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Abstract

Atmospheric aerosols are small solid and liquid particles suspended in the Earth's atmosphere which originate from
anthropogenic and natural activities. Unlike greenhouse gases, aerosol particles are relatively short-lived in the
atmosphere and exhibit multidimensional heterogeneity with respect to their composition, size, sources, mixing state
and the spatio-temporal distributions. The concentration and climatic influences of atmospheric aerosols are much
higher closer to their source regions. Therefore, to have a better understanding of the role of aerosols, their
distribution and climatic impacts must be understood and quantified on a regional scale rather than on a
globalaverage basis. There are multiple sources of aerosols/precursor gases in South Africa (SA) which build a
complex mixture of atmospheric particulates. This contribution presents a detailed study of aerosol climatology over
SA as well as examines the direct radiative and semi-direct climatic effects of individual/total aerosol particles based
on their sources. The climatological study has shown that, in terms of aerosol load spatial variation, SA can be
classified into three parts: the upper, central, and lower part; which corresponds to high, medium and low aerosol
loads. The seasonal variation of aerosol optical signatures shows that the prevailing sources of aerosols are different
in each part of SA. The lower part is dominated by particles that are induced from the air mass transport from the
surrounding marine environment and other SA/neighbouring regions. The central and upper parts of SA are primarily
loaded by windblown mineral dust particles and aerosols that result from anthropogenic/biomass burning activities.
Following the aerosol climatological study, using the 12 year (1997 - 2008) runs of the Regional Climate Model
(RegCM4), the mass distribution, radiative influences and semi-direct climatic effects of wind-eroded desert dust
particles, different species of aerosols that are induced from anthropogenic and biomass burning activities over SA
are examined. Investigating the influence of aerosols, based on their sources, is essential to improve the scientific
understanding about the two-way interaction and feedback among various species of aerosols, radiation and different
climatic variables. This is also important to distinguish the climatic signals of anthropogenic aerosols from that of
natural aerosols as well as to devise climate change mitigation strategies. Before employing RegCM4 for these
purposes, the model’s performance in reproducing the major observational features of aerosol optical fields over SA
was evaluated. Among various semi-direct climatic influences of aerosols, this study examined their effects on:
surface temperature, surface sensible heat flux, net atmospheric radiative heating rate, hydrological variables (in
terms of cloud cover and cloud liquid water path), boundary layer, surface pressure and surface wind fields. The
study also assessed the dependency of aerosols’ semi-direct effects on seasonal variation of meteorological
parameters as well as its reliance on atmospheric aerosol distributions and properties. Overall, the semi-direct effect
assessments delivered not only an important contribution towards the understanding of the interaction and feedback
between different types of aerosols-radiation-climate (at a regional level), but also offered insightful information
about the mutual interrelationships among different climatic feedbacks. Among different aerosol species in SA, this
study critically underscores that the wind-eroded desert dust particles have a dominant climatic signal in SA.
Therefore, wind-eroded desert dust particles are of high importance and need to be incorporated in climate change
studies over South Africa. Additionally, the dominance of dust particle climatic signals perhaps requires some
attention from governmental or non-governmental environmental organizations which are working in and around

South Africa: at least in terms of making some strategic plans on how to reduce the dust production and dispersion.
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AAs: Anthropogenic Aerosols

ACCMIP: Atmospheric Chemistry and Climate-
Model Inter-comparison Project

AERONET: Aerosol Robotic Network

AGCM: Atmospheric General Circulation Model

AMS: Aerosol Mass Spectrometer
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BB: Biomass Burning

BBAs. Biomass Burning Aerosols

BC: Black Carbon

CALIOP: Cloud and Aerosol Lidar with Orthogonal

Polarization

CARF: Carbonaceous aerosol Atmospheric Radiative

Forcing

CC: Cloud Cover

CCN: Cloud Condensation Nuclei

CCSP: Climate Change Science Program

CDNC: Cloud Droplet Number Concentration

CDT: Convectively Driven Turbulence

CLW: Cloud Liquid Water

CLWP: Cloud Liquid Water Path

CSIR: Council for Scientific and Industrial Research

CSRF: Carbonaceous aerosol
Forcing

DMS: Dimethyl Sulphide

ECMWF: European Centre for Medium-Range
Weather Forecasts

ER: Electromagnetic Radiation

ERA: ECMWF Re-Analysis

ERAIN: ERA-Interim

IV

Surface Radiative

GFEDS3: Global Fire Emissions Database version 3

GLAS: Geoscience Laser Altimeter System

| CTP: International Centre For Theoretical Physics

IR: Infrared

JASO: July-August-September-October

LIDAR: Light Detection And Ranging

L SRF: Longwave Surface Radiative Forcing

LW: Longwave

LWAREF: Longwave Atmospheric Radiative Forcing

LWC: Liquid Water Content

LW-SU-RF: Longwave Surface Radiative Forcing

LW-SUR-RF: Longwave Surface Radiative Forcing

MA: March-April

MAAP: Multi Angle Absorption Photometer

MISR: Multi-Angle Imaging Spectroradiometer

MJJ: May-June-July

MODIS: Moderate Resolution Imaging
Spectroradiometer

NAHR: Net Atmospheric radiative Heating Rate

NARF: Net Atmospheric Radiative Forcing

NASA: National ~ Aeronautics and Space
Administration

NATM-RF: Net Atmosphere Radiative Forcing

NB: Negative Bias

NDJF: November-December-January-February

NIR: Near-Infrared

NL C: National Laser Centre

NOAA: National Ocean and Atmosphere
Administration

NSRF: Net Surface Radiative Forcing

NSUR-RF: Net Surface Radiative Forcing

OC: Organic Carbon

OISST: Optimum Interpolated Sea  Surface
temperature

OM1: Ozone Monitoring Instrument

OPA: Optical Properties of Aerosols

OPC: Optical Particle Counters
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PARASOL: Polarization

Reflectance for Atmospheric Science coupled

and Anisotropy of

with Observations from a LIDAR

PBL: Planetary Boundary Layer

POLDER: Polarization and Directionality of the
Earth’s Reflectance

PSAP: Particulate Soot Absorption Photometer

RADAR: Radio Detection And Ranging

RC-aerosol model: Regional Climate-aerosol model

RCM: Regional Climate Model

RegCM4: Regional Climate Model version4

RF: Radiative Forcing

RH: Relative Humidity

RT: Radiative Transfer

SA: South Africa

SAARI: Southern African Atmospheric Research
Initiative

SAFARI: Southern African Regional Science
Initiative

SARF: Sulfate aerosol Atmospheric Radiative Forcing
SAWS: South Africa Weather Service

SBF: Surface Buoyancy Fluxes

SBO: Sulfate-Black carbon-Organic carbon

SP: Surface Pressure

SRF: Surface Radiative Forcing

SSA: Single Scattering Albedo

Vv

SSHF: Surface Sensible Heat Flux

SSRF: Shortwave Surface Radiative Forcing

SSW: South-Southwesterly

ST: Surface Temperature

SU: Surface

SUBEX: Sub-grid Explicit Moisture Scheme
SUR-RF: Surface-Radiative Forcing

SW: Shortwave

SWARF: Shortwave Atmospheric Radiative Forcing
SW-ATM-RF:

Forcing

Shortwave-Atmosphere-Radiative

SW-SU-RF: Shortwave-Surface-Radiative Forcing

TARF: Total anthropogenic aerosol Atmospheric
Radiative Forcing

TOA: Top of the Atmosphere

TOA-RF: TOA Radiative Forcing

TOMS: Total Ozone Mapping Spectrometer

TOTA: Total Optical Thickness of the Atmosphere

TSRF: Total anthropogenic aerosol Surface Radiative
Forcing

UV: Ultraviolet

VIS: Visible

WMO: World Meteorological Organization
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Background

Basedon the thermal structuréhe vertical profile of the Earth's atmosphere is usually classifiedfoato
distinct regions whictare named witlthe suffix ‘spheres’ The vertical temperature gradienteachregionhas a
constant signRegions whiclexhibit different signs of temperature gradient are sepabgt@dseries of layers which
are namedwith the suffix pauses’(the suffix ‘pauses’mirror the regionboundary). The lowest regioof the
atmosphere whicktarts at the Earth's surface and extendt tipe tropopause is callébe tropospherdt is much
denser than the layers of the atmosphere above itcanthins approximately 70% 0% of the mass of the
atmosphere (SeinfelandPandis2006).Nearly all atmospheric water vapour (~ 99%) aedosols are founid this
region.Moreover,the troposphere is relatively well mixbécause of the negative temperature gradMast of the
weather phenomena and many atmospheric reactions wifligance our lives (directly/indirectly) occurréd this
layer (SeinfeldandPandis,2006).The boundary layer whickeparates the troposphere atrdtosphere is knowes
thetropopauseDependingon latitude(from equatoto the poles) andseasonghe heightof tropopause extends to
10to 15 km abovethe Earth'ssurface.

The stratosphere extends from the tropopausetoupround 50 km above the Earth's surface. It is
characterizedoy positive temperature gradient aad a resultyertical mixing (convectiomactivity) is strongly
inhibited. In this regionthe temperature increase is a result of the heat prodhyceet process of Ozone formation,
via solar ultraviolet radiatiombsorption(e.g., WMO, 2002; Seinfeldand Pandis,2006). The transitionboundary
which separates the stratosphere amgsosphere is knowas the stratopausén the mesosphere the temperature
decreases withaltitude, until it reaches tahe coldest point irthe atmosphere (i.emesopause)This regionis
separatedfrom the thermosphere by the mesopauSenerally, the thermosphere is characteribgdpositive
temperature gradienf.he lower part of the thermosphere is usually kn@asnthe ionospherén this part of the
thermosphere the solar energy is very strongcamdreakair molecules (eveatoms) tdorm ions plus free-floating
electrons.This oftencauses refractionf radio waves; thereforethe ionosphere is practically important for space
communicationand other highfrequency researchbrograms.Above the ionospherghe thermosphere extends into

its outerregionandeventuallymergesnto spaceof high energysolarparticlesandcosmicrays.

The other property of the atmosphere is the vertical pressure gre®iigrd. the mass density of the Earth's
atmosphere decreases witkight,the pressure profile declines rapidly wéhitude.Broadly speakingthe thermal
structure as well as various phenomena’s of the Earth's atmosphere are basically debgritiaeztbmpositiorof
the Earth-atmosphere systeits, interactions andieedbacks wittsolar andterrestrial radiations (e.gSeinfeldand
Pandis,2006).The Earth’s atmosphere is composgeinarily of nitrogen(~ 78% by volume) and oxygen (~ 21% by
volume). The remainingl% of the atmosphere is a mixture of different trace gases é&suahgonwater vapour,
carbondioxide, methanepzone,etc.) andaerosolsThoughthese trace gases apdrticulate matter occur ismall
proportions,they are primarily accountable for some of the most significant physico-chemical characteristics of the

Earth'satmospheren turn, theyplay anessentiaftole in our climatesystem(e.g.,SeinfeldandPandis 2006).

Atmospheric aerosols are small sodiddliquid particles suspenddd the Earth's atmosphere. Atmospheric
aerosols calriginate from anthropogenic amatural activities at the surface or withire atmosphere (see section
1.1.2). Wind-blown mineral dustprecursor gases from volcanic eruptionatural wildfires, vegetation,and the
oceans are the maimatural sources of aerosoMlhile, the anthropogenic sources include agriculture practices,

humaninduced biomass burning, emissions from fossil/bio-fuel combustions diffdrent industrial activities,

1
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photo-chemically inducedmog,primarily due tovehicle emissionsA brief discussiorabout the sources of aerosols
is givenin chapter 1lt is evident that during the industrializatiera (relative tdhe pre-industrial time) the energy
consumption, traffic of vehiclesirbanisatiorandvarious humaractivities dramatically increasedhich all, in turn,
increasedthe emissions of atmospheric aerosols #rar precursors (Gurjar andelieveld, 2005; Seinfeldand
Pandis,2006; IPCC,2007). Similarly, over the past century the populatigrowth has increasedhis ensuedn
intensifiedland cover changes which gradually causetlogical changes as well as lategradationParticularly
the landscape fragmentatiodriven by agricultural extensiorand mining activities indirectly facilitates the
enhancement of windblowatust particles andther aerosol-loath the atmosphere (IPC@P07; Finlayson-Pitts and
Pitts,2000).

The presence of aerosolstime Earth’s atmosphere has a variety of important environmentacahoical
influences,which can be positive or negativeMoreover,the aerosol influences catsoimpact humaractivities
either directly or indirectlyMost of the studies reported the early 1950s focused twealtheffects of atmospheric
aerosols such as their role @ausing bronchiectasis amdher respiratory effects (e.g., Dautrebande @agps,
1950).Also during the 1950s different studies startedeport insightful results about the sea-salt aerosol formation
processes (e.gWoodcocket al.,1953; Kientzler et al.1954). Aerosol particles have a capability soatter and
absorbelectromagnetic radiatioas well as serve as clowdndensation antte nuclei.Basedon these concepts,
since the late 1960s, different studies repotiedinfluence of aerosols dhe Earth’s radiatiobudget (direct effect)
plus their role inmodifying the microphysical anchdiative properties of clouds by acting as cl@etidensation
nuclei (indirect effects) (Carslaw et &010 and references thereinfollowing theseduring the 1980sdifferent
studies (e.g.Charlsonet al.,1987) have reported about the processes of sulfate aerosol forplagaheir critical
role in acid rain formationduring their removal. This andther aspects of aerosols initiatidx cleanair policy of

industrialnations.

Thoughthe influence of aerosols dhe tropospheric ozone begrbe reportedn the 1970s (e.gCrutzenet
al., 1979); it was only after the volcanic eruptioh Mt. Pinatuboin 1991 which exhibitedthe depletionof the
stratospheric ozone layahat the scientific society intensely realizbeé role of aerosols iatmospheric chemistry
(e.g.,WMO, 2002; SeinfeldandPandis,2006).In additionto these,in the late 1990spther important influence of
atmospheric aerosols ahouds (specifically by absorbing aerosols) was repdijedansen et a(1997) (i.e., semi-
direct effect). The semi-direct effect is distinct from the indirect aerosol effect; it is generally relétedhe
absorbingaerosol atmospheric heatimgfluences,which may influence the ambient relative humidity dedd to
changes in cloud cover. Brief discussions about the climatic role of aerosols arangohapter 1.Due tothe
aforementionedelevant issues anather ecological concernsyer the past twalecades, there has beenreased
interest inatmospheric aerosols awdrrently they are one of the key issue<limate researcCCSP,2009and

referencesherein).

Unlike greenhouse gasemerosol particles are relatively short-livedthe atmosphere and they are highly
dynamic. Thereforeaerosols exhibit immense diversitypt only withrespect taheir - size,composition,sources
andmixing state - but alswith regards tdheir spatial andemporal distributionsThis creates a great challenge and
one of the major sources of uncertaintiessindying the radiative andlimatic impacts of aerosoldoreover,
Solomon et al. (2007) indicatedthat due to the multidimensional heterogeneity of aerosols’ properties and
distributions; the uncertainties associabath aerosol radiative forcing are takenbe the greatest contributor tiee

overall uncertainty imadiative forcingof climate changeEventhoughit is knownthat aerosols are highly mobile

2
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(they can cross oceans and mountain ranges), they are highly populated close to their source regions. As a result their
influences are much higher in and around their source regions. Therefore, to reduce uncertainties and to have a better
understanding of the role of aerosols; their distribution and climatic impacts must be understood and quantified on a
regional scale (in and around their source regions) rather than on aajebage basis (Pal et al., 2007). Regional

scale studies are especially important for countries like South Africa which are influenced by almost all types of
major atmospheric aerosols: mineral dust, sea-salt particles as well as primary/secondary aerosols, that are emitted

from different anthropogenic and biomass burning activities (see chapter 2 and chapter 4 to chapter 6).

Atmospheric aerosols which are produced from different sources typically display a large variation in their
physico-chemical (and in turn, optical) properties as well as influences. Moreover, the source strength, burden level
and properties (in turn the radiative/climatic impacts) of similar particles usually exhibit a large seasonal variation
depending on the ambient meteorological conditions. Therefore it is crucial to examine the regional distribution of
aerosols and their properties via correlating them with the ambient meteorological parameters which have a
significant role in modifying the aerosol loading and properties. Such studies may advance our understanding about
the regional scale aerosol source spatio-temporal distribution, as well as it is important to characterise the effects of
meteorological conditions on the aerosol microphysical (in turn optical) properties plus their local dynamics (load,

dispersion, and removal: see chapter 2).

Moreover, to comprehend the relative impact of aerosols which are produced from different activities, it is
quite significant to examine separately the radiative and climatic effects of individual/total aerosol particles based on
their sources. Such studies are essential to improve the scientific understanding about the interactions and feedbacks
among various species of aerosols-radiation-climate (i.e., to distinguish the climatic signals of anthropogenic
aerosols from that of natural aerosols). Furthermore, such studies are also important to develop short/long-term
environmental policies, for climate change mitigation and to initiate further studies (IPCC, 2007). Based on the
aforementioned details, the present thesis investigates the climatology of aerosols in South Africa. Thereafter, it
examines the mass distribution, direct radiative effects and several semi-direct climatic influences of different types
of aerosols that are produced from different sources (individually as well as collectively) in South Africa.
Furthermore, this study also assesses the dependency of aerosols’ semi-direct effects on seasonal variation of
meteorological fields as well as its reliance on atmospheric aerosol distribution and properties. Overall, these semi-
direct effect assessments deliver not only important contribution towards the understanding of the interaction and
feedback between different types of aerosols-radiation-climate, but additionally offer insightful regional level

information about the mutual interrelationships among different climatic feedbacks.

