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Modelling optical properties of morphologically complex soot aerosols
FrRANZ KANNGIESSER

Department of Space, Earth and Environment

Chalmers University of Technology

Abstract

Soot containing aerosol has both adverse impacts on the Earth’s climate and on
human health. Monitoring soot sources, transport pathways and sinks on global
scale requires satellite-borne remote sensing techniques.

A detailed understanding of the soot particle’s optical properties is important
to improve the interpretation of remote sensing data as well as the use of lidar
remote sensing data in chemical transport modelling. The calculations of the optical
properties were carried out using the discrete dipole approximation (DDA). Aim of
this thesis is to identify key morphological features, which affect the depolarisation
ratio.

As soot particles age in the atmosphere, condensation of other compounds from
the gas phase onto the particles results in soot aggregates coated by liquid-phase
material. Initially, the soot particles are coated by a thin film (i.e., the coating
follows the shape of the aggregate). As more liquid phase material is added, the
coating becomes increasingly spherical. It is found that this transition from film
coating to radial growth of spherical shells is an important process affecting the
linear depolarisation ratio. If this transition occurs first at relatively high amounts
of coating, then the depolarisation ratio tends to be high. Conversely, if the coating
becomes already spherical at low amounts of coating material, then the depolarisation
ratio of the coated soot particles is much lower.

The linear depolarisation ratio of thickly coated aggregates was found to be
sensitive to changes in the complex refractive index of the coating material, which
represents changes in the chemical composition. These differences in the optical
properties, even after averaging over a particle size distribution, are large enough to
clearly distinguish the coating materials.

Keywords: black carbon, aerosol, depolarisation, scattering, lidar, remote
sensing.
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Part 1

Introductory chapters






Chapter 1

Introduction

According to the latest assessment report of Working Group 1 of the Intergovernmen-
tal Panel on Climate Change (IPCC), which covers the underlying physical science
basis on climate change, aerosol particles are affecting the radiative forcing in various
ways. The understanding of various aerosol related effects on climate has increased
throughout the past IPCC reports. Compared to previous reports the confidence
level regarding changes in radiative forcing due to aerosol radiation interactions has
increased to "high". However, other aspects, such as changes in the albedo due to
the deposition of black carbon aerosol on snow and ice, aerosol-cloud interactions are
considered to have a "low" confidence level, or the total aerosol effect has a "medium"
confidence level (Myhre et al. 2013).

Aerosol particles not only play a role in various elements of the Earth’s climate
system, they can have various adverse impacts on human health (Péschl 2005).
Among those impacts on human health are shortened life expectancies and increases
in pulmonary, cardiovascular and allergic diseases.

Regarding both the impacts on the anthropogenic radiative forcing and negative
impacts on human health, aerosol particles containing soot (or black carbon, as it is
sometimes called) play an import role. Black carbon is besides carbon dioxide and
methane one of the main drivers of anthropogenic climate change (Bond et al. 2013;
Myhre et al. 2013). Black and organic carbon are also associated with premature
deaths and pulmonary diseases (Anenberg et al. 2011; Anenberg et al. 2012).

Both the climate and the human health impacts motivate studies of soot emission
sources, transport pathways and sinks. This monitoring requires the use of remote
sensing techniques. The interpretation of remote sensing measurements and the use
of remote sensing data in chemical transport modelling in turn requires a thorough
understanding of the optical properties of soot particles.

This thesis aims at improving the understanding of soot optical properties by
proposing a tunable model for coated soot particles. The potential use of the model
in remote sensing applications is investigated.






Chapter 2

Earth’s atmosphere

2.1 Atmospheric composition and structure

The Earth’s atmosphere consists of 78% nitrogen (Ns), of 21% oxygen (Os), and
of 0.7% argon (Ar) and various trace gases. While these trace gases have a low
concentration they are important for the Earth’s radiative energy budget (green house
gases such as carbon dioxide and methane) and for air quality. The dry atmosphere
can be considered well mixed up to an altitude of about 100 km. This means that
the atmosphere’s components can be considered having a constant mixing ratio.

Based on the change of the temperature variation with altitude the atmosphere
can be divided into further layers. Starting from the bottom these layers are the
troposphere, stratosphere, mesosphere, thermosphere and exosphere. The layers are
divided by layers of constant temperature. The boundary between tropos- and strato-
sphere is called tropopause, the boundary between stratos- and mesophere is called
stratopause and consequently the boundary between mesosphere and thermosphere
is called mesopause. The exosphere is the outermost region of the atmosphere above
500 km height. Here gas molecules with enough kinetic energy can escape into space
(Wells 2011).

The temperature increase in the stratosphere is caused by the ozone layer at
20-30 km height. Since ozone is highly reactive it does not remain in the atmosphere
long enough to become well-mixed (Seinfeld and Pandis 2016; Wells 2011). The
increase in atmospheric temperature in the stratosphere is caused by ozone absorbing
radiation and the photodissociation of ozone (Wells 2011).

The pressure p(z) at height z can be calculated by!:

p(z) = po exp (;YZO) (2.1)

Here py denotes the mean pressure at sea level with py = 1013.25hPa. gy =9.806 65 m s~

is the global average of the gravitational acceleration at sea level. R is the specific
gas constant for dry air (R =287 Jkg ' K~!) and T is the mean temperature of the

1Strictly speaking the equation is valid for the geopotential height Z which is numerically almost
identical to the geometric height z. A more detailed account on the geopotential height is provided
by Holton (2004).

2
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Figure 2.1: Temperature and pressure profile of the U.S. Standard Atmosphere
(1976)

layer between sea level and z in Kelvin. In an isothermal atmosphere the pressure
decreases exponentially with height.

A number of applications, such as aircraft and rocket design, aircraft performance
tests (U.S. Commitee on Extension of the Standard Atmosphere 1976) or in certain
cases even remote sensing applications (see Section 3.2), require standardised atmo-
spheric profiles, which show typical values of atmospheric propeties for a specific
height. These are referred to as standard atmospheres, a prominent example is the
U.S. Standard Atmosphere of 1976 (U.S. Commitee on Extension of the Standard
Atmosphere 1976). Figure 2.1 shows the temperature (red line) and the pressure
(blue line) profile according to this standard atmosphere.

Water vapour is a highly variable component of the atmosphere and as such
not well-mixed. The mass fraction of water vapour ranges from 0 to 4.3%. The
amount of water vapour in the atmosphere depends on the air temperature. This
temperature-dependence prevents water vapour from becoming well-mixed (Wells
2011). As the tropospheric temperature decreases with height so does the water
vapour content. For example, in the US Standard Atmosphere (1976) about 90% of
the water vapour mass are in the lowest 5 km of the atmosphere (U.S. Commitee on
Extension of the Standard Atmosphere 1976).

The troposphere can be further divided into the atmospheric boundary layer and
the free troposphere. The boundary layer is the layer reaching from the surface to
an altitude of usually 1 to 2 km. The boundary layer is usually defined as the part
of the troposphere directly affected by the surface, for example by friction. The
free troposphere, which is above the boundary layer, is not directly affected by the
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surface (Stull 1988).

