore, the parameterization can
be applied to radiative transfer calculations using realistic optical aerosol properties at the
present ambient conditions. Beyond that, current radiative transfer models mainly based
on Mie calculations. Under certain conditions, e.g., high dust concentrations and therefore
a large number of non-spherical particles, the Mie approach lead to incorrect aerosol optical

properties and hence incorrect radiative transfer calculations.
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8.2 Outlook

8.2 QOutlook

The modelling of non-spherical particles, whose optical properties reproduce the measured
optical properties, should be therefore one goal of future work. The question is actually
unanswered, if there exist a connection between microphysical properties of non-spherical
particles (e.g., dynamic shape factor) and optical properties of non-spherical particles (non-
sphericity factor). Considering the measurement technique of this work for future studies,
the direct measurement of the hygroscopic growth factor for supermicrometer particles is
necessary. Furthermore, to obtain the mixing state in a much simpler way as described
in the PhD-thesis, the HAPS and the HDMPS should simultaneously measure the humid-
ified particle number size distribution at the same relative humidity. The expansion of the
measurement devices by an aerosol polar nephelometer would lead to deeper insight in the
scattering behavior of non-spherical particles. For example, an intercomparison of a polar
nephelometer and an integrating nephelometer can be done, and the scattering phase func-
tion of the polar nephelometer can be compared with results from modelled non-spherical

particles.
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A Illustration of fitted power functions
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Figure A.1: Fitted v parameters (equation 7.2) for the humidification factor of the ex-
tinction coefficient (spherical dust particles) versus dry dust volume fraction
for wavelengths from 300- 950 nm. Shown are the respective fit parameters +
single standard deviation of yo, A, and pow applying equation 7.4.
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Figure A.2: Fitted v parameters (equation 7.2) for the humidification factor of the extinc-
tion coefficient (non-spherical dust particles) versus dry dust volume fraction
for wavelengths from 300- 950 nm. Shown are the respective fit parameters +
single standard deviation of yo, A, and pow applying equation 7.4.
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Figure A.3: Fitted v parameters (equation 7.2) for the humidification factor of the scat-
tering coefficient (spherical dust particles) versus dry dust volume fraction
for wavelengths from 300- 950 nm. Shown are the respective fit parameters +
single standard deviation of yo, A, and pow applying equation 7.4.
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Figure A.4: Fitted vy parameters (equation 7.2) for the humidification factor of the scatter-
ing coefficient (non-spherical dust particles) versus dry dust volume fraction
for wavelengths from 300- 950 nm. Shown are the respective fit parameters +
single standard deviation of vy, A, and pow applying equation 7.4.
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Figure A.5: Fitted vy parameters (equation 7.2) for the humidification factor of the absorp-
tion coefficient versus dry dust volume fraction for wavelengths from 300 -
950nm. Shown are the respective fit parameters £ single standard deviation
of yo, A, and pow applying equation 7.4.
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Figure A.6: Fitted v parameters (equation 7.2) for the humidification factor of the asym-
metry parameter versus dry dust volume fraction for wavelengths from 300 -
950nm. Shown are the respective fit parameters £ single standard deviation
of yo, A, and pow applying equation 7.4.
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A Illustration of fitted power functions
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Figure A.T: Fitted single scattering albedo (spherical dust particles) versus dry dust vol-
ume fraction for wavelengths from 300-950nm. Shown are the respective fit
parameters + single standard deviation of Cy, Cy, and C5 applying equation
7.5.
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Figure A.8: Fitted single scattering albedo (non-spherical dust particles) versus dry dust
volume fraction for wavelengths from 300- 950 nm. Shown are the respective
fit parameters & single standard deviation of C, Cy, and C3 applying equation
7.5.
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Figure A.9: Fitted asymmetry parameter versus dry dust volume fraction for wavelengths
from 300-950nm. Shown are the respective fit parameters £ single standard
deviation of By, Bs, and Bs applying equation 7.6.
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