In this respect, the thesis is structured as follows: in chapter 1 an overview of atmospheric aerosols, their
main sources and removal processes as well as microphysical and optical properties are provided. The discussion of
aerosol optical parameters also includes a general overview of Mie theory. Thereafter, a brief discussion on the
climatic implications of aerosols and a short overview of different aerosol measurement techniguesifueand
remote-sensing) and modelling are described. Lastly chapter 1 provides a conceptual overview of this study and its
importance together with outlined contents of the subsequent chapters. The main result parts of this thesis consist of
six published/submitted journal articles (one published, one in press and the others are currently under review in
different accredited journals). Chapter 2 (Tesfaye et al., 2011) offers detailed aerosol climatology over South Africa.
As a first step of aerosol-climate modelling study, chapter 3 (Tesfaye et al.,, 2013a; in press) evaluates the
performance of RegCM4-aerosol model in computing the optical properties of aerosols in South Africa, by
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comparing with ground-based and satellite observations. In addition, the need of aerosol/chemistry-climate model, a
brief description about interactively coupled RegCM4-aerosol model (which is utilized in this study), its limitations
and other crucial issues are given in chapter three. This information is used as the basic framework for studies that
follows this chapter. The mass distribution, radiative influences and semi-direct climatic effects of wind-eroded
desert dust patrticles, different species of aerosols which are induced from anthropogenic and biomass burning
activities over South Africa are respectively provided in chapter 4 (Tesfaye et al.,, 2013b; in review), chapter 5
(Tesfaye et al., 2013c; in review) and chapter 6 (Tesfaye et al., 2013d; in review). It is also important to examine the
bulk aerosol (i.e., bulk aerosol: mixture of different aerosols that are contributed from various sources) direct and
semi-direct effects in South Africa, which is presented in chapter 7 (Tesfaye et al., 2013e; in review). Finally, the

summary and the main conclusions of this study plus future perspectives are outlined in chapter 8.
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Chapter 1. Introduction

1.1 Atmospheric Aerosols

1.1.1 What are atmospheric Aerosols?

Atmospheric aerosols (often referred to as atmospheric particulate matter) are a mixture of small solid and
liquid particles suspended in the Earth's atmosphere (Seinfeld and Pandis, 2006). This excludes cloud droplets, ice
particles, rain drops and other forms of atmospheric hydrometeors. This definition of atmospheric aerosols
encompasses a broad array of different substances with widely varying physico-chemical properties such as shape,
size, number/mass density and chemical composition. The routes through which aerosols are generated and their
atmospheric processes, determines the physico-chemical properties and mixing state of particles (Seinfeld and
Pandis, 2006). Overall, the size of aerosol particles ranges from a diameter (assuming a spherical shape) range of ~ 3
nanometres (nm) to tens of micrometeny). The smallest aerosols can be defined as thermodynamic stable clusters
of gas molecules, while the largest are called droplets - however, in general they are smaller than cloud droplets. The
number density of tropospheric aerosols typically ranges from a few hundred (in remote locations) to mofe than 10
particles per crh(in polluted zones or after strong nucleation events) (Zhu et al., 2002). When clouds of aerosols
(especially smoke or small dust particles) grow to large sizes by water vapour condensation on them, they form a
haze. The combination of haze and fog (small liquid water droplets) is known as smog. Smog can induce a great
reduction in visibility; this is one of the several manifestations of atmospheric aerosols in our daily lives.

1.1.2 Sour ces

Aerosol particles that are introduced directly into the atmosphere are known as primary aerosols (e.g., sea-
salt, mineral aerosols, volcanic dust, smoke and soot). Whereas, particles that are formed in the atmosphere by the
chemical reactions of aerosol precursor gases (e.g. through gas-to-particle conversion processes) are referred to as
secondary aerosols (e.g., sulfate, nitrate and some organics) (Finlayson-Pitts and Pitts, 1997; Seinfeld and Pandis,
2006). Gaseous precursors of secondary aerosols include sulphur dioxide (SO2), dimethyl sulphide (DMS),
Hydrogen sulfide (H2S), oxides of nitrogen (NOx), ammonia (NH3) and Volatile Organic Compounds (VOCs).
Mostly the diameter range of primary and secondary particles are > 1um and < 1um, respectively (e.g., Jayne et al.,
2000; Seinfeld and Pandis, 2006).

Generally, atmospheric aerosols reside mainly in the two lowest layers of the atmosphere: the troposphere,
and the stratosphere. Most aerosols are highly populated in the troposphere and their distribution decreases with
altitude. Apart from extra-terrestrial sources (which have a lower contribution), strong volcanic eruptions are the
main sources of stratospheric aerosols (Rampino and Self, 1984; Robock, 2000; Thomason and Pitts, 2008). In the
troposphere, both primary aerosols and precursor gases of secondary particles originate from various natural
processes and anthropogenic activities (e.g., Seinfeld and Pandis, 2006). The actions of wind on bare, dry and loose
soil surfaces as well as over the oceans are the main natural processes which generate mineral dust and sea spray
particles, respectively. Volcanic eruptions, natural wildfires and vegetation are the other natural processes which
emit large quantities of primary aerosols and trace gases into the atmosphere. Whereas, emissions from fossil/bio-

fuel combustions, industrial processes, vehicles, nonindustrial fugitive sources (e.g. construction work and
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agriculture practices) as well as humiaduced biomass burning events are the major anthropogenic sources that are

accountable for production of a variety of primary and secondary aerosols.
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Fig. 1: Schematic diagram representing the major sources of primary aerosol emissions/secondary aerosol formation,

atmospheric particulate processes (different particle aging processes) and removal mechanisms (adopted from Ghan
and Schwartz, 2007).

Combining different information from ground based measurements, satellite observations, aerosol models
and other information on natural events/human activities, in the recent years progress has been made in estimating
emissions from different natural and anthropogenic activities (Kaufman et al., 2002). Several studies have regarded
that on a global scale, the emissions of natural aerosols are higher than anthropogenic ones (Hinds, 1999; Seinfeld
and Pandis, 2006). However, in certain industrialised areas - aerosols which are induced from human activities may
significantly surpass the contribution of natural sources (Seinfeld and Pandis, 2006). An overview of the main natural
and anthropogenic sources of aerosols and their emission strengths in terms of aerosol mass fluxes on a global scale

are given in table 1 below.

Table 1: Globally averaged atmospheric aerosol emission estimates from the main natural and anthropogenic sources
(adopted from Hinds, 1999).
Amount, Tglyr (10° metric tons/yr)

Source .
Range Best Estimate

Natural
Soil dust 1000 - 3000 1500
Sea-salt 1000 - 10000 1300
Botanical debris 26 - 80 50
Volcanic dust 4 - 10000 30
Forest fires 3-150 20
Gas-to-particle conversion 100 - 260 180
Photochemical 40 - 200 60
Total for natural sources 2200 - 24000 3100
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Anthropogenic
Direct emissions 50 - 160 120
Gas-to-particle conversion 260 - 460 330
Photochemical 5-25 10
Total for anthropogenic source 320 — 640 460

Compared to atmospheric gases, aerosols are characterized by extensive variations in composition, size,
physical characteristics and distribution (both in space and time) (IPCC, 2001). This is due to the heterogeneity of
aerosol sources/formation mechanisms; their atmospheric physico-chemical transformations as well as short lifetimes
of particles (Seinfeld and Pandis, 2006). Generally, total aerosol loading comprises a complex mixture of different
aerosol species with different mixing states and ratios. However, different factors such as source placements and
environmental conditions, establish one or a group of aerosol species as a dominant types in the total aerosol loading.
The physico-chemical properties of the dominant species influentially determine the overall effects of the total
aerosol loading. Various studies showed that sulfates, black carbon, particulate organic matter, sea-salt and mineral
dust particles are the major aerosol components that constitutes the total tropospheric aerosol burden (e.g., Chin et

al., 2002 and references therein).

In remote areas (areas which are minimally perturbed by anthropogenic aerosol sources), windkdaln sea
and mineral dust aerosols, and naturally occurring sulfates and organic compounds are taken as a baseline aerosol for
the background atmosphere. Nonetheless, in various parts of the globe, industrial and biomass burning activities are
the culprits for the enhanced load of sulfates and carbonaceous aerosols. These industrial activities include fossil fuel
combustion, coal refining, automobiles, chemical manufacturing as well as others. The biomass burnings are induced
by natural events (for instance savannah and forest fires) as well as different anthropogenic activities, such as for the
purpose of energy production (burning of charcoal), agricultural activities related cultivation shifting, land clearing
due to population expansion and others. Unlike biomass burning or other aerosol sources, the emission from
industrial activities shows a minimal seasonal variation (Kuenen et al., 2011). Usually changes in aerosol burden that
are induced from industrial activities occur as a result of seasonally variable meteorological conditions which affect

the physico-chemical transformation and other atmospheric processes of these aerosols (Zunckel et al., 2000).

Sulfate-containing compounds in the stratosphere mainly originate from photo-oxidation processgs of SO
and HS, which are emitted into the stratosphere by volcanic eruptions. However, sulfurous particles in the
troposphere are predominantly produced through the gas-phase and aqueous phase oxidation proceésesiof SO
industrial activities and transportation sectors) and DMS (from biogenic sources especially marine environments)
(Russell et al., 1994; Penner et al., 2001; Dentener et al., 2006). Tropospheric oxidation processes of SO2 are
sensitive to ambient meteorological conditions such as temperature and relative humidity (Qian and Giorgi, 1999;
Qian et al., 2001). As a result, anthropogenic activities induced sulfate aerosol concentration often exhibit strong
seasonal variation (see chapter 5). Usually sulfate aerosols exist in a liquid form and their diameter falls in the sub-
micron size range (smaller thapn).

Both natural and anthropogenic processes can induce biomass burning. For instance lightning can induce
fires, which is often considered as the main cause of natural biomass burning. However, its contribution is small
compared to human-initiated burning activities (Bond et al., 2004). Anthropogenic biomass burning is a common
practice used for land clearing, land-use change as well as for various domestic and industrial uses (Roden et al.,

7
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2005). Compared to different industrial activities, most carbonaceous aerosols are derived from biomass burning
events. This is because, the majority of burning materials (e.g., biomass and fossil fuels) are made of carbon,
hydrogen and oxygen; thus, during the combustion process oxygen and hydrogen will be consumed. As a result, the
direct emission from different combustion activities (industrial or natural) primarily contain carbonaceous patrticles

(Bond et al., 2013 and references therein).

Most carbonaceous particles are hydrophobic and their diameter falls in the sub-micron size range (Bond et
al., 2013); as a result, they can travel long distances and have a longer lifetime than other aerosols such as sulfates,
desert dust particles and marine aerosols. The optical and physico-chemical properties of carbonaceous particles that
are induced from combustion activities are highly dependent on the nature and environmental conditions of the
combustion processes plus the type of carbon compounds found in the burnt material (e.g., Andreae and Merlet,
2001). Broadly speaking, there are two major species of carbonaceous aerosols which are produced from different
combustion events: Black Carbon (BC, soot) and Organic Carbon (OC) (Kanakidou et al., 2005).

The BC particles are pure carbonaceous materials that are commonly produced through incomplete
combustion processes (Bond et al., 2013 and references therein). Combustions which often take place under the
presence of fewer amounts of oxygen and low temperature favour the formation of BC particles. Fresh BC particles
tend to be hydrophobic and spherical; however, their environmental exposure immediately results in the absorption
of organic vapour elements on their surface (Decesari et al., 2002). This clusters the BC patrticles together to form
agglomerates of small spherical particles, referred to as soot (Naydenova, 2007). In addition, these internally mixed
elements also facilitate the physico-chemical transformation of soot particles; thus, aged soot particles will exhibit a

change in their hygroscopic properties (e.g. Decesari et al., 2002).

Complete combustion processes such as open biomass burning, are the main sources of primary OC aerosols
(Bond et al., 2004). Secondary OC aerosols are produced mainly by the atmospheric reactions of VOCs (e.g,
Hallquist et al., 2009 and references therein). Similarly to sulfate aerosols, the secondary OC aerosol formations are
highly influenced by the seasonal variability of the ambient meteorological conditions (Ram et al., 2012). Moreover,
the characterization of secondary OC aerosols is a challenging issue because of the wide range of VOCs present
within the atmosphere and their multiphase reactions (Hallquist et al., 2009 and references therein). Therefore, to
simplify this issue generally both primary and secondary OC aerosols are categorized in to two classes: water-soluble
and water-insoluble. For further discussion on organic aerosols the reader is referred to Monks et al. (2009) and

references therein.

The other two major aerosol components of the Earth system (i.e., mineral dust and sea-salt particles)
accounts for the largest fraction of atmospheric aerosol mass as well as the generation of these aerosols are driven by
the windblown processes over the desert/dusty ground and ocean surfaces (Penner et al., 2001). The mineral dust and
sea-salt load in the atmosphere is strongly influenced by different climate and environmental factors in their source
regions. For instance, the dust particles can be detached from the surface when the shear-force of the surface wind
exceeds the adhesion force that ties the dust particles to the ground (i.e., when the surface wind speed exceeds a
threshold velocity). This process is dependent on several climatic features of the dust source region; such as, wind

velocity, soil moisture, soil properties, vegetation cover and other topographic issues (e.g., Zakey et al., 2006).

Mineral dust emissions are the highest in arid and semi-arid regions (areas with bare-dry soils and

precipitation less than 200 mm per year) such as over the Sahara desert, across the Middle East, central and eastern
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Asia and continental Australia (Goudie and Middleton, 2006). Generally, majority of desert dust source regions are
located in the northern hemisphere of the globe (Tanaka and Chiba, 2005). However, even though in a global scale
the greatest contribution of dust comes from the northern hemisphere, the southern hemisphere dust source regions
also donate significant amounts of dust particles which have important influences in and around their source regions
(Bryant et al., 2007; Bhattachan et al., 2012). Moreover - construction, transportation, cement and metallurgy
manufacturing, human-induced deforestation and soil degradation due to agricultural practices and mining activities -
are among the various anthropogenic activities that produce primary dust particles or facilitate its production (e.g.
Tegen et al., 2004).

Once dust particles are injected into the atmosphere, their transport and deposition are mainly driven by
meso- and synoptic-scale atmospheric processes. The atmospheric lifetime of dust particles primarily depends on
their size; large particles (especially those with diameterspm)i@re quickly removed from the atmosphere by
gravitational settling and other dry deposition processes, while sub-micron sized particles have a longer atmospheric
lifetime. Therefore, large size dust particles are significantly abundant only around their source regions. However, as
the large size dust particles fall back onto the surface, they may pass some of their impulse to other soil particles and
detach finer dust particles from the ground via impaction and other processes (e.g., Lu and Shao et al., 1999). Due to
all the aforementioned dust production mechanisms, usually, the dust particle range in size from 0.05 to 100 um,
with a bimodal size distribution structure and dominant influence of coarse particle mode (Dubovik et al., 2002;
Chou et al., 2008).

The physico-chemical and optical properties of freshly emitted dust particles are dependent on the surface
properties of dust source regions. They are usually aggregates of different irregularly shaped mineral particles such
as silicon (e.g., quartz sand), aluminium (e.g., aluminium silicates from clay minerals and gibbsite), iron oxide and
carbonates (e.g., hydroxide dusts, calcite, magnesite) (Chou et al., 2008). Furthermore, initially most of the airborne
soil particles are not water-soluble; however, atmospheric aging processes (such as the reaction of SO2, gaseous
nitric acid and VOCs on the surface of dust aerosols) may change the state of their hygroscopicity. This causes the
dust particles to serve as cloud condensation nuclei as well as changes the physico-chemical (and in turn optical)

properties of dust aerosols as a function of Relative Humidity (RH).