The transition from boundary layer to the free troposphere is often characterised
by a temperature inversion (i.e. the the temperature is constant or increasing with
increasing altitude instead of decreasing) (Stull 1988). Temperature inversions,
especially when sufficiently strong, suppress upward motion of air (Holton 2004; Stull
1988). This temperature inversion caps upward motion, and strato-cumulus clouds
form at the top of the boundary layer. These clouds can enhance the temperature
inversion and thereby block upward motion more effectively. An alternative view of
the boundary layer describes the boundary layer not according to the influence of
the surface, but according to the impacts associated with this layer of stratocumulus
clouds (Wood 2012).

By the temperature inversion at the top of the boundary layer suppressing upward
motion pollutants and water vapour may become trapped inside the boundary layer.
The conditions in the boundary layer can affect the formation of natural atmospheric
aerosol particles (Boucher 2015).

2.2 Atmospheric aerosol

Liquid or solid particles suspended in air are referred to as atmospheric aerosol
particles. By convention in atmospheric sciences hydrometeors (cloud droplets, cloud
ice and precipitation) are usually not considered aerosol particles. As the definition
of aerosol particles is rather broad, there are various ways to classify aerosol particles.

Aerosols can be divided into two types based on their formation: primary and
secondary aerosol particles. Primary aerosol particles get emitted into the atmo-
sphere as particle. Examples include soot from incomplete combustion processes or
aerosol particles originating from wind friction on an oceanic or a terrestrial surface.
Secondary aerosol particles are not directly emitted into the atmosphere but form
by condensation of gas-phase species. These gas-phase species are called aerosol
precursors (Boucher 2015).

Aerosol particles are found in the two lower layers of the atmosphere: the
troposphere and the stratosphere. Aerosol particles and their respective precursors
are usually directly emitted into the troposphere. Tropospheric air masses are almost
exclusively transported into the stratosphere in the tropics. A large portion of
stratospheric aerosol particles can be traced back to volcanic eruptions, but deep
convection and convection caused by strong wild fires can inject black carbon and
biomass burning aerosol into the stratosphere (Boucher 2015).

Aerosol particles remain a few days up until two weeks in the troposphere until
they are deposited. Aerosol particles are removed from the atmosphere by being
washed out (wet deposition), by being carried to the surface by turbulent fluxes
(dry deposition), and by being deposited by gravitation (sedimentation). In the
stratosphere however, aerosol particles usually remain for six months up to two years
(Boucher 2015).

In addition to the classification based on the formation or the occurrence in an
atmospheric layer aerosol particles can be classified according to their environment,
such as urban aerosol particles.
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2.2.1 Aerosol sources

Another way of classifying aerosol particles is according to their sources: marine
aerosol, desert or mineral dust aerosol, volcanic aerosol, biogenic aerosol and aerosol
from biomass and fossil fuel burning are common types (Boucher 2015). Marine
aerosols or sea spray aerosol originate from sea water ejected from the ocean. Although
it mainly consists of sea salt it can contain biogenic material as well as other
impurities. The typical size range is between 100 nm and tens of micrometers. The
annual emission flux of sea spray aerosol is between 1000 - 6000 Tg (1 Tg = 102 g =
1,000,000 tomns).

Desert dust or mineral dust aerosol is caused by wind friction over continental
surfaces mostly in desertic, arid and semi-arid regions. Desert dust particles span a
similar size range as marine aerosol particles. 1000 - 3000 Tg of mineral dust aerosol
particles are estimated to be emitted annually.

Volcanoes emit volcanic ash, fragments of pulverised rock, and minerals. Volcanic
ash particles tend to cover a size range from a few micrometers to millimetres.
Additionally, sulphur-containing gases are emitted, which can form secondary aerosol
particles or condense onto other particles. Tropospheric volcanic aerosol has a short
residence time in the troposphere. However, strong volcanic eruptions can eject
volcanic material into the stratosphere where residence times are longer. Thus the
aerosol can have impacts on the climate.

Biogenic aerosols consist of pollen, spores, bacteria, viruses and debris of plants
and insects. The total annual emission of primary biogenic particles is on the order
of 1000 Tg. This includes the mass of emitted bacteria estimated to be in between
40 - 1800 Gg, and the mass of emitted spores estimated to be 30 Tg. Plant and
insect debris are often larger than 100 pm, and thus are usually sedimentated quickly.
Pollen, spores and large bacteria have a particle size between 1 and 100 pm while
viruses and small bacteria are smaller than 1pm. Ecosystems are an important
source of aerosol precursors which then can form secondary biogenic aerosol.

Both biomass burning aerosols and aerosols from fossil fuel combustion contain
black and organic carbon. Organic carbon contains a relatively high number of
hydrogen and oxygen atoms while black carbon has a higher number of carbon atoms.
The aerosol particles are usually smaller than a micrometer. 70 - 125 Tg of biomass
burning aerosol are estimated to be emitted annually and 26-40 Tg from fossil fuel
burning. Burning of biomass and fossil fuel leads to the emission of precursor gases.

Most of these aerosol sources are located at the Earth’s surface. As previously
explained upward motion of air is suppressed by temperature inversions. This
accounts for the limited entrainment of aerosol particles into the stratosphere, but
also causes most aerosol particles to remain in the boundary layer, the lowermost
part of the troposphere (Boucher 2015).

2.2.2 Aerosol effects

As there are various different types of aerosol particles the impacts of aerosol particles
are equally diverse.
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Aerosol particles have a number of different impacts on the climate system: aerosol
particles scatter and absorb solar radiation directly. The absorption of solar radiation
by aerosol particles changes the temperature profile, which impacts cloud formation
by affecting relative humidity and atmospheric stability. Cloud formation processes
are additionally impacted by aerosol particle acting as cloud condensation nucleii.
An increase in cloud condensation nucleii results in an increase of cloud droplet
concentration. An increase in cloud condensation nucleii with otherwise unchanged
conditions results in smaller cloud droplets, which cause clouds to have a higher
reflectivity. Aersosol particles also act as ice nucleii and thus can initiate glaciation
in liquid water and mixed phase clouds. Absorbing aerosol particles deposited on
snow and ice surfaces reduces the surface albedo. And last aerosol particles interact
with vegetation by changing the incoming solar radiation and by acting as nutrients
(Boucher 2015; Seinfeld and Pandis 2016).

As mentioned briefly in Chapter 1 not all effects of aerosol particles on the climate
are well understood. There are different metrics to examine effects on the Earth’s
climate. The metric used by the IPCC is the radiative forcing (RF). It describes
the net change of the energy balance caused by some pertubation and is defined as
the change in downward radiative flux at the tropopause. The changes in radiative
forcing, caused by the direct interaction of radiation and aerosol particles are very
well understood. However, the effects caused by aerosol cloud interactions and the
changes in the surface albedo, caused by aborbing aerosol particles deposited on
ice and snow, are less understood. In the terminology of the IPCC the confidence
in radiative forcing changes due to these effects is low. The total aerosol effect on
changes in radiative forcing has a medium level of confidence (Myhre et al. 2013).
Aerosol particles in general have a cooling effect (i.e., a negative radiative forcing),
except for strongly absorbing aerosol.

Atmospheric aerosol particles can be linked to different adverse impacts on human
health, including cardiovascular, respiratory, and allergic diseases as well as increased
mortality (Poschl 2005).