Generally, sea-spray aerosols are mechanically produced by the interaction of surface wind with deep-water
surface wave fields. When the sea surface wind speed increases beyond a critical value, the waves break to disperse
the excess energy; these incidences result in the formation of bubble plume (oceanic whitecaps). When spume drops
under the wave/when the bubbles collapse by the wind stress they spray droplets which are the sources of marine
aerosols (e.g., Zakey et al., 2008 and references therein). Basically the primary marine aerosol production is directly
related to the whitecap fraction. Once the sea spray droplets get into the atmosphere they start to evaporate and
eventually equilibrate themself with the atmosphere RH; and as a result, they become smaller, stable and most of
them will transform into different types of aerosols (e.g., Andreas, 1995; 2005). Marine aerosols are composed of
soluble inorganic salts such as sodium, potassium and magnesium chlorides, calcium sulfate as well as other
particulates like ammonium sulfate, nitrates and different organic materials (e.g., O'Dowd and Leeuw, 2007 and
references therein). Among various sea-spray aerosols, the sea-salt particles are one of the most widely distributed

natural tropospheric aerosols, particularly in and around the marine atmosphere (e.g., Vignati et al., 2010).
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Sea-salt aerosols, which are left behind by the sea-spray droplets after evaporation, will stay in the
atmosphere as liquid drops, deliquescent drops, or dry sea-salt particles depending on the ambient RH (Tang et al.,
1997; Keene and Savoie, 1998). Frequently, if the ambient RH is > 95 % sea-spray droplets remain liquid and they
will almost retain their sizes. When the RH is in between 95 % to 75 %, most of the sea-salt aerosols reside in the
atmosphere as deliquescent particles, with radii about half of the parent sea-spray droplets (Monahan, 1986).
However, when the RH is less than 75 %, the sea-spray droplets start to crystallize and will eventually develop into
dry sea-salt particles when the ambient RH is < 50 %. Usually the dry sea-salt particles have a radius which is
almost one fourth of the parent droplets (Zhang et al., 2006). In most coastal zones the RH ranges from 75% to

100%; therefore, the deliquescent state becomes the common state of sea-salt aerosols (Warneck, 1999).

Sea-salt particles are highly soluble; therefore, can serve as effective cloud condensation nuclei. Furthermore,
due to their hydrophilic nature - their size and shape vary with RH; sequentially their optical properties become
highly dependent on ambient atmosphere RH (e.g., Hess et al., 1998). The physico-chemical and optical properties of
aged sea-salt aerosols are different from that of fresh sea-salt particles as well as due to their hygroscopic nature, the
aging processes in sea-salt aerosols are faster than other non-hygroscopic aerosol species (e.g., Song and Carmichael,
2001). Wind speed is the main factor that determines the sea spray droplet production (in turn the sea-salt aerosol
production rate); therefore, due to the seasonal variations of the wind speed, the sea-salt aerosol mass concentration
and climatic impacts exhibit substantial seasonal dependence. The size distribution of sea-salt particles usually
exhibit a bimodal structure (which covers a wide size range, of about 0.01 to 40 um in diameter), with the highest
number concentration in the sub-micron range and most of the masses concentrated in the super-micron range (Hess
et al., 1998). Though the mass concentration of sea-salt aerosols varies substantially with time and space, different
studies have estimated that oceans deliver abdutd @0 g of sea-salt aerosols per year (Gong et al., 1997; Winter
and Chylek, 1997; Hinds, 1999).

The wavelength A) dependent changes of whitecap reflectivity,) and emissivity ) make them
detectable by remote sensors in different portions of the electromagnetic spectrum (e.g. Monahan and
O’Muircheartaigh, 1986). In the visible (VIS) and near-infrared (NIR) spectral range, the whiteca® much
higher than the surrounding water (Koepke, 1986). On the other hand, when the wavelength of the electromagnetic
spectrum increases the whiteagp gradually decreases; whereas, thgirogressively increases and eventually in
the microwave region it reaches close to 1 (e.g., Koepke, 1986). Therefore, for satellite-borne sensors which measure
the VIS radiation reflected by the ocean surface or brightness temperature in the microwave region, the spectral
signatures of whitecaps (the signals of a foam-covered ocean) can be detected with a high signal-to-noise ratio (e.g.,
Koepke, 1986; Esaias et al., 1998). However, estimating the whitecap coverage of the ocean based on their spectral
signatures is not sufficient to quantify the amount of sea-spray droplets (sea-spray aerosols) which get into the
atmosphere (e.g., Monahan, 1986). Therefore, modelling the sea-salt aerosols from their emission to their re-
deposition is necessary. For further information on modelling the generation function of sea-spray droplets and other
atmospheric processes of sea-salt aerosols the readers may refer to Zakey et al., 2008 and references therein.

1.1.3 Aerosol sizedistribution

Generally, aerosols reside in the atmosphere as a mixture of species from a number of sources. There are two

extreme mixing states of aerosols which are referred to as external and internal mixtures (Seinfeld and Pandis, 2006;
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Lesins et al., 2002). In an internal mixture, different species of particles from a number of sources are aggregated
with one another and exist in the air as chemically homogeneous mixture of particles. In an external mixture,
aerosols with a heterogeneous chemical composition are mixed in the atmosphere as physically separated particles
(i.e., different aerosol species exists independently from one another) (Lesins et al., 2002). Mostly it is assumed that
for a certain period, aerosols from primary emissions and secondary particle formation will reside near their sources
in an externally mixed state. However, during the aerosol transportation and aging through coagulation, coalescence
of particles in clouds or by chemical reactions on particle surfaces they gradually tend towards an internal mixture.
The change in mixing state of particles affects both the physical and optical properties of the aerosols. Since aerosol
lifetimes are short and their sources are heterogeneous, it is challenging to standardize the representation of the
aerosol mixing state in models (Jacobson, 2001; Lesins et al., 2002; Stier et al., 2005). Still the treatment of aerosol
mixing state and their chemistry vary among models (Lu and Bowman, 2010; Han et al., 2013). Overall, the variation
in aerosol size, chemical composition and mixing state are important in governing their effects on climate and human
health.

Characterizing different properties of atmospheric aerosols is a multidisciplinary topic. It is important to note
that various disciplines, according to their interest, use different properties of aerosols as well as techniques for the
characterization of atmospheric particulates. Size is normally used to classify aerosols because it is an easily
measured property as well as many other important properties of the particles such as volume, mass, velocity and
optical characteristics of aerosols are dependent on their sizes (Hinds, 1999). Moreover, the size of atmospheric
particulates inferences about aerosol sources (or formation processes), their transformations and removal processes
(Seinfeld and Pandis, 2006). Therefore, if the particle size and its concentration in a certain size range are known, it
will be easy to estimate other physical properties of aerosols plus the source strengths. Particles in the atmosphere
have widely variable shapes; therefore, different types of equivalent diameters have been used to characterize the
aerosol geometrical diameters. Mostly aerodynamic diameters were used to standardize particles of various shapes
and densities to spheres having the same aerodynamic property and settling velocity.

It is common to subdivide the atmospheric aerosol particles into two major size classes, so called modes
(Whitby, 1978; Seinfeld and Pandis, 2006). Particles with diameters larger tham k(@ identified as the coarse
mode (super-micron particles), whilst those smaller tham &pne usually referred to as fine mode (sub-micron
particles). Fine mode particles can be further divided into three modes: a) an accumulation mode contains particles
with diameters between 0.1-1ufn; b) Aitken mode refers to particles with sizes ranging from 0.01 ter9.4nd, c)
nucleation mode (also known as ultrafine particles) are those with diametersp0.01s important to remark that
the definition of size ranges of these modes (even sometimes the equivalent diameters used) in different disciplines,
such as in climatic studies, the air quality and health issues were different. Generally, particles that are assigned in
distinct size mode categories exhibit fundamental distinctions in their sources (formation), transformation processes

and removal mechanisms (see Fig. 2).

The smallest aerosols (nucleation mode) are produced through gas-to-particle conversion processes which
occur in the atmosphere. The formation of ultrafine particles may occur through homogeneous or heterogeneous
nucleation processes (Kulmala et al., 2004). Usually under the influence of sunlight, the precursor gases get oxidized
in the atmosphere and produce a compound with a lower vapour pressure. The oxidized compound can then
condense together with other molecules (such as water) to form new patrticles (typically 1 to 2 nm size-clusters), this

process is known as homogeneous nucleation. High super-saturation, strong solar radiation intensity, abundance of
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condensable vapour and typical atmospheric temperature are some of the favourable conditions for homogeneous
nucleation to occur (e.g., Zhang et al., 2011). Freshly nucleated particles will grow larger through condensation of
precursor gases (organic/inorganic vapours) on their surfaces; this is referred to as heterogeneous nucleation. Overall,
the majority of ultrafine and Aitken mode particles (with diameters less thamt).are created in the atmosphere

by nucleation processes. In addition, the nucleation and Aitken mode particles normally dominate the particle
number concentration; however, due to their small size, they represent only a small mass fraction of the total aerosol

load.

After a nucleation event, due to the Brownian motion, aerosol particles will collide and then coalesce together
to form one larger particle, a process called coagulation (Williams 1988). The rate of coagulation is mainly
controlled by the diffusion coefficient of particles as well as the sizes and concentration of smaller particles. Overall,
this transformation process plus the condensation of vapours onto Aitken mode aerosols will migrate smaller
aerosols (diameters < 0.,m) to the accumulation mode. As nucleated particles grow to larger sizes, the
concentration of the smallest particles may reduce rapidly; which in turn decrease the rate of collision-coalescence
processes (coagulation) as well (Poschl et al., 2007). Due to this, the growth of aerosol particles from the transient
mode of accumulation into coarse mode will be constrained and particles will be accumulated (agglomerated) in this
mode for a longer time, which is the reason it is termed the accumulation mode. Particles in the accumulation size
range can also be introduced directly into the atmosphere (as primary aerosols); mainly from incomplete
combustions (e.g., Dubovik et al., 2002) and occasionally from natural sources such as windborne dust and sea-spray
(e.g. Todd et al., 2007). This reflects that both aerosol formation mechanisms (secondary and primary) are strongly

overlapping in accumulation mode.

Most of the coarse mode particles consist of mechanically produced natural and anthropogenic primary
aerosols. Sea-salt aerosols, biological particles, dust aerosols from volcanic eruptions and surface wind erosion are
the main examples of naturally induced coarse particles. Mostly anthropogenic coarse particles are introduced into
the atmosphere through construction work, industrial and agricultural activities. The most important mixing state for
particles (especially the hydrophilic aerosols) is the mixing with water, which causes the growth of the particle size
with humidity (RH) and shrinking as the RH decreases. These processes (condensation and evaporation) are not
totally reversible: the rate of aerosol size growth in response to increase in RH is higher than the rate of shrinking in
response to a decrease in RH. Therefore, in most urban areas and coastal regions, a small fraction of coarse mode
particles ultimately result from the condensation of atmospheric water vapour on hydrophilic accumulation mode
aerosols. Overall, various field studies showed that in terms of mass loadings the coarse mode particles are more
dominant; however, due to their large size, they generally have relatively short atmospheric residence times
compared to those of the fine mode aerosols. Observations and modelling studies also revealed that accumulation
mode aerosols can be easily transported over long distances. However, the long-range transportation of coarse mode
particles usually takes place when they are lifted above the boundary layer in which they are subsequently
transported by free tropospheric winds.

To describe the size distribution of aerosol particles in models, it is appropriate to formulate a mathematical
expression with some flexible parameters. The mass or number concentration of aerosols as a function of particle
size is referred to as size distributi@fV /dr). Generally, the size distribution can be represented by a differential
radius density distributiom(r) = dN(r)/dr, whereN(r) is the number distribution function of aerosol particles.

Here, n(r) represent the number of particles with radii betweeand r + dr per unit volume (i.e., the number
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concentration of aerosols as a function of their size) and the total number of particles per unitNglisygyen by
N, = fooon(r)dr. Aerosol size distribution does not always display bell shaped symmetrical curves (e.g., Maring et
al., 2003). Therefore, different parametric size distribution functions were used in different models such as the Junge

power law, the lognormal distribution and a modified gamma distribution (Hinds, 1999).
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Fig. 2: Sketch of atmospheric aerosol surface area-weighted size distribution. The schematic diagram shows the three
modes of aerosols, their major sources and removal mechanisms (originally from Whitby, 1978).

A lognormal distribution is one of the most widely used functions to approximate the actual number or mass
distribution of aerosols which cover a wide range of sizes (Hess et.al.,, 1998; Seinfeld and Pandis, 2006). The
occurrence of mono-disperse aerosols (i.e., particles which have narrow size distributions and lower geometric
standard deviation) is very occasional (eSghuster et al., 2006). It might occur during the studies of aerosols in
laboratories (e.g., using particle generators) and rarely from biological sources. However, mono-disperse aerosols

have symmetrical size distribution that can be approximated to be normal distribution:

No 1 (r— )2
0= i o[- @

Where the mean, and the standard deviatiah,are defined as:

I rn@ar 1 oo
= W= N_OIO T'Tl(T)dT' (12)
5= Ni J, r = w?n(rydr (1.3)

The observations of particle size distribution using higher resolution aerosol sizing instruments showed that
the size and concentration of aerosol particles generally covers several orders of magnitude - additionally, their
distributions are asymmetric exhibiting a long tail at large particle sizes. Therefore, the normal distribution fit is not
frequently suitable to express measured size distributions of poly-disperse aerosols (i.e., particles which have wider
size distributions and higher geometric standard deviation). In addition, the normal distribution has a shortcoming of
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allowing negative radii. Therefore, to accommodate the orders of magnitude variations of poly-dispersed particle
radii and number densities, usually the normal size distribution is represented on a logarithmin(&cale=[
dN(r)/dInr] (e.g., Jaenicke, 1988):

(1.4)

n(nr) = &L = ym _Ni ) (T%)l

— = S — ex —
dinr 1=12min 8g,i p l 2In? 84,

where N; denotes the aerosol number concentration in modedm is the total number of mode§, ; is the

geometric standard deviation representing the width of the particle size distributioni®f tede andy; is the

count median radius.

In statistical description of lognormal distributions, the log of the particle size distribution is symmetrical;
thus the mean and the median of the lognormal distribution are equal. Théfefoegual to geometric mean radius
of normal distributions (e.g., Voutilainen et al., 2000). As shown in Eq. (1.4) it is suitable to express the observed
multi-modal aerosol size distributions as the superposition of two or more lognormal modes (Seinfeld and Pandis,
2006; Stier et al., 2005). This is because the distribution in Eq. (1.3) can be quickly described by the so called mode
parameters [i.eN;, , andd,;] (Seinfeld and Pandis, 2006). Similarly, the lognormal distribution function can be
used also to represent the mass size distributions of aerosols. Both the number and mass distribution have the same

geometric standard deviation but their count-median radius is relatéaihy: = In7; + 3In®8,;, wherer,, ; is the

mass based count median radius ofithenode.

Frequently, measured or parameterised particle size distributions are characterised by a single parameter

which is known as the effective radiugds] (McFarquhar and Heymsfield, 1998; Remer et al., 2005; Schuster et al.,
2006). Ther,( is an important depiction of particle size distribution for describing their scattering properties. The

computation ofr. ¢, differs from the mean radius by including the particle area as a weight factor multiplying the

[r3aN@
: . o _ =
particle size distributior, f; = TG

. The weighting factor is introduced because the amount of light scattered

by aerosol particles is proportional to the area of the particle (see section 1.2.1). Therefore, various remote-sensing

measurements are focused not only on retrieval of different optical properties of aerosols but.also on r

1.1.4 Removal processes

Once airborne, particles will not persist in their original state for very long - rather through various
atmospheric transformation processes (e.g., oxidation, polymerization, coagulation, condensation, evaporation) they
may undergo changes in size, structure, number-density, mixing state and/or composition (P6schl et al., 2005).
Eventually, they will be removed from the atmosphere either through dry or wet deposition processes (Seinfeld and
Pandis, 2006). Generally, tropospheric aerosols have relatively short atmospheric residence times, on the scale of
minutes to weeks (Pdschl, 2005). The efficiency of aerosol removal processes is strongly dependent upon aerosol
physico-chemical properties (such as size, hygroscopicity, etc.) and the ambient meteorological conditions (Ross et
al., 2003; Poschl et al., 2005; Seinfeld and Pandis, 2006). For instance, the sub-micron aerosols (particularly particles
in the accumulation mode) have the longest atmospheric lifetime (~ from days to weeks); whereas, coarse mode
particles in the lower-troposphere tend to have the shortest lifetimes of about ~ minutes to days (Lewis and Schwartz
2004; Stier et al. 2005).
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1.1.4.1 Wet deposition

Usually the formation of cloud droplets or ice particles is initiated around some condensation nuclei which
tend to attract water vapour. In this regard atmospheric aerosols play an important role in the processes of cloud
formation and precipitation (e.g., Penner et al., 2001; Ramanathan et al., 2001). When the ambient atmosphere RH
increases, the condensation of water vapour on pre-existing aerosols will also be enhanced; this process persist the
aerosol particles in equilibrium with the surrounding atmosphere RH - which in turn may cause the formation of
cloud droplets (i.e., aerosols are acting as cloud condensation nuclei). Generally, this process is determined not only
by the amount of moisture but also by the size and chemical composition (hygroscopicity) of the aerosol particle
(Hegg et al. 2006; Tao et al., 2012). On the other hand, as the ambient RH decreases the cloud droplets will
evaporate and the aerosol particles will be free to reside in the atmosphere; however, they might experience some
physical and/or chemical changes. On the other hand, if the cloud droplets are dense enough to form precipitation
that reaches the Earth’s surface, aerosols which are in- and below-clouds will be scavenged on the way to the surface
and removed from the atmosphere. The term rain-out (nucleation scavenging) is usually referred to as the removal of
aerosols that are embedded or dissolved in cloud droplets; whereas, the term wash-out (impaction scavenging)
designates below-cloud precipitation scavenging processes. The combination of these scavenging processes (i.e.,
rainout and washout) is known as wet deposition (Seinfeld and Pandis, 2006).

The Brownian diffusion and inertial impaction are the main forces which determine below-cloud scavenging
processes of fine and coarse mode particles, respectively (Seinfeld and Pandis, 2006). Also, during impaction
scavenging, the raindrop collision efficiency depends on both the raindrop size and particle size. Overall, due to the
large surface area of cloud droplets, wet deposition is the most efficient removal mechanism for sub-micron particles
with a diameter range of 0.14dm as well as for coarse mode particles which are hygroscopic such as sea-salt
aerosols (e.g. Croft et al. 2009). In contrast to particles which reside in the lower troposphere, stratospheric aerosols
may remain for years (e.g., Hamill et al., 1997). This is primarily related with the lower level of stratospheric RH

which caused the absence of efficient wet deposition processes.
1.1.4.2 Dry deposition

The deposition of airborne particles to the Earth’s surface without precipitation is referred to as dry
deposition. The particle size, atmospheric stability near the surface (i.e., convective transport and turbulent
diffusion), surface wind speed and nature of the surfaces onto which the aerosols are being deposited play significant
influences on the dry deposition process. Brownian diffusion and sedimentation are the two main mechanisms which
cause dry deposition. Brownian diffusion is dependent on the particle size and adhesion process which varies with
surface properties of the ground level. Generally, this mechanism is highly effective for fine particles which have
diameters < 0.0um and it decreases with increasing particle size (Giorgi, 1988; Seinfeld and Pandis, 2006).
Sedimentation (often referred to as gravitational sedimentation) is the settling of particles due to gravity. It is
proportional with the square of the particle diameter and larger particles usually settle out quickly through this

process (particularly the coarse mode particles which have a larger size and mass).

The dry deposition velocity of aerosol particles is described as the reciprocal of the aerodynamic and the
guasi-laminar resistances (Hinds, 1999). Moreover, the deposition velocity of aerosols varies with surface uptake

processes, for example: deposition velocities are larger over vegetated areas (especially in forests) than bare ground,
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ocean and snow surfaces (Giorgi, 1988; Seinfeld and Pandis, 2006). Due to this and other atmospheric conditions, for
the same species of aerosol particles, the dry removal rate varies both spatially and temporarily. Studies reported that
the deposition velocities of nuclei and coarse mode particles generally range from 0.01 to 0.2 cm/s and 1 to 5 cm/s,
respectively. The lowest deposition velocities are reported for particles which are within the intermediate size range

[i.e., accumulation mode aerosols] (e.g., Giorgi, 1988; Seinfeld and Pandis, 2006).

In general, the main differences among the two deposition mechanisms of aerosols (i.e., wet and dry
deposition) is that wet removal can take place throughout the atmosphere where there is precipitating water, while
dry deposition depends on the particles being transported near to the Earth's surface by turbulence or gravity (Zhao et
al., 2003). Therefore, in both regional and global scale wet deposition is very important, but dry removal is relevant
with respect to local air quality (in removing particles near their source regions) (e.g., Zhao et al., 2003; Tao et al.,
2012).

1.2 Optical properties of aerosols

When a light beam passes through the atmosphere it undergoes a complicated interaction with the
atmospheric constituents. The fundamental interaction processes among Electromagnetic Radiation (EMR) and air
molecules/aerosol particles are scattering and absorption. Generally, during the interaction, the oscillating electric
field of the incident radiation will set the electric charges of the air molecules/particles in oscillation. If the
electromagnetic radiation stimulates state transitions between the electronic, vibrational, and rotational energy levels
of air molecules/particles, this is referred to as absorption (e.g., Bohren and Huffman, 1983). In most cases,
electronic transitions are stimulated by shorter-wavelengths; however, vibrational and rotational transitions (or the
simultaneous transition of both of them) are stimulated by infrared and microwave radiations. These transitions
(molecular absorptions) occur at a discrete set of wavelengths which are known as absorption lines. However, due to
Doppler and pressure broadening processes the absorption lines of molecules exhibit broadened line width.
Generally, depending on the wavelength ¢f the incident radiation, the molecular species concentration and the
physico-chemical properties the aerosol particles, parts of absorbed light can be used for photochemical changes or

can be converted into thermal energy.

When the excited electric charges reradiates radiation over all directions, this is referred to as scattering (i.e.,
scattering is angular redistribution of energy). The two most common scattering processes in the atmosphere are:
elastic scattering and inelastic scattering (e.g., Bohren and Huffman, 1983; Mishchenko 1993). In the course of
inelastic scattering, the scattered radiation has a diffaréoim that of the incident radiation. Inelastic scattering
processes include fluorescence and Raman scattering. When a beam of light is scattered elasticallyththe
scattered light remains the same as that of the incident beam, only the trajectory of the scattered photon is modified

(i.e., there is no appreciable energy exchange that takes place among the particle and the incident photons).

Depending on the size of the particle (relative toitloé the incident radiation), elastic scattering can also be
classified into Rayleigh scattering and Mie scattering. When the patrticle refractive index is closer to one and its size
is much smaller than theof the incident radiation, radiating dipole is set up and the particle will scatter elastically
with scattered irradiance proportionalXd, this is referred to as Rayleigh scattering. During this case the scattering
is symmetric because an electric dipole radiates equal amount of fluxes in both forward and backward directions (see

Fig. 3). Usually Rayleigh scattering is applicable to describe the scattering properties of air molecules. Whereas,
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when the atmospheric particle size is comparable or larger thanathihe incident radiation, this is referred to as
Mie scattering. In Mie scattering the radiation is scattered in an anisotropic pattern, particularly the pattern develop a
more intense forward lobe as the particle size increases (i.e., for larger particles more radiation is scattered in the

forward direction than in the backward direction) (see Fig. 3).

In general, elastic scattering processes are relevant to describe the interaction of solar radiation (usually the
visible and near-infrared spectrum) with gas molecules and aerosol particles. In addition, atmospheric gaseous
molecules absorb solar and terrestrial radiation in discrete frequencies. For instance most of the solafradiation
0.3 um (ultraviolet light) is absorbed by atmospheric ozong ¢0di > 0.8 um is attenuated by oxygen molecules
(Oy), O3, water vapour (D), carbon dioxide (C¢, methane (Ck) and other trace gases (Seinfeld and Pandis,
2006). Though in a different way, some aerosol particles also exhibit a smooth absorption curve across the solar and
infrared spectrum; for example carbonaceous and dust particles (Hess et al., 1998). Also large particles such as dust
(see chapter 4) as well as sea-salt aerosols (e.g., Li et al., 2008) have an important role in both shortwave and

longwave spectral ranges.

Rayleigh

scattering

Mie Scattering,

small particle

Mie Scattering,

large particle

Fig. 3: The distribution of scattered radiation during Rayleigh and Mie scattering (taken from

http://www.deepocean.net/deepocean/index.php?science07.php)

The interaction of aerosol particles with solar and terrestrial (usually referred to as thermal or longwave)
radiation (through scattering and absorption) can considerably influence the Earth’s radiation budget. Different
optical phenomena such as coloured sunsets and changes in visibility are the direct manifestation of the interactions
between atmospheric aerosols and the visible light. There are a number of optical properties of aerosols which
describe the processes and the amount of light scattered and absorbed by aerosol particles. These optical parameters
of aerosols are dependent on thef the incident radiation, the shape, size, chemical composition of particles, and
their mixing states. In addition, the ambient atmosphere relative humidity plays an important role in determining the
magnitudes of different optical parameters of aerosols, especially for these which have hydrophilic nature (e.qg.,
Levoni et al., 1997; Hess et al., 1998). As a result, computing different optical properties of aerosols from terrestrial
remote-sensing and-situ measurements is relevant to retrieve the atmospheric aerosol microphysical properties as
well as to assess possible impacts of aerosols on the climate system. The interpretation as well as the retrieval
processes of remote-sensing observations needs a quantitative knowledge of electromagnetic interaction as a function

of particle physical parameters.
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1.2.1 Miescattering

The treatment of light scattering by atmospheric particulates is typically partitioned into three consecutive
steps. The first step began by solving Maxwell equations inside the particle and in a medium where the patrticle is
embedded (using a linear optics) and via computing the far field scattering and absorption properties of an individual
particle. This approach forms the basis of the modern theory of electromagnetic scattering by small particles. The
second step is, using the single-scattering approximation, solving the scattering and absorption properties of particles
which are contained within a small volume element. Finally, multiple scattering by the entire atmospheric particles
were group by solving the radiative transfer equation. Mie theory provides a solution for light scattering by isotropic
spherical particles which reside in a homogeneous medium. The logical point of departure for Mie scattering
formulation is the Maxwell equations; therefore, the electric field solution inside and outside the spherical particle
are expressed in a vector spherical harmonic expansion which satisfies Maxwell’'s equations. Here, only a brief
summary of the far field solution of Mie scattering will be given; however, for further information about the Mie

theory and spherical harmonics used in its formulations, the readers are referred to (Bohren and Huffman, 1983).

For practical applications (particularly in the case of atmospheric studies), light scattering observations are
normally carried out in the far-field zone (i.e., at a large distarideom a spherical particle which has a radiay.’
In the far-field ¢ >> ka?,k = 2m/)), by defining the two polarization states (i.e., parallel and perpendicular) the

solution of the vector wave equation (in terms of electrical field) can be expressed as (Bohren and Huffman, 1983):

(1.5)

[E"S]_ exp(—ikr+ikz) SZ(X,m,@) Sg(X;m;E‘))] E||i
E—S'— B tkr S4(X'm'®) Sl(X'm'G)) Ej_

Whereexp(ikz) is the incident plane wave aﬁw is the outgoing scattered wavg. andEL are the parallel
and perpendicular components of incident electrical figfdandES are the parallel and perpendicular components

of scattered electrical fielgh = ka = 2%“ is called the size parameter (it is one of the important parameter which

relates the particle size to the wavelengths of the incident radiatior® :aan is the circular wavenumber in the

. . [S2(,m,0) S;(x,m,0)
ambient medium. The matrlk2
4-(X' m, G)) Sl (Xl m, ®)

Ss(x, m,0) = S,(x,m,0) = 0. Thus Eq. (1.5) gives:

is the scattering amplitude matrix; for spherical particles:

[Eus] _ exp(—ikr+ikz) [Sz(X'm: 0) 0 ] Ej (1.6)
E—Sl- B ikr 0 Sl(Xl m, ®) Ej_ .
The Mie theory scattering amplitude (x, m, ©) andS,(x, m, ©)] are expressed by:
o  2n+1
Si(x,m,0) = anlm [a,m, (cos®) + b,T, (cos0)] a.7)
o  2n+1
S,(x,m,0) = anlm [b, T, (cos®) + a, T, (cos0)] (1.8)

Wheren are positive integersr,, and t,are Mie angular functions which are expressed as function of associated

1
sin(@®)

Legender polynomialsP{) with argumentos(0): m,, (cos ©) = Pl (cos®), 7, (cos®) = % Pl (cos ®). a,

andb,, are coefficients of outgoing (scattered) spherical waves which are determined from the boundary conditions at
the surface of the sphere using Ricatti-Bessel functions.Bo#md b, are functions of the size parameteand the
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complex refractive indexn. Now the far-field scattered intensity components can be written in terms of the incident

intensity components:

If = 12X gy = i a0 (1.9)

k2r2

Wherei, (x,m, 0) = |S;(x,m, 0)|? andi,(x,m, ®) = |S,(x, m, ®)|? are the intensity functions for the perpendicular
and parallel components, respectively. Consider a point located over the far-field 2gng atin the forward
direction (i.e® = 0,x.y < z), thus

r= (x?+y? +22)2~Z+x+y (1.10)

2z

Then, to evaluate reduction of the incident energy due to absorption and scattering of light by a spherical
particle over the far-field zone, we consider that the incident light is polarized linearly in the perpendicular direction
- thus, the scattered electric field in Eqg. (1.6) is given by

exp(—ikr+ikz)

ES = S:(6m, ®)EL (1.11)

ikz

Using EqQ. (1.10) and upon superimposing the incident and scattered electric fields in the forward direction,

we obtain

x“+y
2z

S1(¢m,0) exp— lk(

ikz

|ES + Ei| ~ |EL)* <1+ )) which implies that the far field combined flux density in the

forward directions is proportional to:

i

+y
|ES + EL|* ~ |EL|’ (1 +é Re (Sl(xmo) (5 ))) (1.12)

Integrating the combined flux density over the cross section area of a spherical particle which has a radius

a’; we obtain the total power combined:

Jf|EZ+ E¢| dxdy _
22|

ma® — o, (1.13)

The first term on the right-hand side of Eq. (1.13) represents the cross section of area of the sphere. The
physical interpretation of the second term)(is that the total amount of light reduced due to the presence of a
spherical particle, or, can also be interpreted as the optical shadow area of the aerosol particle (Bohren and
Huffman, 1983). Overall, Eq. (1.13) shows that the total energy removed from the beam of radiation incident on the
particle is proportional to the incident energy and the proportionality constdntich is referred to as extinction
cross section: units of 7n The double integral ovetxdy by whicha, is defined contains two Fresnel integrals, and

if the limits are assumed to extendtowe get

2+ 2 2
ff exp — ( zzy ) dxdy = % (1.14)
Therefore, extinction cross section can be expressed as:
4
g, = 5 Re[S(x,m, 0)] (1.15)
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However for the forward direction (i.e§ = 0°) the two amplitude functions [Eq. (1.7) and Eg. (1.8)] can be

reduced to:
$106m,0) = S(6m,0) = S((m,0) = STy (2n+1) (an + by) (1.16)

The fact that there is only ors&€y, m, 0) is because of the symmetry of the forward scattering in which the
extinction is independent of the state of polarization of the incident light. Overall, extinction is the total effects of
scattering and absorption; thus, can be expressed as the sum of the scattesif)ga0d absorptiono(,) cross
sections. Thes, can also be predicted directly by Mie theory, however to satisfy energy consematam be
determined from the differences @f ando; (i.e., 0, = 0. — 0,). The dimensionless optical quantity of a particle
which is known as extinction efficienc@() is defined as the ratio of, to the particle geometric area projected onto
the plane perpendicular to the incident beam. In the case of Mie scattering, for a spherical particle with a’'radius,

using Eg. (1.15) and Eqg. (1.1@) can be expressed as:

Q,= X = ;—22;‘;1(2n+ 1) Re(a, + by) (1.17)

ma?
wherey = ka = 2”7‘1 is the size parameter akd= 27” is the wave number in the ambient medium.

The flux density of the scattered light in an arbitrary direction is given by

Fo
kZTZ

F(8,9) = [i,(8)cos?¢ + i1(0)sin¢] (1.18)

WhereF, represent the incident flux density. The total flux of the scattered light is, therefore,
2w (T 2 .
f=1J F(6,9)r?*sin(6) dfdyp (1.19)

wheresin(0) dfdg is the differential solid anglel; thus,r2d is the differential area. Hence, the scattering cross

section may be defined as
s T Fio= = Jo 112(8) + 12(6)]sin(6)de (1.20)

Similar to Eq. (1.17), using the orthogonal and recurrence properties of the associated Legendre polynomials

Bohren and Huffman, (1983), the scattering efficiency of a spherical particle can be expressed as:

Qs = 7 = e @nt+ D (lanl* + [ba]?) (1.21)

ma?

Based on Eq. (1.21), the highest valugg;din turnQ.: Eq. (1.17)) can be found when the diameter of the
particles is similar to the wavelength of the light Bohren and Huffman, (1983). Lastly, the absorption cross section

and efficiency of a sphere particle can be expressed as:
0 & o= 05 = = [N @n+ D(=1" (an — by)]? (1.22)
@ Qo= Q= [N @n+ DD (a, = b (1.23)

As mentioned previously, the Mie coefficients,( b,,) are governed by two wavelength dependent

parameters: the complex refractive index of the partiel@nd the dimensionless size paramegeiherefore, the

20

© University of Pretoria



computation of particle size and their refractive index have important roles in determining other optical parameters of
aerosols [Eq. (1.17), Eq. (1.21) and Eqg. (1.23)]. Using the results of the single-scattering solutions, the size
distribution information and different mixing state assumptions, one can approximate the scattering and absorption

properties of particles which are contained within a small volume element.

Wheny << 1 and the imaginary part of the complex refractive index of the particle is approximated to zero
(i.,e., m = m,), the leading terms in the expression of Mie amplitude function [Eq. (1.7) and Eq. (1.8)] will be

2x3i(m$—1)2_

dominated by the first teray: a; = S(mzi2)
my

i.e., Mie scattering merges to Rayleigh scattering. Therefore, the

Raleigh scattering cross section in terms of the molecular volunestead of radiusd’ becomes:

9n2v2(m$—1)2(00526+1)
2r214(m$+2)2

Cscar(0) = (1.24)

Then the total energy scattered in all directions or the total scattering cross section obtained by the integration of Eq.
(1.24) is

247302 (m2-1)" _ 24mt (m2-1)

2t(m2+2)°  A4N2(m2+2)°

Cscat = J," J7 Cscar(8) r?sin(8) ddgp = (1.25)

whereN is the number of molecules that have a molecular volarger unit volume. Whereas, whgrs> 1, Mie
theory will merge to the geometrical optics; such as phenomena like rainbows or halos are described with geometric

scattering.