Increasing the number of aerosol particles decreases atmospheric visibility (Seinfeld
and Pandis 2016). Atmospheric visibility refers to the range at which a large
black object can be seen against the horizon. This range is affected by absorption
and scattering by aerosol particles and molecules in the atmosphere. Changes in
colouration and/or light intensity of the sky or nearby objects allow for subjective
judgements regarding the visibility in absence of far objects.

Aerosol particles can even impact air traffic: Due to its highly abrasive nature
volcanic ash particles can damage aircraft wind shields, engines and electronics
(Casadevall 1994).

Both mineral dust aerosol particles and soot aerosol particles dominate the
ice nucleii which initiate immersion freezing in supercooled liquid droplets for a
temperature above —15°C (Hoose et al. 2010; Murray et al. 2012). For lower
temperatures biogenic aerosol particles dominate the ice nucleii (Murray et al. 2012).

As previously mentioned, biomass burning aerosol and aerosol from fossil fuel
combustion contain large amount of highly absorbing carbonaceous material, often
referred to as soot or black carbon. As soot containing aerosol is highly absorbing,
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it is one of the largest drivers for anthropogenic climate change (Bond et al. 2013).
40% of the reduction in visibility in urban areas can be attributed to carbonaceous
particles (Seinfeld and Pandis 2016). In addition to the adverse impacts of soot
aerosol on the Earth’s climate and on air quality black carbon aerosol belongs to the
various aerosol types that have a pronounced negative impact on human health, such
as increased mortality from cardiopulmonary diseases and lung cancer (Anenberg
et al. 2011; Anenberg et al. 2012). As a consequence, there are co-benefits for climate
and air quality from soot emission reductions (Anenberg et al. 2012), unlike, e.g.
sulphate emissions, which have a cooling effect on the Earth’s climate (Myhre et al.
2013), but a negative impact on air quality (e.g., Anenberg et al. 2011).



Chapter 3

Remote sensing of aerosol particles

Monitoring of atmospheric aerosol particles on a global scale using satellite systems
or unperturbed by in situ sampling methods requires the use of remote sensing
techniques. These techniques are usually divided into passive and active techniques.
Both types are used for obtaining aerosol properties. The stronger emphasis here
will, however, be on active remote sensing techniques. Section 3.1 is largely based on
(Boucher 2015), while Sections 3.2 and 3.3 are based on (Ansmann and Miiller 2005),
if not otherwise indicated.

3.1 Passive remote sensing

Passive remote sensing describes measurement of electromagnetic waves emitted
or scattered from the object of interest. A common use of passive aerosol remote
sensing is the determination of the aerosol optical thickness by measuring the received
radiation. The optical depth is the sum of the aerosol optical thickness and the
molecular optical thickness. The extinction by molecules can be estimated from the
surface pressure, if the molecular absorption is considered negligible. The measured
solar irradiance F' at wavelength A is related to the solar irradiance at the top of the
atmosphere Fj and the optical thickness 7 by:

F\ = Fyexp[—7()\)] (3.1)

The optical thickness for aerosol particles 7,(\) with homogeneous properties
in a layer with the geometrical thickness Az can be calculated from the extinction
efficiency Q..+, which relates the light extinction by a particle to its geometric cross
section (see Section 4.1), and the aerosol size distribution n(r):

T.(A) = Az / T2 Qewt (r, N1 (r)dr (3.2)

Measurements of the optical thickness at multiple wavelengths allows us to obtain
the aerosol size distribution n(r). However this method is limited to radii smaller
than 4 pm (Boucher 2015). The NASA-coordinated AERONET (Aerosol Robotic
Network) uses sun photometers, which measure both direct and diffuse radiation.
The combination of direct and diffuse radiation at multiple wavelengths allows,

11
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additionally, the retrieval of the single scattering albedo for optical thicknesses larger
than 0.4 (Boucher 2015).

Light emitted by the sun is unpolarised, but reflection by surfaces and scattering by
molecules and aerosol particles partly polarise light. Measuring polarised reflectance
from space allows for an easier correction of surface contributions in the signal
than measuring non-polarised reflectance from space. Information on the amount
and properties of aerosol particles, including a differentiation between spherical
and non-spherical particles, can be retrieved from space-borne measurements of the
polarised reflectance. One instrument capable of such measurements is the POLDER
(Polarization and Directionality of the Earth’s Reflectance) spectroradiometer.

Another form of passive remote sensing is the measurement of the brightness tem-
perature in the infrared spectral region. The brightness temperature corresponds to
the temperature that a black body emitting the same radiance would have. Satellites
such as AIRS (Advanced Infrared Radiation Sounder) or IASI (Infrared Atmospheric
Sounder Interferometer) use radiometer measurements to retrieve humidity and
temperature. By minimising a cost function the size distribution and the altitude of
an aerosol layer can be obtained.

3.2 Active remote sensing

In active remote sensing the scattered or reflected electro-magnetic waves which were
previously emitted by an instrument are measured. For remote sensing of aerosol
properties lidar (light detection and ranging) instruments are used.

For the simplest form of the lidar equation valid for elastic backscattering lidars
the reader is referred to Ansmann and Miiller (2005). For extinction profiling mainly
two types of lidar instruments are used: Raman lidar instruments and high spectral
resolution lidar (HSRL) instruments. A Raman lidar measures elastically backscat-
tered light from air molecules and aerosol particles and inelastically backscattered
light by nitrogen or oxygen molecules, so called Raman scattering. The HSRL uses
differences in the spectral distribution of elastically backscattered light, caused by
Doppler shifts due to thermal motion.

The lidar equation relates the transmitted laser pulse energy Ey to the molecular
backscatter signal P at range R by:

R
P(R, /\Ra) = EOR?;\RG O(R, /\Ra)ﬁRa(Ra )\0) - exp (_/0 [Oz(’l", )\0) + Oé(?", )\Ra)]dT>

(3.3)
In the Raman case fg, is the Raman backscattering coefficient and in Rayleigh
case it is the Rayleigh backscattering coefficient. In case of rotational Raman and
Rayleigh backscattering Ag, = A\¢. For vibration-rotational Raman scattering the
wavelength shift has to be taken into account. The extinction coefficient on the
way from the instrument to the backscatter region is a(R, \g) and a(R, Ag,) is the
extinction coefficient of the way from the backscatter region to the instrument. The
optical and detection efficiencies of the lidar system are described by 1. O(R, Ag,) is
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the overlap term describing the overlap between the emitted and the detected signal.
For large ranges R it becomes O(R, Ag,) = 1.

The molecular backscattering coefficient Sg, (R, Ag) can be calculated from the
number density of molecules Ng,(R) and the molecular differential scattering cross
section at the laser wavelength A\g and in backscattering direction. In case of Raman
scattering Ng,(R) is the nitrogen or oxygen number density and in the Rayleigh
case it is the number density of air molecules. The number density of molecules
can be obtained either by measurements from radiosondes or from temperature and
pressure profiles taken from a standard atmosphere (see Chapter 2).

With the help of the lidar equation it is possible to obtain expressions for the
height profiles of the aerosol extinction coefficient a®” and the aerosol backscattering
coefficient %" (a derivation of the expressions was provided by Ansmann and Miiller
(2005)). For determining %" additional measurements of the total backscattered
and molecular backscattered signal are required.

The height profile of the extinction-to-backscatter ratio (sometimes referred to as
lidar ratio) than can be calculated as:

aaer )\
S,(R,\o) = LR(R, \o) = m (3.4)

In addition to the measurement of the extinction and backscatter coefficients
some lidar instruments are capable of measuring the linear depolarisation ratio. The
measurement of the linear depolarisation ratio at one wavelength requires two receiver
channels and careful calibration (Freudenthaler 2016). The linear depolarisation
ratio indicates changes in the state of polarisation state of the emitted and received
radiation. If the laser pulses emitted by a lidar interact with particles, the polarised
laser light can become less polarised (depolarised). The depolarisation is quantified
by the linear depolarisation ratio. For homogenous spheres the polarisation state in
the backscatter direction is unchanged, thus the linear depolarisation ratio is zero.
By measuring the parallel- (P) and cross-polarised (P, ) backscattered power or the
respective backscattering coefficients the volume depolarisation ratio can be obtained
(Freudenthaler et al. 2009):

oo B DL (3.5)
P By
Both the depolarisation by air molecules and the depolarisation by particles contribute
to the volume depolarisation ratio.
The molecular depolarisation ratio can usually obtained with high accuracy using:

mol

5t = —= (3.6)

mol

In case the cross- and parallel-polarised particle backscatter coefficient are avail-
able the particle depolarisation ratio can be calculated analogous to Eq. (3.5). If such
measurements are not available the particle depolarisation ratio can be calculated
from the volume and the molecular depolarisation ratio (Freudenthaler et al. 2009):

saer _ ier B (1 + 5mol)6vR . (1 + 5v)5mol

S g (T4 MR — (14 6Y)

(3.7)
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The backscatter ratio R is defined as:

6mol + 6(187‘
Bmol

The shape sensitivity of the linear depolarisation ratio is often used to discern
between non-spherical cloud ice (6" > 0) and spherical, liquid cloud droplets
(0%" = 0) and the distinguish between dry (larger values of §%¢") and wet aerosol
particles (6% =~ 0) (Freudenthaler et al. 2009).

The linear depolarisation ratio can not only be used to obtain information on the
cloud phase and whether aerosol particles are dry or wet, but in combination with
measurements of the extinction and backscattering coefficients, it is possible to gain
some insights in the microphysical properties of aerosol particles.

R = (3.8)

3.3 Retrieval of microphysical properties

With the help of the measured optical properties it is possible to retrieve physical
properties of aerosol particles (Ansmann and Miller 2005).

A common approach for microphysical retrievals lies in the combination of passive
sun photometer measurements and lidar measurements. From sun photometer
measurements (see Section 3.1) the aerosol particle size distribution can be determined.
The combination then allows for a rough estimate of the complex refractive index.
The combination of two different instruments adds challenges and potential for
introducing uncertainties. The main drawback is the requirement of two different
instruments at the same location at the same time. An important source of errors in
this retrieval type is that in most cases the sun photometer and the lidar instrument
do not point into the same direction, so the measurements do not constrain the exact
same volume filled with aerosol particles.

For another method Mie calculations can be used to simulate the optical properties
measured by multiwavelength lidar. The shape of the particle size distribution and
the complex refractive index are assumed a priori. The uncertainty due to these a
priori assumptions restricts the method to specific cases: Retrievals of stratospheric
aerosol particles were successful, but for tropospheric aerosol particles only a crude
classification according to the aerosol type was achieved.

The third approach for microphysical aerosol retrievals is based on the combination
of mathematical methods and multiwavelength lidar observations. For this approach
mostly Raman lidars are used. Especially the spectral information of changes in
backscatter and extinction and their connection to the particle size are used. Here
the amount of a priori information introduced can be reduced compared to the second
approach.

The standard approach to retrieve microphysical properties with the help of
the combination of multi-wavelength lidar observations and mathematical methods
(third approach) is called regularisation with constraints. The optical data is linked
to physical properties by Fredholm integral equations of the first kind.

gp = /me Ky(r,m)v(r)dr + €,* (3.9)

Tmin
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The subscript p summarises kind (e.g. backscatter coefficient or extinction
coefficient) and number (i.e. wavelength) of optical data. g, denotes optical data
at a specific range R, however the range dependence is not indicated in Eq. (3.9)
for the sake of clarity. The data have an error €. v(r) denotes the particle volume
concentration in the radius interval dr The kernel efficiencies of the optical data
are described by K,. They depend on the particle radius r and the complex
refractive index m. The calculation of the kernel functions depend implicitly on the
assumed particle shape. For spherical particles the optical efficiencies are used in
this calculation. The lower integration limit is defined by the size at which particles
are no longer optically detectable. For wavelengths larger than 355 nm this 7,,;, is
typically ~ 50 nm. The upper integration limit is determined by the size at which
particles usually do not contribute to the signal any more owing to their low number
density. In case of tropospheric particles r,,,, is usually below 10 pm

The numerical solution of these integral equations leads to an ill-posed problem.
This problem is characterised by the incompleteness of the available information
(caused by the limited number of measurements), the non-uniqueness of the solu-
tions (owning to the complexity of the the aerosol sample) and the non-continuous
dependence of the solutions (related to the large range of values of matrix elements
in the matrix formulation of Eq. (3.9)) on the input data. The non-uniqueness of
the solution is caused by the large variability of atmospheric aerosol particles (see
Section 2.2). Different combinations of particle shape, size, number concentration and
complex refractive index can result in optical properties which are indistinguishable
within the margin of measurement uncertainty.

To provide a numerical solution Eq. (3.9) is written as a matrix equation. To avoid
error amplification and the solution becoming non-unique a mathematical procedure
called regularisation is used. In this technique solutions for which the error term
drops below a predefined minimum value are calculated. A penalty term is included
in the minimisation process. Physical constraints to the solution are incorporated in
a penalty term. A more detailed account on the different mathematical techniques
employed to provide a solution to this ill-posed problem was provided by Ansmann
and Miller (2005).

The minimum number of required wavelengths for particle characterisation® is
three, but the accuracy of the results increases if backscattering coefficients measured
at up to six wavelengths are used. To account for non-spherical geometries in the
retrieval it is required to include measurements of the depolarisation ratio in the
retrieval process.

Modern groundbased lidar systems routinely provide measurements of the backscat-
tering coefficients at three wavelengths and the extinction-to-backscatter ratio at
two wavelengths. This type of lidar system is referred to as 3842« system. If
measurements of the depolarisation ratio at one wavelength are added the system is
called 35+2a+16. Adding the depolarisation ratio can currently allow to retrieve
information on non-spherical geometries. This was especially tested for mineral
dust aerosol with spheroidal shapes (Ansmann and Miiller 2005). As Raman lidars

IThe term particle characterisation refers to the retrieval of complex refractive index, effective
radius, as well as volume, surface-area, and number concentrations.
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and HSRL both commonly use Nd:YAG probed lasers (Eloranta 2005; Wandinger
2005) those wavelengths are typically 355 nm, 532nm, and 1064 nm. Until recently
it was not possible to measure the extinction coefficient at 1064 nm (Haarig et al.
2018, 2016). A study on the information content of depolarisation ratio in complex
microphysical aerosol retrievals recommends the use at 355 nm and, if possible, at
532nm, under the assumption of spheroidal dust particles (Tesche et al. 2019).



Chapter 4

Optical properties and
atmospheric radiative transfer

Both active and passive remote sensing involve interaction of particles with electro-
magnetic waves as well as the propagation of electromagnetic radiation through the
atmosphere.