1.2.2 Important optical propertiesof aerosols

1.2.2.1 Complex refractiveindex

The refractive index of aerosols is a complex dimensionless parameter which is defined as:

m= m,+ im; (1.26)
Inside a particle medium the speed of light is reduced (relative to a vacuum); therefore, the ratio of the speed of light
in a vacuum¢) to the speed inside the particlg (s defined as real part of the refractive index)(

m, = %: %: JVeu (1.27)

wheree is the particle relative permittivity andis its relative permeability.

As shown in Eq. (1.27n is an intrinsic property which is linked to the dielectric constant of a particle. The
fact that aerosols reside in the atmosphere plus most atmospheric particulates are non-magnetic mediums (i.e.,
Hp = Wo); thereforem is approximatelye. To account for the absorption effects of aerosol@nd in turnm) is
defined as a complex quantity. Thus, using the classical damped harmonic oscillator model (Lorentz-Lorenz and
Maxwell’s relation) the spectral variation of complex refractive index can be described as function of wavenumber

(= %) dependent complex dielectric constant (relative permittivity) (Bohren and Huffman, 1983; Thomas et al.,

2004):

1
m,(¥) = @dwy+w@y+dwjz (1.28)

2
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wheree’ ande’ are the real and imaginary part of the dielectric constant of a particle, respectively.

The real part ofn determines the scattering effects of aerosols; whereas, the imaginary part accounts for the
absorption characteristics. Generally, the chemical composition of aerosols (and in turn their dielectric
characteristics: Eq. (1.28) and Eg. (1.29)), their mixing state and the ambient atmosphere RH determines the
magnitude of aerosol complex refractive index (Liu et al.,, 2002; Tegen, 2003). As previously mentioned,
atmospheric aerosols are composed of multi-component particles, which are mixed internally and/or externally.
Therefore, the effective refractive index of atmospheric aerosols are computed using different optical mixing rules
such as Lorentz—Lorenz, Maxwell-Garnett rule, effective medium approximation and others (e.g., Chylek et al.,
1981; Abo Rizig et al., 2007). Overall, particles produced from incomplete biomass combustions have high
shortwave absorption properties and hence highOver the visible spectrum, partially absorbing aerosols such as
mineral dust and organic carbon usually exhibit intermediate values ofbahdm;. Sulfates, nitrates and sea-salt

aerosols are examples of atmospheric particles which have high shortwave scattering properties and hence

The Mie coefficientsd,,, b,,) are a function ofn; thus, any uncertainties associated within turn affect the
accuracy of extinction, scattering and absorption efficiencies that are respectively calculated from Eq. (1.17), Eq.
(2.21) and Eq. (1.23) (e.g., Kim and Lior, 1995). Haresitu measurements plays an important role in constraining
the uncertainties that are related withas well ag (McMurry, 2000; Irshad et al., 2009). For instance, water uptake
by hydrophilic aerosol species such as sulfates, nitrates and sea-salt particles leads to an increase in the size and a
change in the chemical composition of the aerosol particle; and immtuhn this case, empirical relations derived
from humidograph (humidified nephelometer) measurements are important in expressing the hygroscopic growth
factor of aerosol particles and their RH dependent effective refractive index (e.g., ten Brink et al., 2000; Magi and
Hobbs, 2003). Also, the knowledge of the RH dependenege fobm in-situ measurements are important to improve
the accuracies of aerosol optical property retrievals from remote-sensing measurements (e.g., Remer et al., 2005)

plus to reduce the uncertainties that exist in aerosol radiative forcing computations (e.g., Ghan and Schwartz, 2007).
1.2.2.2 Aerosol optical depth

Eq. (1.17), Eq. (1.21) and Eq. (1.23) respectively represent the extinction, scattering and absorption
efficiencies of single-particles. The total extinction effects of poly-dispersed particles on incident radiation can be
described by another extensive optical parameter known as the extinction coeffigignurfit m™). For population
of particles with total number concentratidh(m™), size distributionn(r) = dN(r)/dr which span fromr,,;,
(minimum radius) to;,,,, (maximum radius)g,,; can be defined as:

Aot = [ 1r2Q, (dN(r)) dr (1.30)

Tmin dar
Using Eqg. (1.21) @,) and Eq. (1.23) d,) the scattering and absorption coefficients of poly-dispersed
particles can be defined similarly as Eg. (1.30); therefore, the extinction coefficient can be written as the sum of the
scattering coefficient and absorption coefficient. Vertically integrated spectral extinction coefficient of aerosol
particles is known as column extinction optical depth (A@Dand is defined as:
T = [ Qexeadz (1.31)
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wherez is the altitude in the atmospheric column with units of length such theta dimensionless parameter. The

7, depends on the vertical profile af,; [Eq. (1.30)]; in turn, it is a complex function of, x and the aerosol
number concentration. The AOD is one of the key optical parameter of aerosols which can be derived from ground-
based and space-borne atmospheric remote-sensing measurements. The spectral dependeacel gf can be
described by an empirical expression which is known as Angstrom expohemhé¢a and its spectral derivative

(«") are important parameters to illustrate the dominant mode of aerosol size distribution. For further discussion on

T;, oo anda’ as well as their significance the reader is requested to refer the next chapter.

Another useful optical parameter of aerosols which is determined from the extinction (scattering or
absorption) coefficient is the mass specific extinctign,] (scattering ¥.,:] or absorptiony,,s]) efficiency.yq.:
(Vscat OF Yaps) are defined as the amount of extinction (scattering or absorption) per unit mass of aerosol (usually it is
expressed with a unit of#g):

A
ph = 2% (1.32)

4rip;

where the subscript; stands forext’, ‘scat’ or ‘abs’ which represent the processes of extinction scattering, and
absorption for specific particulate component, respectiyglyandr; are correspond to the density and radius of
specific aerosol patrticles. Overaﬂ,ﬁi specifies the efficiencies of a unit mass of single aerosol component in
attenuating radiation. In aerosol modelling studi;eél,is often used to determine the extinction (scattering or

absorption) optical depths of individual/groups of atmospheric aerosols (see chapter 3).
1.2.2.3 Phase function

The phase functionP}(x, m, 6,)] of a particle describes the angular distribution of the light scattered by a
particle; it is highly sensitive to the particle shape (e.g., Mishchenko 1993; Borrmann et al., 2000). Thedigtically
can be expressed as the scattered intensity at a specific scatteringfanglerrhalised by the integral of the
scattered intensity over all scattering directions. Therefrean be taken as the probability distribution function
which expresses the probability of scattering within a certain differential scattering ddg)erdlative to the
direction of the incident radiation:

1 %zfo” P,(8)sin(6)d6 (1.33)

The radiation scattered by a particle in forward and backward hemispheres are important to assess the
radiative influences of aerosols. Therefdtgis parameterized analytically with asymmetry parametgrwhich is
defined as the cosine-weighted mean of the angular scattering phase function [Eq. (1.34)]. Accggdsgbuyally

applicable in radiative transfer calculations which are implemented in climate models.
g, = % Jy P2(8)cos(8)sin(6)do (1.34)

Theoreticallyg, varies between -1 (for complete back scatterthg= 180°) and +1 (scattering is entirely in the
forward direction:6; = 0°). Wheng; = 0 the scattering is isotropic (i.e., the scattering is symmetric with respect to

the forward and backward directions).
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1.2.2.4 Single scattering albedo

Spectral single scattering albedo,} is an aerosol composition dependent dimensionless quantity which
represents the fraction of extinction due to scattering (i.e., it mirror the relative effects of scattering and absorption).
For single particlesp, can be quantified as the ratio of the scattering efficiency to extinction efficiency (i.e., for
spherical particlev, is the ratio of Eq. (1.21) to Eq. (1.17)):

— Q?cat

A
Qext

For poly-dispersed atmospheric aerosols, the columnar averaggn be quantified as the ratio of scattering
optical depth to extinction optical depth. The valuesgfanges from 0O (for purely-absorbing aerosols) to 1 (for non-
absorbing aerosols). Atmospheric aerosols contain a complex mixture of absorbing and scattering constituents; thus
the columnar average;, is in between its two extreme values; is an important parameter in determining the
amount of atmospheric heating due to the aerosol. For instance, in the visible spectrabyahge)fate and sea-
salt aerosols are close to 1 (theif is almost zero); therefore, their atmospheric heating effects is nearly zero.
Whereas, BC and dust have lower valuespf{they have higher values of;), thus they have atmospheric heating

influences (e.g. Hess et al., 1998; see also chapter 4 and chapter 5).

Overall, w; determines the sign of atmospheric aerosol direct radiative forcing: negative (cooling) or positive
(warming) in the atmosphere (e.g. Hansen et al., 1997; Liao and Seinfeld, 1998). In order to retrieve different
microphysical parameters of aerosols as well as to examine their radiative influences using radiative transfer theory,
the quantification ofr;, w,, andg, is crucial (Liao and Seinfeld, 1998). Therefore, to determine these important
optical parameters of aerosols with better accuracy and to reduce uncertainties in model estimated aerosol forcing,
various measurement techniques and modelling approaches need to be synchronized together. This particular topic as
well as additional information about the importance of aerosol optical properties will be discussed later in this study

(see chapter 3).

1.3 Climatic implications of aerosols

Atmospheric aerosols have several environmental effects (which range from local to global scale). The health
effects of aerosols are typically important on a local scale, such as in highly populated regions, industrialized urban
zones as well as in some sectors such as in mining areas (e.g., Forsberg et al., 2005). Depending on the
concentrations, chemical composition and duration of exposure, inhalation of fine particles may cause certain health
hazards which range from small cardiovascular and respiratory system irritations to serious infections (Harrison and
Yin, 2000). From regional to a global scale, aerosols have a potential to influence heterogeneous chemistry processes
of the atmosphere (Ravishankara, 1997; Finlayson-Pitts and Pitts, 2000) as well as the Earth’s climate (Penner et al.,
2001; Ramanathan et al., 2001).

Contingent on manifold environmental situations as well as the aerosol physico-chemical properties,
atmospheric particulates can act as sites for heterogeneous chemical reactions to take place (e.g., Ravishankara,
1997). For instance, depending on environmental conditions of the region, the photochemical reactions of inorganic
halogens (which are primarily induced from sea-salt sprays) have a dual role in promoting syifeasiu€ion or
destruction (Finlayson-Pitts and Pitts, 1997; Keene et al., 1999; WMO, 2002). Furthermore, it has been hypothesised
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that during the polar stratospheric cloud formation, aerosol reactions lead to the formation of reactive chlorine, which
eventually increases ozone destruction (e.g., WMO, 2002). Overall, the chemical reactions within sea-spray aerosols,
dust and other atmospheric constituents, sulfur cycle as well as other chemical processes of particulates have a
diverse influence in atmospheric chemistry and environmental processes (e.g., Dentener et al., 1996; Seinfeld and
Pandis, 2006).

The deposition processes of atmospheric aerosols have also an important role in natural ecosystems, e.g., via
inducing acidic rain formation and changes in biogeochemical cycling (e.g., Mahowald et al., 2011 and references
therein). Even though atmospheric aerosols have been implicated in various issues, the focal point of this study is on
their role in the climate system. Aerosols influence both regional and global climate through different mechanisms
that are broadly classified into three basic groups: direct, semi-direct and indirect effects; which will be briefly
discussed below.

1.3.1 Direct Radiative Effect

The primary source of energy that drives the Earth’s climate system is radiation from the Sun (Houghton et
al. 2001). The extra-terrestrial solar spectrum (spectral distribution of solar radiation at the top of the Earth’'s
atmosphere) approximately lies within the wavelength range Q.2 <.Qum, with a maximum of energy at~
0.475um. The total amount of solar radiation falling at the top of the Earth’s atmosphere varies with different factors
such as the Earth-Sun distance and tilt of the Earth’s axis (Liou, 2002).

While the solar radiation passes through the Earth’s atmosphere, various attenuation processes will reduce its
energy such as absorption, scattering, refraction, reflection and diffraction. Mostly in the ultraviolet (UV) region
selective absorption takes place due to the ozone, while water vapour and other greenhouse gases primarily absorb in
the infrared (IR) region (Seinfeld and Pandis, 2006). Over the lower parts of the visible spectrum, attenuation usually
takes place through scattering by gaseous constituents and fine particles (occasionally some molecules and particles
also absorb in this region). Generally, the scattering and absorption by atmospheric aerosols takes place in the visible
(VIS) and near-infrared (NIR) region. As the size of atmospheric particles becomes largam(y t8& process of
refraction and diffraction become dominant in attenuation, such as rain and cloud droplets as well as occasionally
occurring dust and biogenic aerosols belong to this category. Attenuation through reflection (as well as multiple
scattering) mostly occurred by clouds. Eventually, the solar radiation reaches the Earth’s surface as two components:
direct (i.e., part of extra-terrestrial solar radiation which reaches the Earth’s surface without being scattered) and
diffuse (part of extra-terrestrial solar radiation which arrives at the Earth’s surface as a result of scattering, reflection
and other dispersion). The sum of direct and diffuse components of solar radiation gives the total surface solar

radiation.

Depending on the surface type (and in turn the surface albedo) as well as angle of the sun, the solar radiation
falling on the Earth’s surface will be absorbed or reflected (as well as diffused through multiple scattering). For
example: fresh snow reflects 80-90% of the VIS-spectrum, whereas fresh asphalt reflects only 4-8%. The physical
process of energy transfer in the form of electromagnetic radiation within the Earth-atmosphere system can be
described mathematically using the Radiative Transfer (RT) theory. Considering various physical phenomena, the
energy redistribution due to different scattering processes and various forms of energy loss - by absorption, as well as
gains due to emission are comprised in three-dimensional (3D) atmospheric RT equation. Thus, the radiation budget

of the Earth-atmosphere system can be computed from the solution of RT equation (e.g., Liou, 2002). Moreover,
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advanced RT theory is very important for the retrieval of atmospheric constituents plus different state parameters of
the atmosphere from measured spectra (such as from passive remote-sensing measurements). For detailed
information on radiation processes in planetary atmosphere, the mathematical description of RT theory and essential
conditions/approximations that are necessary for RT model implementation, the readers are referred to Kiehl et al.
(1996) and Liou (2002).

Generally, the absorption of solar radiation (primarily by the underlying surface and to some extent by the
atmosphere) is approximately balanced by the outgoing long-wave radiation. Radiative forcing refers to a change in
the radiation budget (in both shortwave and longwave) of the Earth-atmosphere system through different radiation
perturbing agents. This drives the climate system to a new thermal equilibrium state and results in several changes on
our climate system. Therefore, radiative forcing is often expressed as one of the main factors which causes climatic
forcing (commonly known as climate change). For instance, aerosol particles and greenhouse gases can directly
scatter and absorb electromagnetic radiation (which in turn can change the planetary albedo); thereby they are taken

as the major atmospheric radiative forcing (climatic forcing) agents.

The net flux £, in units of W/nf) in a specifiedi range and at any level in the atmosphere is defined as the

difference in downwardFg,n) and upwardK,,) fluxes that are computed using radiative transfer theory:

Fret = Faown — Fup (1.36)
Thus, aerosol Radiative Forcing (RF) at a specific level of the atmosphere is defined as (Forster et al., 2007):

RF = Fpeta = Fretn (1.37)

where Feto and Feen are the net flux at the same level of the atmosphere but with and without aerosols,

respectively.

The negative sign of RF (Eq. (1.37)) denotes radiative cooling tendencies of aerosols and the vice versa for a
positive sign of RF. Generally, atmospheric aerosols can exert radiative forcings directly and/or indirectly. Direct
radiative forcing occurs due to the aerosols ability to scatter and absorb the incoming/surface and cloud reflected
solar radiation as well as through their emission of thermal radiation such as from mineral dust aerosol layer. Indirect
radiative forcing occurs due to their cloud condensation nuclei role, aerosols affect the microphysical and optical
properties of clouds such as its albedo (first indirect effect; e.g., Forster et al., 2007 and references therein). Often,
RF of aerosols is specified at the surface or top of the atmosphere (Markowicz et al., 2003). However, the RF profiles
of aerosols are also important to compute their effects on the atmospheric stability and cloud cover (Ackerman et al.,
2000; Seinfeld and Pandis, 2006; Jiang and Feingold, 2006).

Usually, the change in radiative equilibrium at the surface is partly balanced by alteration in outgoing surface
longwave radiation and partly by adjustments in latent and sensible heat fluxes; hence modifications of the
hydrological cycle (Ramanathan et al., 2001; Feichter et al., 2004; see also chapter 4 to chapter 7 and references
therein). The indirect mechanism of aerosol RF is highly dependent on their chemical composition and interaction
with clouds (see section 1.3.3). However, the magnitude and the sign of direct RF of aerosols is governed by their
optical properties; which are:ext’l/y,gli/q [Eq. (1.30)/Eq. (1.32)/Eq. (1.31); (EQ. (1.35)),g; (EqQ. (1.34)) (e.q.,

Liao and Seinfeld, 1998). These variables are also determined by the aerosol size distribution, the physico-chemical

properties of the particles and their mixing state. The variations of aerosol microphysical properties due to RH and
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other aging processes can also lead to variations in optical properties of aerosols, and in turn in their direct RF.
Besides these, the aerosols’ direct RF is sensitive to the altitude where the patrticles reside, the cloud thickness and

the spatio-temporal variation of the underlying surface albedo (e.g., Forster et al., 2007).