The electromagnetic field in absence of any particle is referred to as incident
field. The presences of particles, which interact with the electromagnetic field, causes
changes in the electromagnetic field. This change of the total electromagnetic field is
called electromagnetic scattering. The difference between the altered (total) and the
unaltered (incident) field is the scattered field (Mishchenko 2009).

The changes of the electromagnetic field caused by particles can be quantified
with the help of various different optical parameters. These quantities themselves are
required for radiative transfer calculations, which describe the propagation of electro-
magnetic radiation through the atmosphere. Both optical properties and radiative
transfer calculations provide a framework to describe and interpret applications such
as remote sensing and radiative forcing calculations.

Section 4.1 of this chapter is largely based on the work by Bohren and Huffman
(1983) and Mishchenko et al. (2002) and will give a very brief overview on single
scattering properties. Section 4.2 is mainly based on Zdunkowski et al. (2007) and
aims to introduce basic concepts of atmospheric radiative transfer.

4.1 Optical properties

Transport of electromagnetic energy in an homogeneous medium without sources
can be described by plane electromagnetic waves (Mishchenko et al. 2002):

E=E, exp (—EI . F) exp (Z'ER 7= z'wt) (4.1)
H = Hyexp (—EI . F) exp (i/gR ST — iwt) (4.2)
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Here E is the electric field vector and H the magnetic field vector. E, exp (—/2 I F)
and Ijlo exp (—EI . F) respectively are the amplitudes of the electric and the magnetic

waves and the phase of both waves is defined by ikp - 7 — iwt.
The time rate of the flow of electromagnetic energy per unit area is described by
the Poynting vector (Zdunkowski et al. 2007), which can be calculated as the vector

product of the electric field vector £ and the magnetic field vector H (Bohren and
Huffman 1983):

S=ExH (4.3)

The magnitude of the time-averaged Poynting vector is the irradiance.

Now a single arbitrary particle embedded in a non-absorbing medium is considered
and an imaginary sphere of radius r is constructed around the particle. The net rate
at which electromagnetic energy crosses the surface A of this imaginary sphere is
calculated with the help of the Poynting vector and the unit vector in direction of r
e

Wa=— /A S e.dA (4.4)

This net rate of energy crossing the surface W, corresponds to the energy remaining
within the particle and thus being the absorbed radiant energy flux W,,,. Under
the assumption of a harmonic field, Poynting vectors for the extinction gmt and the
scattering component Siea can be derived. With the help of these Poynting vectors
the net energy rate corresponding to extinction W,,; and the scattering W, can be
calculated:

W, = / S e.dA (4.5)

Wt = — /A S - 6,dA (4.6)

With the help of various algebraic transformations it can be shown (for derivation
see Bohren and Huffman (1983)), that in case of unpolarised incident light the optical
cross sections can be obtained by dividing the respective radiant energy fluxes by
the incident irradiance I;.

Wex
Cext = I@ ! (47)
Wa S
C’abs - ]ib (48)
Wsca
= 4.
C(sca Iz ( 9)

From conservation of energy follows that the extinction cross section C,; is equal
to the sum of absorption Cg,s and scattering cross section Cl.,:

C'ext - C'aLbs + Csca (410>
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The optical cross sections may be normalised by the particle’s cross sectional
area G projected onto a plane perpendicular to the incident beam. These normalised
quantities are referred to as optical efficiencies (). (Despite the name the optical
efficiencies may be larger than unity.)

Coex
Qext - Gt (411)
Cabs
Qabs - C; (412)
Csca
= 4.1
Qsca q ( 3)

The ratio between Cy., and Cey, and Qgea and ey respectively is called single
scattering albedo (SSA, w):

Csca _ Qsca
Cext Qext

w=S5A= (4.14)

For w = SSA =1 the particle is purely scattering (hence there is no absorption);
correspondingly, for w = SSA = 0 the particle is purely absorbing (i.e., there is no
scattering).

Electromagnetic radiation can be described by the Stokes vector (I,Q,U, V),
a generalisation of irradiance and thus describing energy and polarisation!. The
different components of the Stokes vector are I the total irradiance, () the linearly
polarised irradiance with respect to a reference plane, U the linearly polarised
irradiance with respect to a plane tilted by +45° compared to polarisation plane
and V' the circularly polarised irradiance. The Stokes vector of the incident wave
(I;, Q;, U, V) is related to the Stokes vector of the scattered wave (I, Qs, Us, Vi) by
the scattering matrix. The Stokes vector of the scattered wave assuming completely
random orientation of the particle can be calculated by (Bohren and Huffman 1983):

[s 511 512 0 0 [z
Qs| 1 [Si2 S O 0 Qi
Us| k22| 0 0 Sz S| |Us (4.15)
V, 0 0 =Sz Su/ \V

For unpolarised incident light the S; element describes the angular distribution
of the scattered intensity and is also referred to as scattering phase function p. In Eq.
(4.15) the phase function is defined so that: [, pdQ) = Cy,. A common normalisation

Tt should be pointed out, that the definition of the Stokes vector varies in the literature. While
Bohren and Huffman (1983) consider the Stokes vector a generalisation of irradiance, Mishchenko
et al. (2002) define the Stokes vector as a generalised form of radiance. Zdunkowski et al. (2007)
loosly define the elements of the Stokes vector as intensities with different possible units. As a
consequence Zdunkowski et al. (2007) define the Stokes vector elements with a conversion factor

carrying the units required for the intended conversion. Here the terminology follows Bohren and
Huffman (1983).
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of the phase function is [, pdf2 = 1. Usually the scattering matrix is then called
(normalised) Stokes matrix F.

With the help of the scattering matrix elements further quantities can be cal-
culated, such as the asymmetry parameter, the linear depolarisation ratio and the
extinction-to-backscatter ratio.

The asymmetry parameter (g, ASY) which describes the dominant scattering
direction is calculated by:

g=ASY = (cosl) = | FicosfdS) (4.16)

4

For isotropical scattering (i.e. the same amount is scattered into all directions) the
asymmetry parameter is ¢ = 0. If more light is scattered to forward direction, then
g > 0; correspondingly, if more light is scattered in backward direction then g < 0.

With the help of the optical cross sections and the scattering matrix elements
it is possible to calculate the lidar-measureable properties detailed in Section 3.2:
extinction and backscatter coefficient, extinction-to-backscatter ratio, and linear
depolarisation ratio.

The aerosol extinction coefficient can be calculated from the extinction cross
section and the aerosol particle size distribution by (Gasteiger et al. 2011):

a= [ Coulr)n(r)dr, (4.17)
Here 7, and rp;, are the lower and the upper limit of the integration, respectively.
The backscattering coefficient can be calculated by (Gasteiger et al. 2011):

Tmax F 180°
B = Csca<T)M

Tmin 47T

n(r)dr (4.18)

Fiq is the (1,1)-element of the normalised Stokes matrix F' and Cj., the scattering
cross section as defined above. The product of Cy., and F;1(180°) is the backscattering
cross section, indicating how much of the radiation is scattered backwards.