Top of the
\ atmosphere \ \ \ 5‘ \

~=>/- Indirect effect  « -
oniceclouds _ _

- .-;. Q.-

Surface and contrails ., °*
Scattering&  Unperturbed Increased CDNC Drizzle Increased cloud height Increased cloud Heating causes
absorption of cloud (constant LWC) suppression. (Pincus & Baker, 1994) lifetime cloud burn-off
radiation (Twomey, 1974) Increased LWC (Albrecht, 1989) (Ackerman et al., 2000)
\ Direct effects } Cloud albedo effect/ @ud lifetime effect/ 2 indirect effect/ Albrecht effect \ Semi-direct effect }
15t indirect effect/

Twomey effect

The small black dots represent aerosol particles; the larger open circles cloud droplets. Straight lines represent the incident
and reflected solar radiation, and wavy lines represent terrestrial radiation. The filled white circles indicate cloud droplet

number concentration (CDNC). The vertical grey dashes represent rainfall, and LWC refers to the liquid water content.
Fig. 4. Schematic diagram for direct, semi-direct and indirect effects of atmospheric aerosols. (adopted from Forster
et al., 2007).

Overall, due to the aerosol scattering (see section 1.2.1) dependence on size, their direct radiative effect is
dominant over the visible parts of the spectrum; except for the large size particles such as dust, sea-salt and biogenic
aerosols which have an influence over the NIR region (e.g. Markowicz et al., 2003). In addition, over the longwave
spectrum, the thermal emissions of dust particles also have direct radiative influence (see chapter 4 and references
therein). The interactions of non-absorbing aerosols (aerosols witinJoand highw,) with shortwave radiation
increase the albedo of the atmosphere and reduce the amount of radiation reaching the surface (Jacobson, 2001).
Strongly or partially absorbing aerosols also directly result in radiative cooling of the underlying surface while
inducing heating within the atmosphere, which is important for the semi-direct effect. Owing to the short lifetime of
aerosol particles (particularly in the troposphere), their radiative effects are significant in their source regions (see
chapter 4 to chapter 7). For more discussion on regional scale direct radiative effects of different aerosol species
(particularly over South Africa) the reader is requested to refer chapter 4 to chapter 7.

1.3.2 Semi-direct Effect

The absorption of electromagnetic radiation by aerosols (such as the shortwave absorption by biomass
burning or desert dust particles) often leads to a local heating within the atmosphere and this in turn may affect
ambient relative humidity, cloud cover and its formations (e.g., Johnson et al., 2004 and reference therein). This is
referred to as a semi-direct effect as it initially results from the direct interaction of aerosols with radiation as well as
also influences climate indirectly by altering the clouds. Depending on the altitude where the absorbing aerosols

reside relative to the clouds, the type of clouds present and its responses, aerosols’ semi-direct effects may also alter
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the stability near the surface and result a change in vertical transport of moisture. As a result of these processes,
semi-direct effects of aerosols induce perturbations in hydrological cycles (Ramanathan et al., 2001; Perlwitz and
Miller, 2010). Overall, the change in cloud cover and convective activities by aerosols’ semi-direct effects may cause
modification on various climatic variables such as surface temperature, land-atmosphere energy balance, soil

moisture, boundary layer height and atmospheric circulations (e.g., Zhang 2008; also see chapter 4 to chapter 7).

In addition to these, the absorbing aerosol deposition on snow/ice cover darkens the snow, thereby reducing
the snow surface albedo they may promote its melting and further warming of the climate (e.g., Hansen and
Nazarenko, 2004; Flanner et al., 2007). Additionally, the change in cloud cover and other possible climate feedbacks
also demonstrates that the semi-direct forcing has the potential to offset the direct radiative cooling influences of
aerosol particles. This presents a challenging question about the conclusive role of aerosols in climate (Lohmann and
Feichter, 2001; Forster et al., 2007). Additional brief descriptions of aerosols’ semi-direct effects as well as a list of
important references are given in chapter 3. Furthermore, chapter 4 to chapter 7 show the regional scale semi-direct
effects of aerosols (particles that are induced from different sectors) on different climatic variables as well as the

correlations among them.

1.3.3Indirect Effect

Although both semi-direct and indirect effects of aerosols influence cloud cover (cloud lifetime) and other
hydrological variables, the mechanism through which they occur is quite different from one another. Indirect effects
refer to the influence of atmospheric particulates on cloud optical and microphysical properties due to the role they
play as Cloud Condensation Nuclei (CCN) (Lohmann and Feichter, 2005). The condensation of water vapour upon
aerosol particles increases their size and eventually these particles reach a critical diameter to become active CCN.
Thus, the formation of cloud droplets can be easily initiated by these CCN at much lower super-saturation points
than the super-saturation threshold which is required for nucleation of homogenous water vapour (e.g., Kerminen et
al., 2012). This process strongly depends on chemical properties and size distribution of aerosol particles as well as

the amount of moisture available in the ambient atmosphere (e.g., Tao et al., 2012 and references therein).

Hygroscopic particles have a greater ability to attract moisture (i.e., they are effective CCN). As a result, they
tend to increase cloud droplet concentrations and droplet surface area (e.g. Boucher and Lohmann, 1995). This leads
to an increase in shortwave cloud albedo and alters other optical properties of cloud. This is referred to as the first
indirect effect of aerosols or Twomey effect (Twomey, 1974). In addition, increasing cloud droplet number
concentration and reducing the cloud droplet size below the threshold for fixed liquid water content results in a
reduction in effectiveness of coalescence and precipitation efficiency (Seinfeld and Pandis, 2006; Hansen et al.,
2005). Therefore, clouds will retain higher liquid water contents and have a longer lifetime (i.e., this leads to higher
fractional cloud cover). This is referred to as the second indirect effect of aerosols or Albrecht effect (Lohmann and
Feichter 2005 and references therein). A more detailed explanation about the mechanisms through which aerosols

modify the formation of cloud droplets and ice particles can be found in Tao et al. (2012).

In most cases, both indirect effects of aerosols - by increasing cloud reflectivity (first indirect effect) and
cloud lifetime (second indirect effect) - will produce negative surface radiative forcing (e.g. Charlson et al., 1992).
However, it is important to note that the overall indirect radiative forcing is also highly dependent on the location

where the cloud reside and time (Lohmann and Feichter, 2005). Precipitation suppression by the second indirect
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effect may also influence the processes of latent heat release, moisture convergence and other convection processes;
which may lead to a change in the regional circulation patterns (e.g., Fan et al., 2012). Furthermore, the aerosol
indirect effect has a positive feedback for atmospheric lifetime of particles (e.g., Lohmann and Feichter, 2005), i.e.,
reduced precipitation efficiency means fewer aerosols will be removed from the atmosphere by wet deposition

processes (section 1.1.4.1).

1.4 Aerosol measurements and modelling

Aerosol properties and distributions as well as their climate effects are usually determined from a
combination of modelling and measurement techniques. There are manifold measurement techniques which are
basically categorized into two groups:situ sensing and remote-sensing. Generally, dunifgitu observations the
instruments are in contact with the medium they are sensing. Whereas, in remote-sensing observations the devices
which are installed with remote sensors are located some distance away from the subject oflimssxestind
remote-sensing sensors can be installed on either ground-based or airborne devices. In addition, remote-sensing
sensors can also be carried on space-borne platforms. To extract different aspects of aerosol particles (either their
microphysical or optical properties) from-situ and/or remote-sensing observations as well as to quantify various
radiative and climatic influences of aerosols, modelling is important. However, modelling techniques are complex
and they span from numerical solutions of electromagnetic radiation scattering and absorption by particle to

interactively coupled aerosol/chemistry-radiation-climate models.

Numerousin-situ sensing devices are used to measure the physical, chemical, and optical properties of
aerosols (Yu et al.,, 2009 and references therein). Based on the information gathered from the University of
Manchester Centre for Atmospheric Science and other sources, some of thesssgiagin-situ instruments and
their application are summarised in table 2.

Table 2: List ofin-situ instruments and their application

I nstrument Application

Aerodynamic Particle Sizer Providesaerodynamic particle size distributions in the range from 0.5 ton:
using a time-of-flight technique that measures aerodynamic diameter imreal-
(Mitchell and Nagel, 1999).

Differential Mobility Particle Sizer One of the techniques used to measure thersalen aerosol size distributio
(particles radii in the range from 1 nm tomdu Compared with optical sizir
instruments, these measurements are advantageous in terms of detegtlag a
range of sub-micron particles and are not sensitive tparteles refractive inde
(Intra and Tippayawong, 2008 and reference therein).

Hygroscopic Tandem Differenti Measures size resolved aerosol hygroscopic properties (Hameri et al., 2000; Fors
Mobility Analyser etal., 2011).
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Optical Particle Counters (OPC) This technique is based on the fact that when a particle passes thrbglgh a
source (usually a laser or halogen light) some of the light is scattered
detecting the scattered light in a photo-detection chamber, OPC prdhizles
particle number, size as well as particle shape. The size detection sensitivity
OPC is usually > 0.0mm; but it also depends on the wavelength range ¢
incident radiation and the photo-detector spectralluésn (Kiselev et al., 200!
Heim et al., 2008).

Integrating nephelometer Important in providing the scattering and back scattering coefficien
atmospheric aerosols with the RH dependence as well as the si:
concentration of particles. Coming the integrating nephelometer measurerr
with other aerosol instruments data and mathematical models it is poss
retrieve additional aerosol optical parameters. It is often used inimealair
quality controls, climate monitoring and visibflimeasurements (Anderson et
1996; Anderson and Ogren, 1998).

Aerosol Mass Spectrometer (AMS) Used to study the chemical and physical nature of aerosol particles online
et al., 2000; Canagaratna et al., 2007).

Multi Angle Absorption Photomete Using different operational and computational approatiots MAAP (Petzolc

(MAAP) and Particulate Sorand Schonlinner, 2004) and PSAP (Muller et al., 2011) provide the black «

Absorption Photometer (PSAP).  mass loading based on lightsaoption coefficient. MAAP are designed to red
the PSAP scattering uncertainties.

Both MAAP and PSAP external mixture assumption; however within age
masses BC appeared as internal mixture. In accuracies in mixing
assumptions can be corrattesing other instruments which measure the

content of individual particles such as Single Particle Soot Photometer.

Photo Acoustic Soot Spectrometer Provides the redime optical absorption coefficient of suspended ae
particles, absorbing angstrom exponent, black carbon mass loading and

absorption by gases (Lack et al., 2009 and references therein).

Condensation Particle Counters  Used to measure the concentration of nano particles; which is important t
the formation of nucleation mode particles and their transformations (Sipila
2008).

Cloud Condensation Nucleus Cour Used to determine the concentration of cloud condensation nuclei in thieaair

specific super-saturation point (Lance et al., 2006).

The interaction of electromagnetic radiation with matter modifies some parameters of the incident wave (it
can be amplitude, phase or spectral composition modifications). These modified parameters of the incident wave
contain important signatures of the medium to which they interact. Therefore, atmospheric radiometric
measurements of EM-radiation in specific spectral intervals (from ground or space based instruments) and
mathematical inversions (data analysis) of these measurements - provide information about the physical and optical

properties of atmospheric constituents plus other properties of the atmosphere. This is the basic principle associated
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with the art of remote-sensing of atmospheric aerosols. Moreover, related with this principle - the remote-sensing of

Earth-atmosphere is classified broadly into two categories: active and passive.

In passive remote-sensing, the sensor measures the radiation which originates from natural sources; such as:
direct, diffused and/or reflected components of solar radiation as well as the radiation emitted by the Earth’s surface-
atmosphere system. Active remote-sensing uses artificially-generated radiation sources which can be controlled by
the observer e.g., lasers used for LIDAR (LIght Detection And Ranging) or microwaves used in RADAR (RAdio
Detection And Ranging). Active sensors detect the radiation scattered back from the target as well as depending on
the purpose of the experiment, usually active remote-sensing operates in a spectral domain spanning from the UV to

the microwave region.

A multi wavelength sun-photometer is one of the most popular examples of ground based passive remote-
sensing instruments. It is useful to measure the solar spectral irradiance at the surface. When it is compared with the
corresponding extra-terrestrial spectral irradiance, it provides the solar spectral transmittance of the atmosphere (i.e.,
the Total Optical Thickness of the Atmosphere: TOTA). In cloud-free conditions, removing the molecular scattering
and absorption contributions from TOTA - one may determine the column integrated spectral attenuation due to
aerosols (i.e., AOD). Later, using the numerical solutions of different particulate scattering theory (such as Mie
theory) and well optimized inversion based retrievals - one can determine various column-mean optical and
microphysical properties of aerosols, from the measured AOD (Dubovik et al., 2000). To increase the retrieval
accuracy, usually retrieved parameters are evaluated by comparisesittomeasurements (e.g., Haywood et al.,

2003). For instance, long-term aerosol monitoring and characterization using ground-based multiple spectral sun-
photometer measurements have been achieved through worldwide network of Aerosol Robotic Network
(AERONET, Holben et al., 2001; Dubovik et al., 2000). Relative to other aerosol remote-sensing measurements,
AERONET observations are continuous and have a better accuracy (Dubovik et al., 2002); thus, they have also
become the main data sources for the evaluation of satellite retrievals, model simulations and other aerosol remote-
sensing observations (e.g., Chin et al., 2002; Torres et al., 2002; Kinne et al., 2003; Remer et al., 2005; Kahn et al.,
2005). Furthermore, aerosol optical and microphysical properties which are determined from AERONET retrievals

can be used in satellite retrieval algorithms (Remer et al., 2005; Levy et al., 2007).

The LIDAR is one of the practical active remote-sensing devices with multi-platforms. The choice of
platforms (i.e., ground-based platform, airborne platform and space-borne platform) depends largely on the
application. LIDAR uses ultraviolet, visible or near-infrared light and all of its platforms operate according to the
basic principle of detecting the radiation which is scattered back to a telescope (receiver) after interacting with the
target. LIDAR can be used for wide range of applications, such as in geological science, mining, survey, atmospheric
research, military, astronomy and others. Atmospheric LIDARs were used to study the atmospheric composition,
dynamics, structure, clouds and aerosols (e.g., Winker et al., 2013 and references therein). In atmospheric research
the LIDAR systems are usually named according to the types of scattering processes used: for example, the LIDAR
which uses Rayleigh scattering: Rayleigh LIDAR, Mie scattering: Mie LIDAR, Raman scattering: Raman LIDAR
and so on. The Mie LIDAR and Raman LIDAR (depending on the wavelength used) are applicable in providing
range-resolved vertical profiles of aerosol optical properties. Furthermore, depending on the number of transmitted
wavelengths, one can also retrieve various column weighted optical and microphysical properties of aerosols from
vertically resolved LIDAR measurements. Unlike the passive measurements which are constrained to column

properties of aerosols, LIDAR provides both the vertical profile and column weighted aerosol optical properties,
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which are important for computation of aerosol radiative effects (e.g., Gadhavi and Jayaraman 2006; Winker et al.,

2013 and references therein).

Aerosol physical and chemical properties are highly heterogeneous, both in space and time. Accordingly, due
to the spatial and temporal coverage limitations of both ground/aircraft basstl and remote-sensing
measurements of aerosols - they are unsuitable for the global monitoring aerosol particles. On the other hand, even if
there are progressively improving accuracy confinements in satellite platforms, to this end, measurement-based long-
term characterization of aerosol properties, distributions and transport on regional to global scales can only be
achieved through satellite remote-sensing (King et al., 1999; Kaufman et al., 2002; Foster et al., 2007; Mishchenko et
al.,, 2007). Passive satellite sensors measure the radiance at the top of the atmosphere (TOA) which is
reflected/scattered or emitted from the Earth’s surface-atmosphere system. Analysing this radiance we can extract
information about aerosol properties.

Due to the combined scattering influences of air molecules and aerosols as well as reflection from clouds and
the Earth’s surface, the retrieval of aerosol properties from satellite measured TOA radiance is more sophisticated ill-
posed problem. Therefore, satellite retrieval algorithms utilise different assumptions which are well constrained by
in-sitw/other remote-sensing measurements, such as on the surface reflectivity and physico-chemical properties of
aerosol particles (Remer et al., 2005; Levy et al., 2007). After cloud-screening, retrievals from passive satellites
provide column integrated (column-mean) aerosol optical properties over the ocean/land or in both surfaces.
Complementary to passive satellite sensors, space-borne active remote-sensing of aerosols such as CALIPSO provide
important information about the vertical structure of aerosol optical properties and clouds on a global scale (Winker
et al., 2013 and references therein). Table 3 summarizes major satellites which are often applicable for the

tropospheric aerosol characterization and their aerosol products (modified from Yu et al., 2009).

Table 3: Summary of the major satellites which are applicable for the tropospheric aerosol characterization and their
aerosol products (modified from Yu et al., 2009).

Sensor/platform Parameters Spatial Temporal References

coverage coverage

AVHRR/NOAAseries Column-integrated: optical  deptl global ocean 1981-presen Husar et al.,, 1997;

Angstrém exponent Mishchenko et al.,
1999
TOMS/Nimbus, Column-integrated:  optical  deptl global land 1979-2001 Herman et al., 1997,
ADEOSL, EP absorbing aerosol + ocean Torres et al.,, 1998;
. . : 2002
index; single-scattering
albedo; absorbing optical
depth
POLDER-1,-2, Column-integrated:  optical  deptl global land 1997-presen Deuzé et al., 2001,
PARASOL Angstréom exponent; + ocean Bellouin et al., 2003

fine-mode fraction;

non-spherical fraction
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MODIS/Terra, Aqua Column-integrated: optical  deptl global land 2000-presen Tanré et al.,, 1997,
Angstrém exponent; fine-mode fractio + ocean (Terra) Remer et

effective radius; asymmetry factor 2002-presen al,  2002:  2005:

(Aqua) Kleidman et al., 2005
MISR/Terra Column-integrated: optical  deptl global land 2000-presen Diner et al.,, 1998;
Angstrém exponent; single + ocean Martonchik et al.,

scatteringalbedo; 1998: 2002: Kahn et

Small; medium, large al., 2005

fractions; non-spherical

fraction
OMI/Aura Column-integrated: optical  deptl global land 2005-presen Torres et al., 2007;
absorbing aerosol + ocean Ahn et al., 2008

index; single-scattering

albedo; absorbing optical

depth
GLAS/ICESat Vertical-resolved: extinction/backscatte global land 2003-presen Spinhirne et  al.,
+ ocean (~3months/ 2005a; 2005b
year)
CALIOP/CALIPSO  Vertical-resolved: extinction/backscatte global land 2006 - Winker et al., 2007,
color ratio; depolarization + ocean present 2013
ratio

Advanced Very High Resolution Radiometer (AVHRR); Total Ozone Mapping Spectrometer (TOMS); Ozone Monitoring Instrument
(OMI); MODerate resolution Imaging Spectroradiometer (MODIS); Multi-angle Imaging SpectroRadiometer (MISR); Polarization and
Directionality of the Earth’s Reflectance (POLDER); Polarization and Anisotropy of Reflectance for Atmospheric Science coupled with
Observations from a Lidar (PARASOL); Geoscience Laser Altimeter System (GLAS); Cloud and Aerosol Lidar with Orthogonal
Polarization (CALIOP).

To advance the scientific understanding and quantitative assessments of aerosol atmospheric processes plus
their impact on radiative budget and climate - information which have been gathered from different aerosol
observation techniques needs to be synchronized with chemistry-climate models that simulate a suite of atmospheric
aerosols (Forster et al., 2007 and references therein). The-tgmagioral distribution of aerosols basically depends
on the emission rate of primary particles/precursor gases, their formation/transformation (aging), transport and
removal processes. These processes are usually represented in climatic models by off-line or on-line coupled tracer
transport equation. For different aerosol species (tréctire corresponding mass-mixing rafiocan becalculated
using the tracer transport equation (Solmon et al., 2006):

agt

—== —V.V¢' + B + By + T¢ + E' = Riys = Riyc — Dg + Z(np — n}) (1.38)

where the first four terms of Eq. (1.38) represent advection, horizontal and vertical turbulent diffusion and

convective transport, respectively (Solmon et al., 2006; Qian et al., 2004)the surface emission of primary
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particle/precursor gasR{',V,ls and R{;V,C in Eg. (1.38) are the wet removal terms by large scale and convective rain,
respectively (Giorgi, 1989; Giorgi and Chameides, 19&8)is removal by dry depositiom,‘; and n! indicate

production and losses due to manifold physico-chemical transformations (Solmon et al., 2006; Qian et al., 2001).

The parameterization of each term of Eqg. (1.38) is very complex and it is the major source of large
uncertainties associated with the modelled aerosol forcing (Randall et al., 2007 and references therein). Basically the
parameterizations of each term in Eq. (1.38) require: various input from other sources, numerical computations,
assumptions, as well as measurement based prior information. The parameterization of emission, deposition and
physico-chemical transformation terms varies significantly according to the type of aerosol that is considered. In this
regard,in-situ and remote-sensing measurements - beside their significant role in providing the properties and
distributions of atmospheric particulates (from local to global scale), they also deliver vital parameterizations which
are important for representation of aerosol processes in climate models. For inst@itcemmeasurements are
important to develop composition dependent empirical formulations for processes involved in: formation of
secondary aerosols, particles emissions, aging and removal. These measurement based parameterizations provide the
fundamental basis for implementation of aerosol schemes in a climate model. For more detailed description of

different aerosol modules the reader is referred to chapter 3 and references therein.

The optical properties of individual species or a group of aerosols (depending on the mixing state
assumptions) are computed using simulated mass concentrations (Eqg. (1.38)) and model assumed aerosol optical
coefficients. Thereafter, using modelled aerosol optical properties and the radiative transfer scheme which is
cooperated within the climate model - the radiative effects of aerosols and climatic feedbacks can be computed.
However, the computation of the radiative feedbacks of the climate is most sophisticated as the climate system and it
is highly reliant on the state of coupling among aerosol module-radiative-climate model. The magnitude of different
coefficients which are essential for quantification of aerosol: atmospheric processes, optical properties (as a function
of RH and other aging process) and cloud nucleating properties (Q@Nntoation as a function of super-saturation

and kinetic limitations) - can be established from in-sligervations and used in place of model assumed values.

Furthermore, bothn-situ and remote-sensing measurements can provide important data sets which can be
used for the validation of model generated aerosol distributions and optical properties (see chapter 3). Such
comparisons are very crucial to identify the models constraints or areas where the models need improvement.
Chapter 3 of this study - other than providing the evaluation of RegCM simulated optical properties of aerosols - also
briefly address the significance of studying the climatic effects of aerosols using aerosol modules which are
interactively coupled with climatic models. Therefore, for additional information on the need and importance of four-
dimensional aerosol-climate models (4D: models which spans with space-time grid: Eq. (1.38)), integrated approach,
the advantage of RCMs, interactively coupled RegCM-aerosol model and other related issues - the reader may refer

to chapter 3.

1.5 Aerosol studiesin South Africa

Agricultural practices are the major source of income or simply a means of survival in most African
populace. For preparation of the planting season, to control weeds or pests, to maintain crop yields and other reasons,
agricultural activities involve land clearing. Open burning of crop residue, grass and bush lands as well as forest

clearing (deforestation) are the major events that take place during agricultural land clearing. These anthropogenic
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biomass burning activities emit large quantities of atmospheric trace gases and aerosols as well as create smoke
which may cause public health hazards. In the last decades, in order to quantify trace species that are emitted from
African biomass burning activities plus to examine their transport and impacts, various observational and modelling
studies have been carried out (e.g., Roelofs et al., 1997; Chatfield et al., 2002; Staudt et al., 2002; Gao et al., 2003;
Johnson, 2008; Capes et al., 2008; Hand et al., 2010; Tummon, 2011 and references therein).

Additionally, one of the major components of aerosols in Africa is mineral dust particles. Basically, the
majority of dust particles in Africa are induced due to wind erosions in arid and semi-arid areas - such as the Sahara
in northern Africa, Kalahari in southern Africa and other locations (Engelstaedter and Washington, 2007). The other
principal causes for wind-eroded dust load in Africa are deforestation and land use changes which result due to
agricultural practices, well expanded mining activities and other anthropogenic practices (e.g., Tegen et al., 2004;
Shao, 2008). Additionally, different studies showed that in most African nations, industrial emissions are not the
major sources of aerosols; however, this excludes some countries such as South Africa (see chapter 5 and references
therein). Among various nations of Africa, this study specifically will focus on examining the distribution and first

degree climatic influences of aerosols in South Africa.

South Africa is located at the southernmost tip of the African continent (22° - 34° S, 16° - 32° E), surrounded
by the Atlantic and Indian Oceans and borders Lesotho, Swaziland, Namibia, Botswana, Zimbabwe and
Mozambique. The regional aridity index variation shows that South Africa includes all the four basic climatic
features: arid, semi-arid, semi-wet and wet (e.g., Tyson and Preston-Whyte, 2000). Most of the arid areas of South
Africa are located in the west and southwest parts of the coBdngi-arid regions are found on the outer edge of
arid areas (i.e., the central and northern areas of South Africa). Following these, the northeast as well as the eastern
and southern coastal areas of South Africa show semi-wet and wet climatic features. The vegetation coverage in
South Africa is highly diverse (e.g., Thompson, 1996). Following the aforementioned climatic features, the
vegetation types varies from arid and semi-arid shrubland vegetation such as Nama Karoo, succulent karoo, grasses,
herbs, and geophytes - through fynbos, savanna and woodland to coastal thicket and dense alpine forest (e.qg.,
Rutherford and Westfall, 1994; Thompson, 1996; Privette et al., 2004; Privette and Roy, 2005). For further
discussions on southern Africa regional climate: such as the seasonal variation of circulation patterns, inter-annual/-
decadal climate variability, temperature and precipitation trends as well as the vertical stability layers, the reader is

referred to Tyson and Preston-Whyte (2000); Tummon (2011) and references therein.

The Kalahari desert/basin (annual precipitation < 200mm) - which cover almost all of Botswana, large areas
of Namibia and some western parts of South Africa - is increasingly recognized to be the main source of wind-
eroded desert dust particles in South Africa (e.g., Bhattachan et al., 2012 and references therein; also see chapter 4).
Land cover and land use changes due to the mining operations and agricultural activities in semi-arid regions of
South Africa (especially over the northern part) also cause land degradation and increase the load of windblown dust
particles (e.g., Shao, 2008; Tesfaye et al., 2011).

South Africa has large reserves of different minerals such as coal, iron, vanadium, gold, silver, graphite and
others. Most of these reserves are distributed over the central and northern areas (mainly over the Highveld regions
of South Africa) as well as the eastern and southern parts of the country. Due to this and other reasons, most of the
mining activities, power productions, metal industries, oil and sugar refineries and agricultural manufacturing centres

are populated over the areas of South Africa which have a climatic future of semi-arid, semi-wet and wet. In
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addition, industrial and agricultural sectors are sources of employment and income for most South Africans. As a
result, the population density of South Africa is much higher in semi-arid, semi-wet and wet areas than in the arid
regions (e.g., Archer et al., 2010; Van Huyssteen et al.,, 2013). This reflects that most of the South African
anthropogenic aerosols are emitted from these regions (see chapter 2 and chapter 5). In particular, various studies
listed in chapter 5 point-out that the Highveld region of South Africa is the principal source of anthropogenic air

pollutants in southern Africa.

To study the physico-chemical/optical properties, distribution, climatic influences and transport of southern
Africa’s aerosols, over the past decade or so, few large interdisciplinary field campaigns as well as continuous
measurements have been performed using different platforms. Major regional campaigns which have studied
aerosols and other pollutants in and around South Africa are listed in table 4. Also the results of these campaigns are
briefly described in each of the introductory sections of each of the appropriate chapters (particularly from chapter 4
to chapter 7 as well as over some parts of chapter 2). Therefore to avoid repetition of information the reader may
refer to these sections. Overall, studies which are listed in the aforementioned chapters (also for a review, see
Tummon, 2011), are able to provide numerous information about the aerosols’: sources/formation, atmospheric

processes, distribution, transport, physico-chemical and optical properties and impacts, in and around South Africa.

Table 4: List of major field campaigns in and around South Africa (over southern Africa) that are important primarily
for aerosol research as well as other atmospheric trace species.

Campaign Region Time Aimed to examine Major references
oper ated covered
Southern  African Southern September tc emissions and transport « Diab et al., 1996;
Fire-Atmosphere  African and October, trace species from bioma Andreae et al.,, 1996;
Research Initiativer South  Tropical 1992 burning Lindesay et al., 1996

92 (SAFARI-92)  Atlantic

Southern  African southern Africa May 1994 aerosols and trace gas Helas etal., 1995

Atmospheric which are induced fron
Research Initiative different natural anc
(SA'ARI-1994) anthropogenic activitie

(especially outside the ma

biomass burning regions)

Southern  African southern Africa March 1999 emission, transpori Swap et al., 2003 and
Regional Scienct to March atmospheric processes a references on special
Initiative 2000 influences  of  differeni issue of the Journal of
(SAFARI-2000) aerosols and trace gas Geophysical Research

which are induced fron (vol. 108, no. D13, 2003)
different natural anc

anthropogenic activities
Chapter 2 of thesis, discuss most observational studies which have been made in South Africa, focused on
characterising the physico-chemical and optical properties of aerosol particles in a particular locations/areas.
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1.6 Motivation and Outline of the Thesis

Owing to the rapid aging and short lifetimes of aerosols in the troposphere, their properties as well as their
concentration are highly heterogeneous in space and time. In this regard, at least to the best of our knowledge, there
has been no comprehensive study that aimed to examine the seasonal and spatial variation of aerosol optical (and in
turn their microphysical) properties in correlation with the background weather parameters, over the entire South
African region. Studying the long-term correlation among the regional variation of aerosol optical properties and
different metrological parameters such as rainfall, RH and wind speed would contribute to further understanding of
the effects of meteorological conditions on the aerosol optical, microphysical properties and their dynamics (load,
dispersion, and removal processes). Associating such studies with other reports (or local information), it is possible
to characterize the spatio-seasonal variation of aerosol source strengths and able to address the aerosol climatology
which extends from a local to regional scale. This may offer advantageous circumstances (to some extent also

guidance) for further examination of aerosol influences in various aspects.

Measurement-based long period characterization of aerosol properties and their distribution on a regional
and/or global scale can be realized only through satellite remote-sensing (e.g., Foster et al., 2007 and references
therein). In chapter 2, using different optical properties of aerosols which are provided by (and also derived from)
MISR products, a detailed study on the spatio-seasonal aerosol climatology over South Africa is provided. This
chapter also used the background weather parameters (which are obtained from the South African Weather Service)
to examine the influence of local meteorological conditions on aerosol properties as well as to interpret the aerosol

climatological characteristics over South Africa. Chapter 2 needs to be cited as:

Tesfaye, M., V. Sivakumar, J. Botai, and G. Mengistu Tsidu (2011): Aerosol climatology over South Africa
based on 10 years of Multiangle Imaging Spectroradiometer (MISR) Ha@&eophys. Res., 116, D20216,
doi:10.1029/2011JD016023.

South Africa is influenced by almost all types of major atmospheric aerosols: windblown dust and sea-salt
particles plus particulates that are emitted from anthropogenic/biomass burning activities (details are given in chapter
2). Tropospheric aerosols have short atmospheric residence times (Seinfeld and Pandis, 2006), which reflect that
their effects are more pronounced on a regional scale (e.g. Keil and Haywood, 2003). Investigating the radiative and
climatic influences of aerosol particles which are produced from specific activities/events is especially important to
understand how and by how much emission from these activities influence the climate (Solomon et al., 2007). In
addition, such studies are crucial to make strategic environmental management plans and climate change mitigation
(IPCC, 2007). Aerosol measurements are very vital in providing numerous parameterizations which are significant to
represent aerosols in climatic models. However, to closely examine the complex interactions and feedbacks among
aerosols-radiation-climatic, interactively coupled aerosol-climate system models are indispensable tools (see chapter
3). Moreover, for the representation of spatio-temporarily highly variable atmospheric aerosol processes in climate
models, high resolution regional aerosol-climatic models are most suitable and have better precision than the global
aerosol-climate models (e.g., Simmons et al., 2004; Solmon et al., 2006; IPCC, 2007). Therefore, using the Regional
Climate Model (RegCM4) of the International Centre for Theoretical Physics (ICTP) which is interactively coupled
with anthropogenic-desert dust schemes — this study closely examines the distribution, direct and semi-direct effects

of wind-eroded desert dust particles as well as different species of aerosols which are induced from anthropogenic
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and biomass burning sectors, in South Africa. The significance and scope of these studies, new aspects/outcomes that

are realized from them and other crucial points are addressed in each chapter.

Chapter 3: provides a brief description about the need of modelling (especially RegCM), interactively
coupled RegCM4-aerosol model, its limitation, the emission data sets used throughout this dissertation and other
important features. Moreover, the model performance for computing the Optical Properties of Aerosols (OPA) is
very vital to determine the accuracy of the model’s estimated radiative forcing and related climate effects of aerosols.
Therefore, chapter 3 evaluates the OPA computing performance of RegCM4-aerosol model, in South Africa. This
contribution is a first step towards examining the direct and semi-direct effects of aerosols over South Africa using
RegCM4. The reader may note that in this chapter an extended general introduction, as well as a brief description
about the model used (i.e., RegCM4) is addressed. This is to avoid repetition of information; so parts of these
sections will be used as the basic framework for other chapters that follow this contribution. Chapter 3 needs to be

cited as:

Tesfaye, M., J. Botai, V. Sivakumar, and G. Mengistu Tsidu (2013a): Evaluation of Regional Climatic Model
Simulated Aerosol Optical Properties over South Africa Using Ground-Based and Satellite Observations,
ISRN Atmospheric Sciences, vol. 2013, Article ID 237483, 17 pages, 2013. doi:10.1155/2013/237483.