The extinction-to-backscatter ratio is commonly employed in atmospheric lidar
remote sensing and sometimes referred to as lidar ratio. In measurement applications
the extinction to backscatter ratio S, is calculated by S, = % Both the extinction
coefficient o and the backscattering coefficient 5 depend on the total number of
particles. For individual particles .S, can be calculated as:

Cext
S — LR —dr— ot 4.19
P " Ca P (180°) (4.19)

As briefly mentioned in Section 3.2 the interaction of electromagnetic radiation
with particles can change its polarisation state. Highly polarised electromagnetic
radiation, as employed in active remote sensing applications (see section 3.2), can
become depolarised. The linear depolarisation ratio is the ratio between cross- and
parallel-polarised component of the scattered radiation (Mishchenko and Hovenier
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1995). For all directions and totally random orientation it is calculated by (Schnaiter
et al. 2012; Takano and Jayaweera 1985):

_ S11— S22
S11 £ 2512 + S

0 (4.20)
The sign in the 42515 term is determined by the incident polarisation: for horizontally
polarised incident light the plus sign is to be used and for vertically polarised the
minus sign is to be used.

As for ¥ = 180° S15 = 0 this expression becomes in the backscattering direction
(Mishchenko and Hovenier 1995):

5, — LDR — 21—52 (4.21)
S11 + Sa2 ly=150°

In backscattering direction the linear depolarisation ratio is independent of the
polarisation of the incident light. The linear depolarisation ratio is zero for spherically
symmetric particles, since in that case Sij; = Ss2. Thus non-zero values of the linear
depolarisation ratio indicate a deviation from spherical symmetry, either in shape
or in composition. For small deviations from a spherical shape the values in the
depolarisation ratio can be largest (Bi et al. 2018).

4.2 Atmospheric Radiative Transfer

Radiative transfer refers to the propagation of electro-magnetic radiation in the
atmosphere. So it covers a wide range of applications from various remote sensing
techniques, temperature forecasting to energy balance calculations.

Fig. 4.1 shows the incoming solar irradiance at the top of the atmosphere (grey)
and at the surface (black). The differences between the two lines are caused by
molecular absorption. The spectra were obtained using the radiative transfer software
package libRadtran (Emde et al. 2016; Mayer and Kylling 2005) in conjunction
with the radiative transfor solver DISORT and the REPTRAN parametrisation for
molecular absorption (Gasteiger et al. 2014).

The propagation of electromagnetic radiation through a medium along a direction
of propagation can be described by the radiative transfer equation (Eq. (4.22)).

The standard form of the radiative transfer equation for a three-dimensional
medium (Zdunkowski et al. 2007) which is an integro-differential equation for radiance
1, is:

1

1 Wy
[, — —
kext,u

Q. I:
VV 12 47T

A POV (V)dY — ——J¢ (4.22)

kext,u

Here J¢ is the source function for true emission with units of (Wm™3sr~' Hz™') and

Keat, is the extinction coefficient. €2 is direction of propagation and w is the single

scattering albedo as defined in Eq. (4.14). p is the normalised scattering phase
function with [, pd€Q) =1 and thus, p = Fi;.

The radiative transfer equation describes sources and sinks of radiation. The first

term — 1t Q- V1, describes the loss of radiation by absorption and by scattering out




22 4.2. Atmospheric Radiative Transfer

TOA
—— surface

~—~ 2000 -
|

IS

3

|

S

= 15001
Q

O

C

.©

©

{©

= 1000 -
©

©

(O]

o

(V)]

©

o 500 A
=

o AT

0 500 1000 1500 2000 2500 3000 3500 4000
wavelength (nm)

Figure 4.1: Incoming solar irradiance with a solar zenith angle of 0° at the top of
atmosphere (TOA) and the surface. The spectra were obtained using the software
package libRadtran.

of the direction of propagation. As previously mentioned this combination is referred
to as extinction. The second term £ [, p(¥)I,(2')dSY describes the scattering of
radiation into the direction of propagation. The emission of radiation is described
by the last term ——.J¢. The emission source term in Eq. (4.22) implicitly assumes

kemt,u

local thermodynamic equilibrium (i.e. J¢ should be proportional to the Planck black
body function) and therefore, is restricted to the troposphere and the stratosphere.

As integro-differential equations are difficult to solve, there are a number of
approximations to the radiative transfer equation. The different solving methods
of the radiative transfer equation are discussed in (Zdunkowski et al. 2007). The
choice of an appropriate method depends partly on the intended application. For
example emission of radiation can be neglected for short wavelengths (i.e. in the
solar spectrum).
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4.3 Scattering solvers

There are different numerical techniques to obtain the scattering matrix (see Eq.
(4.15)) and the optical cross sections.

The description of the scattering of plane waves by spherical scatterers is referred
to as Mie theory (Hergert and Wriedt 2012), based on the mathematically rigorous
description by Mie (1908). The Mie formulas are an exact solution to Maxwell’s
equations.

For particles much smaller than the wavelength of the incident radiation (with
a size parameter x = Zmﬂfe” < 1) electromagnetic scattering can be approximated
by Rayleigh scattering while for particles much larger than the wavelength (z > 1)
geometric optics serves as a suitable approximation (Bohren and Huffman 1983).

Modifications allow for applying the Mie theory to other types of spheres such as
coated spheres, spheres in an absorbing medium or magnetic spheres (Hergert and
Wriedt 2012). Only the former type is of relevance for modelling soot aerosol (see
Chapter 5).

In case of non-spherical particles different methods are employed to solve the
scattering problem. An overview of numerical methods can be found in (Kahnert
2016).

Highly accurate results can be obtained by the T-matrix method, first proposed
by (Waterman 1965). The T-matrix only depends on the particle’s shape and size, the
refractive index and the incident wavelength. Symmetries, especially axial symmetries
drastically reduce the computation time required (Kahnert 2016). Treating particles
consisting of multiple spheres with the T-matrix formalism can be considered an
extension of the Mie theory. A generalized account on obtaining scattering and
optical properties from multiple spheres with the T-matrix formulation, which results
in an implicit mathematical description of the scattered field and hence requires
numerical methods is presented by Hergert and Wriedt (2012). A more detailed
account on the T-matrix method and how to calculate the scattering matrix from
the T-matrix can be found in (Mishchenko et al. 2002). This method is frequently
used to calculate the optical properties of soot containing aerosol (e.g., Kahnert 2017;
Liu et al. 2017a; Liu and Mishchenko 2018; Luo et al. 2018; Mishchenko et al. 2016,
2013)

The discrete dipole approximation (DDA) proposed by Purcell and Pennypacker
(1973) and refined by Draine and Flatau (1994) divides the scattering particle into
fully polarisable volume elements, which are smaller than the wavelength, to solve the
volumetric scattering equation. The small volume elements interact with each other
and the incident field. This results into a set of linear equations. These equations
are solved using standard numerical techniques. By dividing the scatterer into small
dipoles arbitrarily shaped scatterers can be considered. Since the complex refractive
index is associated to the polarisability of each dipole individually, inhomogeneities
within single particles can be considered as well. Further account on the DDA
method is provided by Yurkin and Hoekstra (2007, 2011). The DDA is another
technique commonly used to calculate the optical properties of soot particles (e.g,
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Adachi et al. 2010; Doner and Liu 2017; Doner et al. 2017; Ishimoto et al. 2019;
Kahnert 2017; Liu et al. 2016).

Usually the choice of the solving method of the scattering problem and the choice
of the particle model are linked to each other: The Mie theory requires spherical
models, while particle models with symmetries are suited for the T-matrix method,
and arbitrarily shaped particle models can be used in combination with the DDA.



Chapter 5

Soot aerosol models

Soot or black carbon particles are formed in flames during combustion processes. They
are characterised by the four following physical properties: strongly light-absorbing,
refractory (i.e. retaining the basic form at high temperatures), water-insoluble, and
they exist as aggregates of small carbonaceous spherules (Bond et al. 2013).

As soot containing aerosol particles have an important influence on the Earth’s
climate as well as have adverse impacts on human health, there have been various
attempts to model optical properties of soot particles. There are two main uses of
the optical models: to assess soot containing aerosol impact on the climate and to
improve the interpretation and use of remote sensing data.

Applications in climate models rely particularly on the (mass) absorption cross
section®, the single scattering albedo and the asymmetry parameter. For remote
sensing applications knowledge of the linear depolarisation ratio and the extinction-
to-backscatter ratio are of use. Therefore, both applications require information on
the scattering matrix, especially the scattering phase function, and the optical cross
sections.

Integral properties, such as optical cross sections, asymmetry parmeter, and single
scattering albedo, can be modelled with comparatively simple models. Differential
properties on the other hand require more detailed models (Kahnert et al. 2013).
Highly complex models, however, are in general computionally more demanding than
simpler models. Thus particle models necessarily require simplifications, whether
they are intended for use in climate modelling or in remote sensing retrievals (Kahnert
et al. 2014). Highly complex soot models are, for example, very unlikely to be directly
employed in climate modelling (Bond and Bergstrom 2006).

Various modelling studies attempt to find important morphological parameters,
which have a considerable effect of the optical properties. These parameters can then
be either included in the further models (e.g., Kahnert 2017) or accounted for by
using correction factors (e.g., Adachi et al. 2010; Teng et al. 2019).

!The mass absorption cross section of a particle is calculated by dividing Cap,s with the black
carbon mass (Bond and Bergstrom 2006) or, although less commonly used, by the particle’s total
mass (Wu et al. 2017).

25
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5.1 Bare (uncoated) soot patricles

Bare or uncoated soot particles can be described as fractal aggregates of N spherical
monomers with radius a following a fractal scaling relation (Sorensen 2001):

N = ko (?)Df (5.1)

ko denotes a fractal pre-factor, which describes how densely the monomers are packed
along an existing branch. The fractal dimension Dy indicates the compactness of an
aggregate, linearly aligned monomers would give D; = 1 and a sphere would result
in Dy = 3. Lab measurements indicate a range of 1.5 < Dy < 3.0 for soot aggregates
depending on the fuel type (Xiong and Friedlander 2001).

The radius of gyration is usually defined as R, (Sorensen 2001):

1 N
R, = N Z |75 — 7e]? (5.2)

where |7, — 7| is the distance between the ith monomer and the aggregate’s centre of
mass. This definition of the radius of gyration implicitely assumes that the different
monomers are equal in mass. For different monomer masses m; the radius of gyration
is defined as (Eggersdorfer and Pratsinis 2012):

N m o 2m.
R, = J X Tf' o (5.3)

In case of monomers of different mass, these monomers are usually polydisperse. In
such a case the monomer radius a in Eq. (5.1) has to be replaced with the geometric
mean radius of the monomers (Eggersdorfer and Pratsinis 2012).

Figure 5.1: Example of aggregates with N = 64, kg = 0.7, Dy = 1.8 (left), and
Dy = 2.8 (right) obtained with an aggregation algorithm

Two examples of monodisperse model aggregates consisting of 64 monomers with
a fractal prefactor of ky = 0.7 and fractal dimensions of D; = 1.8 (left), and Dy = 2.8
(right) respectively, are shown in Fig. 5.1. Both aggregates were constructed using



Chapter 5. Soot aerosol models 27

an aggregation algorithm, which builds the aggregate from smaller aggregates and
individual monomers, so that Eq. (5.1) is fulfilled at every step of the construction
process (Mackowski 2006). It can be seen, that the aggregate with smaller fractal
dimension is less compact, then the aggregate with the higher fractal dimension.

Effects of differences in fractal dimension and the refractive index of soot on
optical cross section and asymetry parameter were investigated by Liu et al. (2008).

The assumption that fractal aggregates consist of equally-sized monomers is
already a simplification compared to soot aggregates analysed in lab studies. The
impact of polydisperse monomers was investigated by Doner and Liu (2017) and Liu
et al. (2015a).

Aggregation algorithms produce aggregates according to the fraqctal scaling
relation in Eq. (5.1). The monomers in the resulting aggregates are in point-contact,
which reflects physical processes like coagulation during the aggregate formation.
Chemical sintering can increase the contact between two neighbouring monomers
(Brasil et al. 1999; Eggersdorfer et al. 2012). This can be understood as overlapping
monomers. Overlapping monomers in bare aggregates were investigated by Doner
and Liu (2017), Skorupski and Mroczka (2014), and Yon et al. (2015).

In a study by Teng et al. (2019) the impacts of deviations on optical cross sections
from an idealised, bare monodisperse fractal aggregate were investigated. These
deviations are polydispersity of the monomers, very thin non-absorbing coating,
monomer surface irregularities, overlap and necking. Necking describes the process
of adding additional material to create a smooth transition between neighbouring
monomers. Of the deviations from the idealised, monodisperse aggregate necking
was found to have the largest impact. The changes in optical properties were mainly
driven by changes in the black carbon mass. Single scattering albedo, scattering
and absorption cross section and asymmetry parameter can be corrected for not
considering the deviations by multiplying a correction factor of 1.05.

5.2 Coated aggregates

Atmospheric soot particles are commonly coated by non-absorbing or weakly ab-
sorbing material, which condenses onto the aggregate (Adachi and Buseck 2008;
Zhang et al. 2008). The process of material condensing happens rapidly, and thickly
coated particles are predominant as is indicated by in-situ measurements (Adachi
and Buseck 2008; Adachi et al. 2010; China et al. 2013; Worringen et al. 2008).

Images obtained with transmission electron microscopy (TEM) were reported
by Johnson et al. (2005). These images indicate that there are two mechanisms
which can result in internal mixtures of soot and non-absorbing or weakly absorbing
material: coagulation and condensation.

If coating material condenses onto a soot aggregate, the aggregate’s structure
changes, i.e. the aggregate becomes more compact. How fast the aggregate collapses,
differs depending on the coating material (Bambha et al. 2013; Ghazi and Olfert
2013; Pei et al. 2018; Schnitzler et al. 2014; Zhang et al. 2008). This compaction is
reflected in an increase in the aggregate’s fractal dimension Dy.
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As soot aggregates in the atmosphere are commonly mixed with non- or lightly ab-
sorbing material numerical investigations require parametrisations of these mixtures.
Here only internal mixtures, i.e., mixtures within the same particle, are considered.

Comparing more complex models to simplified models allows to gain insights on
potential biases and uncertainties introduced by simplifications. The radiative forcing
impacts of soot aerosol calculated in global climate models usually use spherical
models (Adachi et al. 2010; Bond et al. 2013).

In case of modelling the optical cross sections one key property appears to be
the amount of soot interacting with electromagnetic radiation: In so-called core
shell models, in which the coated soot particle is parametrised as a spherical soot
core embedded in a spherical shell of coating material, much of the soot inside the
core is shielded from electromagnetic radiation (Kahnert et al. 2013). A similar
shielding effect can be observed in open cell models, which add coating monomers
to an existing soot aggregate (He et al. 2015; Liou et al. 2011). Another type of
model capable of increasing the amount of soot interacting with electromagnetic
radiation is the closed cell model, in which each monomer of a soot aggregate is
embedded in a spherical coating shell, without altering the fractal parameters of
the aggregate otherwise (He et al. 2015; Kahnert 2017; Liou et al. 2011; Liu and
Mishchenko 2018; Luo et al. 2018; Mishchenko et al. 2016; Wu et al. 2014). Such
closed cell models do not suffer from shielding too much soot from electromagnetic
radiation (He et al. 2015). Most closed cell models assume the soot monomer and its
coating shell having their respective centre at the same location, however, shifting
the centre of the soot monomer with respect to the centre of coating shell does not
alter the optical properties obtained from closed-cell models (Luo et al. 2018).

Several other studies based on more complex models (Adachi et al. 2010; Doner
et al. 2017; Dong et al. 2015; Liu et al. 2016; Wu et al. 2017) and 3D scans of sampled
soot aerosol particles (Adachi et al. 2010) highlighted the risk of homogeneous spheres
and core-shell geometries misrepresenting the optical cross sections. Among the
factors influencing the optical cross sections are the aggregate structure (lacy or
compact) (Adachi et al. 2010; Wu et al. 2017), necking and overlapping of monomers
(Doner et al. 2017), off-centre positioning of the aggregate inside the coating (Adachi
et al. 2010).

The linear depolarisation ratio (see Eqs. (4.20) and (4.21)) is highly sensitive
to changes of scattering particle’s morphology. Studies such as Bi et al. (2018) and
Mishchenko and Sassen (1998) indicate, that the depolarisation ratio is potentially
oversensitive to shape changes. In addition to the shape-dependence the depolari-
sation ratio is sensitive to particle inohomogeneities (Kahnert 2015). As the linear
depolarisation ratio is zero for spherically symmetric particles, core-shell models
cannot be used for modelling linear depolarisation ratios. As a result modelling linear
depolarisation ratio requires non-spherical particle geometries. In case of mineral
dust aerosol, which is usually highly non-spherical, the linear depolarisation ratio
is frequently modelled with the help of spheroidal geometries (e.g, Gasteiger et al.
2011; Mishchenko et al. 1997; Wiegner et al. 2009). By changing the ratio of the axes
of a spheroid the model geometry can be fitted to a large range of observed linear
depolarisation ratios. Mishchenko et al. (2016) used a coated spheroid model to
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model linear depolarisation ratios. While this coated spheroid model can reproduce
lidar field measurements, it provides only limited insight into the relation between
morphological and optical properties.

For modelling optical cross sections the open cell model posed less risk of un-
derestimating cross sections than the core-shell model, as mentioned above. In case
of modelling the linear depolarisation ratio it poses, however, the risk of underesti-
mating the depolarisation ratio of thickly coated aggregates (Kahnert 2017; Liu and
Mishchenko 2018).

Large volumes of coating material are frequently parametrised as spheres, in which
an aggregate is inserted (reflecting condensation) or attached (reflecting coagulation).
These parmetrisations are based on insights obtained from TEM images. A stronger
focus of previous studies was the modelling of optical cross sections, the respective
optical efficiencies, asymmetry parameter and single scattering albedo (Dong et al.
2015; Liu et al. 2017b; Wu et al. 2016, 2015). The optical cross sections are insensitive
to wheater or not the surfaces of the monomers intersecting with the surface of the
spherical coating or not (Wu et al. 2015). The depolarisation ratio of soot with
spherical coating was investigated by Liu and Mishchenko (2018) and Mishchenko
et al. (2016).

Kahnert (2017) proposed a coating model, which adds coating layer by layer onto
an aggregate. The coating follows the shape of the aggregate constrained by a sphere
with the aggregate’s maximum dimension as diameter. After this sphere is filled the
coating layers are added radially.

By defining an artificial surface tension a coating algorithm mimicking physical
processes is proposed by Ishimoto et al. (2019). This artificial surface tension results
in the particles becoming gradually more spherical with increasing amount of coating
material.

Both studies (Ishimoto et al. 2019; Kahnert 2017) indicate that particle models
which result in spherical coatings only for rather low soot volume fractions, i.e. thick
coatings, pose the risk of overestimating depolarisation ratios.

To avoid such risk of overestimating depolarisation ratios, a particle model, which
allows for the coating becoming spherical at higher soot volume fraction, is required.
Such a model is then expected to reduce the risk of overestimating the modelled
linear depolarisation ratios.






Chapter 6

Summary and Outlook

6.1 Appended publications

Paper A

In Paper A a soot coating model with a tunable transition between surface film
coating and spherical shell coating is introduced. The proposed coating mechanism
is strongly connected to the use of the DDA since the coating material is added
dipole by dipole until a predefined soot volume fraction is reached. The coating
follows the shape of the bare aggregate but is at first constrained by a sphere. After
this constraining sphere is filled, the coating material is added radially onto the
sphere. The diameter of the sphere is determined by the largest dimension of the
soot aggregate and multiplied with a dimensionless free scaling parameter f.. Two
model configurations are compared with each other: f. =1 and f. = 0.6. The former
configuration poses the risk of overestimating values of the linear depolarisation
ratio. Different sources of uncertainty were assessed: different stochastic realisations
of the fractal aggregate, changes in refractive index of both coating and aggregate,
overlapping between monomers, uncertainties in the fractal parameters ko, Dy and
Amon (the latter in conjunction with changes in monomer number).

Paper B

Paper B builds on the uncertainty estimate in Paper A in which the depolarisation
ratio was found be highly sensitive to changes in the refractive index. In Paper B the
possibility to distinguish two different coating materials (sulphate coating and toluene-
based coating) using the depolarisation ratio, the extinction-to-backscatter ratio and
the aerosol particle’s Angstrém exponents are investigated. The Angstrom exponent
allows to quantify changes of the backscattering coefficient, the extinction coefficient
and the extinction-to-backscatter ratio between two wavelengths. The scattering
particles were obtained using the model presented in Paper A. The differences in
optical properties potentially allow for the distinction of coating materials using lidar
measurements.
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6.2 Outlook

The model presented in Paper A requires a comparison with laboratory measurements,
which goes beyond the consistency check with lidar field measurements already
presented. Lab measurements which provide both optical properties as well as
a microphysical characterisation of the particles can help to constrain the model.
Furthermore, after having the model constrained by lab measurements, a more
in-depth comparison with remote sensing data could be attempted.

While the sulphate coating assumed in Paper B can be considered representative
for inorganic coating materials with respect to the dielectric properties (Adachi et al.
2010), the toluene-based coating is not necessarily representative for organic coatings.
The dielectric properties of organic coating material (reflected by the complex
refractive index) depend on the precursor material and the reaction conditions (Liu
et al. 2015b; Liu et al. 2013). In a follow-up study differences in the optical properties
induced by different organic coating materials can be investigated. Another follow-up
study to Paper B could investigate how the differences in depolarisation ratio and
extinction-to-backscatter ratio translate into microphysical retrievals used for lidar
measurements by producing synthetic lidar measurements.
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