Chapter 4: As stated previously, windblown desert dust particles are one of the main components of
atmospheric aerosols in South Africa (e.g., Tesfaye et al.,, 2011; Bhattachan et al., 2012 and references therein).
Generally, wind-eroded desert dust particles are highly variable in mineralogical compositions, level of occurrences,
as well as are attributed with the ability to interact with both short-wave and long-wave radiation. Owing to these
properties, the distribution and effects of dust particles are more complex and highly variable, both temporally and
spatially. This chapter investigates the seasonal mean spatial distributions of dust loadings, along with its potential
effects on surface and atmospheric radiative budget in different spectral bands [i.e., shortwave, long-wave and the net
(sum of shortwave and long-wave)]. Furthermore, this study also examines the influences of desert dust particles on
surface air temperature, sensible heat fluxes, columnar average net heating rate, cloud cover, cloud liquid water path
and atmospheric dynamics; throughout different seasons of the year, over South Africa. Chapter 4 needs to be cited
as:

Tesfaye, M., G. Mengistu Tsidu, J. Botai, and V. Sivakumar (2013b): “Mineral dust aerosol distributions, its
direct and semi-direct effects over South Africa based on regional climate model simulatigkrid

Environ., in review

Chapter 5: South Africa is one of the most industrialized countries in Africa. As a result, the climatic and air
guality changes that are caused by anthropogenic emissions have progressively become one of the major concerns in
and around South Africa. Based on long-term regional modelling simulations, the present study has examined the
total and individual components of anthropogenic aerosols’ seasonal mean column burden spatial distributions, along

with their direct and semi-direct effects over South Africa. Chapter 5 needs to be cited as:

Tesfaye, M., V. Sivakumar, J. Botai, and G. Mengistu Tsidu (2013c): “Simulation of anthropogenic aerosols
mass distributions and their direct and semi-direct effects over South Africa using Regl@dmM4J,

Climatol., in review
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Chapter 6: Biomass Burning (BB), resulting from both natural and anthropogenic fires, has been identified as
an important source of various types of atmospheric trace gases and a mixture of aerosols. On a continental scale,
many studies recognized Africa as one of the major source of BB emissions. In particular studies using MODIS
products showed that BB from southern Africa contributes approximately 21% of the global active fire counts (e.g.,
Magi et al., 2009). Furthermore, the results from chapter 2 (Tesfaye et al., 2011) showed that South Africa
experiences drastic turbidity due to high levels of biomass burning aerosol loadings during August to October.
Therefore, using the aerosol-RegCM4 two-way interactively coupled regional scale simulation, the present
contribution examines the interactions and feedbacks among the individual/total BB aerosol species, radiation and

climatic fields, over South Africa. Chapter 6 needs to be cited as:

Tesfaye, M., J. Botai, V. Sivakumar and G. Mengistu Tsidu (2013d): “Simulation of biomass burning
aerosols mass distributions and their direct and semi-direct effects over South Africa using a regional climate

model”,J. Meteorol. Atmos. Phys., in review

Chapter 7: The previous chapters (i.e., chapter 4 to chapter 6) examined the mass distribution, direct and
semi-direct climatic effects of naturally induced desert dust particles, different species of aerosols which are induced
from anthropogenic sectors and biomass burning activities, in South Africa. These studies reported separately the
influences of aerosols which originate from a specific sector (activities). In reality, tropospheric aerosols never occur
as individual species; but rather exist as a complex mixture (which refers to as bulk aerosol) with high variability in
their spatio-temporal distributions. Therefore, the combined effects of all aerosols which originate from different
natural processes and anthropogenic activities take place at the same time, but not necessarily in the same place. In
this context, it becomes crucial to study the bulk aerosol climatic influences, over South Africa. Accordingly, in this
study, using simulations with the Regional Climate Model-RegCM4; we have examined the seasonal mean direct and

semi-direct effects of the total aerosols over South Africa. Chapter 7 needs to be cited as:

Tesfaye, M., J. Botai, V. Sivakumar and G. Mengistu Tsidu (2013e): “Simulation of bulk aerosol direct and
semi-direct effects in South Africa using RegCM4.” Aerosol Air Qual Res., in review

Chapter 8: The summary and the main conclusions drawn from this study plus the future outlooks are
presented in this chapter.

Remark:chapter 2 to chapter 7 are reprints of different research articles which are published or in the pipeline to be
published. As a result, there might be some format and structural differences amongst these chapters. In addition,
owing to the scientific nature of this study, there might exist some unavoidable repetition of concepts, references and

acknowledgements from chapter 2 to chapter 7.
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[1] Inthis paper, we present a detailed study of the spatial and seasonal aerosol climatology
over South Africa (SA), based on Multiangle Imaging Spectroradiometer (MISR) data.
We have used 10 years (2000-2009) of MISR monthly mean aerosol extinction (7ey),
absorption (7,) optical depths at 558 nm, Angstrom exponents in visible (VIS; 446—672 nm)
and near-infrared (NIR; 672—866 nm) spectral bands, and the extracted spectral curvature.
The study has shown that, in terms of aerosol load level spatial variation, SA can be classified
into three parts: the upper, central, and lower, which illustrate high, medium, and low
aerosol loadings, respectively. The results for the three parts of SA are presented in detail.

The prevailing sources of aerosols are different in each part of SA. The lower part is
dominated by the air mass transport from the surrounding marine environment and other
SA or neighboring regions, while the central and upper parts are loaded through wind-
ablated mineral dust and local anthropogenic activities. During the biomass burning seasons
(July—September), the central part of SA is more affected than the rest of SA by the biomass-
burning aerosols (based on 7,, ~20% higher than the rest of SA). In alignment with the
observed higher values of 7., acrosol size distributions were found to be highly variable
in the upper part of SA, which is due to the high population and the industrial/mining/

agricultural activities in this area.

Citation: Tesfaye, M., V. Sivakumar, J. Botai, and G. Mengistu Tsidu (2011), Aerosol climatology over South Africa based on
10 years of Multiangle Imaging Spectroradiometer (MISR) data, J. Geophys. Res., 116, D20216, doi:10.1029/2011JD016023.

1. Introduction

[2] Atmospheric aerosols originate from various natural
and anthropogenic processes. Natural sources include wind-
blown mineral dust, precursor gases from volcanic eruptions,
natural wild fires, vegetation, and oceans. Anthropogenic
sources include emissions from fossil fuel and biofuel com-
bustion, industrial processes, agriculture practices, human-
induced biomass burning, and photochemically induced
smog, primarily due to vehicle emissions [Charlson et al.,
1992; Kaufman et al., 1997]. Aerosols are dominant in the
troposphere. The lifetime of aerosols varies from minutes to
days in the troposphere, due to the prevailing precipitation
and interactions with the Earth’s surface, depending on
aerosol size and chemistry and the height of the atmosphere.
Due to unpredictable events such as large dust storms and
volcanic eruptions, aerosol concentrations may vary signifi-
cantly with respect to location and time (diurnal and sea-
sonal variations). Furthermore, aerosols are highly mobile,
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i.e., they may even cross oceans and mountains. It is gen-
erally agreed, that due to various aging processes such as
coagulation, humidification, scavenging by precipitation,
and gas-to-particle conversion, aerosols often exhibit widely
varying physicochemical and optical properties through time
[Mallet et al., 2003].

[3] It is also well known that atmospheric aerosols
have direct, semidirect, and indirect impacts on the Earth’s
radiation budget and climate. In addition, aerosols have
detrimental effects on human health such as impairment
to pulmonary function [Twomey, 1977; Raizenne et al.,
1996; Haywood and Boucher, 2000; James et al., 2000;
Jayaraman, 2001; Roberts et al., 2001; Intergovernmental
Panel on Climate Change, 2007]. However, such effects
are determined by the aerosol’s optical, physical, and chem-
ical characteristics in concert with source strength and/or
advection by local to synoptic meteorological processes.
Therefore, measuring and understanding changes in aerosol
loading over time are essential to climate prediction. How-
ever, studying the impacts of aerosols on climate is chal-
lenging, and large uncertainties exist due to the immense
diversity, not only with respect to aerosol particle size,
composition, sources, and lifetime variation, but also with
regard to their spatial and temporal distributions. Thus, the
impacts of aerosols on climate must be understood and
quantified on a regional scale rather than on a global-average
basis [Piketh et al., 2002]. The knowledge of aerosol char-
acteristics at local and global scales and their temporal
changes interrelated with other atmospheric parameters and
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Figure 1. Geographical map of South Africa and our three
regional spatial classifications in terms of aerosol load level
differences.

solar radiation are of great importance for the study on the
effects of aerosols in the atmosphere. Improved aerosol cli-
matology may enable more accurate estimations of the direct
and indirect aerosol forcing [Kaufman et al., 1997; Masmoudi
et al., 2003]. Aerosol parameters can be measured in situ or
remotely sensed from the ground or from aircraft or satellites
[Sivakumar et al., 2010]. In particular, satellite-based aerosol
observation constitutes a recent and powerful tool for asses-
sing aerosol spatial distribution and their properties. In some
cases, due to its ability of providing a complete and synoptic
view, large areas can be assessed in single snapshots. The
data from satellite sensors can be used to improve the cur-
rent understanding of climate prediction and the impacts of
aerosols on climate change [Holben et al., 1992; Kaufman,
1993; Kaufman et al., 2002; King et al., 1999; Ignatov and
Stowe, 2002; Levy et al., 2003, 2009; Kahn et al., 2009].

[4] South Africa (SA) is located at the southernmost
tip of the African continent, with geocoordinates extending
from 22°S to 34°S latitude and from 16°E to 32°E longitude
(see Figure 1). SA shares borders with Namibia, Botswana,
Zimbabwe, and Mozambique. South Africa is famous for
its brilliant orange skies at sunrise and sunset, which may also
be an indicator of the presence of aerosols. Some previous
studies have indicated that SA is one of the most affected
countries with regard to aerosol load, due to various natural
and anthropogenic activities [e.g., Piketh et al., 1999, 2002;
Formenti et al., 2002, 2003; Campbell et al., 2003; Eck et al.,
2003; Freiman and Piketh, 2003; Ichoku et al., 2003; Ross
et al., 2003; Liu, 2005; Winkler et al., 2008; Queface et al.,
2011]. Those studies focused on a limited time scale, dur-
ing biomass-burning seasons, and on the northern parts of
SA, where ~75% of the country’s industrial infrastructure
is concentrated and which is populated by coal-fired power
plants.

provides information about MISR, as well as data and anal-
ysis, including meteorological data. Section 3 presents results
obtained in terms of the spatial-seasonal variability of the
observed aerosol optical parameters in association with
background weather conditions, by classifying SA into three
regions. Finally, section 4 provides a summary and con-
cluding remarks.

2. Data and Methods

2.1. MISR Data and Analysis

[6] MISR was launched by National Aeronautics and
Space Administration (NASA) on 18 December 1999 and
has been in operation since February 2000. The device is
designed to measure solar radiation reflected by the Earth’s
system (planetary surface and atmosphere) in various angular
positions. It consists of nine push broom cameras arranged
to view at nominal zenith angles relative to the surface ref-
erence ellipsoid of 0.0°, £26.1°, £45.6°, £60.0° and +70.5°
and measures upwelling short wave radiance in each camera
at four spectral bands, centered at 446, 558, 672, and 866 nm.
This makes MISR unique among the NASA Earth-observing
system Terra satellite instruments, by providing radiometri-
cally and geometrically accurate and carefully calibrated
high spatial resolution image data. The multiple angle band
observations of MISR further allow us to retrieve a number
of aerosol optical and microphysical properties over land
(including bright desert surfaces) and ocean, as well as sur-
face albedo and information about cloud properties [Diner
et al., 1998, 1999, 2001, 2005; Martonchik et al., 1998,
2002, 2004; Kahn et al., 2001, 2007; Muller et al., 2002;
Kalashnikova et al., 2005; Kalashnikova and Kahn, 2006].
More detailed information about the instrument and the
data is available at http://eosweb.larc.nasa.gov/GUIDE/
campaign_documents/misr_ov2.html.

[7] Optical properties of aerosols may be described using a
number of parameters. The spectral aerosol extinction optical
depth (AOD; 7 () is the vertical integral of fraction of
incident light either scattered or absorbed by airborne parti-
cles (i.e., the sum of aerosol scattering optical depth ()
and aerosol absorption optical depth 7,()\;). AOD is an indi-
cator of the aerosol load level in the vertical column of the
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atmosphere and constitutes important parameters used to
assess the aerosol radiative forcing and its impact on climate
[Charison et al., 1992; Hansen et al., 1997, and references
therein; Eck et al., 1999; Cachorro et al., 2001; Holben et al.,
2001; Christopher and Zhang, 2002]. The MISR-AOD Level
3 data have a higher grid resolution (0.5° x 0.5°) in com-
parison to the Moderate Resolution Imaging Spectro-
radiometer (MODIS) Level 3 data which have a resolution
of 1° x 1°. Further, earlier studies revealed that the MISR-
retrieved AOD has better agreement with ground-based
Aerosol Robotic Network (AERONET) measurements, when
compared with MODIS [Diner et al., 2001; Christopher and
Wang, 2004; Liu et al., 2004; Martonchik et al., 2004; Abdou
etal.,2005; Kahn et al., 2005, 2007, 2010; Jiang et al., 2007,
Prasad and Singh, 2007; de Meij and Lelieveld, 2011]. In the
present study, we have used the latest version (version 31) of
MISR Level 3 monthly averaged global 0.5° x 0.5° grid data
of aerosol extinction and absorption optical depth at 558 nm.

[8] The sensitivity of the particle extinction efficiency to
wavelength, i.e., |00\, 7)/0N|, generally increases with
decreasing particle size. This sensitivity is true for any par-
ticle composition and may easily be demonstrated using the
Mie algorithm. An empirical measure of this sensitivity
is obtained from spectral values of AOD at two different
wavelengths, A; and ),, expressed through Angstrom’s
empirical relationship [4ngstrom, 1929]:

n[ =]

Using the MISR Level 3 monthly global 0.5° x 0.5° grid
AOD data at 446, 672, and 866 nm in equation (1), we
compute the Angstrom exponent () in the visible (VIS; 446—
672 nm, a/(446_672) nm) and near-infrared (NIR; 672-866 nm,
0672-866) nm) Spectral bands. The values of both aerosol
optical parameters (AOD and «) exhibit a strong dependence
on the amount of aerosols of different sizes and concentra-
tions, their chemical composition, and the wavelength of the
incident radiation [Eck et al., 1999, 2001, 2003; Reid et al.,
1999; Cachorro et al., 2001; O Neill et al., 2001a, 2001Db,
2002, 2003; Adeyewa and Balogun, 2003]. Therefore, they
are widely used in atmospheric sciences dealing with optical
properties of aerosol particles. The Angstrom exponent is
commonly used to provide further information on particle
size distribution of aerosols in the solar spectrum. Several
authors have discussed how the spectral variation of « can
provide information about the aerosol size distribution [e.g.,
Nakajima et al., 1986; Kaufman et al., 1992; Eck et al., 1999;
Reid et al., 1999; O’Neill et al., 2001a, 2001b, 2002, 2003;
Kaskaoutis and Kambezidis, 2006; Schuster et al., 2006].
Values of « exceeding 1.5 indicate size distributions domi-
nated by fine-mode aerosols, radii <0.35 pm) that are usually
associated with urban pollution (sulfate) and biomass burning
(carbonaceous aerosols), whereas, « values between 1 and
1.5 indicate the presence of accumulation-mode particles
(0.35 pum < radii <0.75 pm). Values of a < 1 indicate
size distributions dominated by coarse-mode aerosols (radii
>0.75 pm) (sea spray and large dust particles), especially
for larger aerosol particles such as desert dust particles, «
approaches zero. Generally, a very high « values at shorter

D20216

wavelength intervals (UV and VIS bands), indicates the
presence of submicron (fine and accumulation) particles
probably resulting from various anthropogenic activities,
with less influence of the supermicron (coarse) particles.
In contrast, observing low values of « (<1) at longer wave-
length regions implies the existence of supermicron (coarse)
particles. However, the studies by Eck et al. [1999, 2001]
and Reid et al. [1999] revealed high values of o (>1.4) at
longer wavelength with an increase in AOD, resourced due
to the presence of submicron particles which are induced
by extensive biomass-burning activities. Thus, in our present
study, we have also included « in the longer wavelength
range (NIR) for a better understanding of biomass-burning
seasons in SA.

[9] On the other hand, King and Byrne [1976] and Eck et al.
[1999] inferred a large deviation in the linear fit of measured
AOD and wavelength. These studies also addressed that the
addition of the first derivative of a (i.e., &) into InTe(N)
versus In\ relationship provide a better result. Additionally,
previous studies have indicated the inadequacies of the
Angstrom exponent values in providing the relative fractional
contribution of supermicron and submicron particles to the
total AOD [King et al., 1978; Kaufman, 1993; Eck et al.,
1999, 2001, 2003; O Neill et al., 2001a, 2001b, 2003; Gobbi
et al, 2007; Basart et al., 2009, and references therein].
Further, the above studies have also suggested the importance
of the spectral curvature of the Angstrom exponent (o)
together with « for providing more information on the aerosol
size distribution. Therefore, in the present study, we have
determined the « in both wavelength regions (VIS and NIR)
and o' for a more comprehensive understanding of the rela-
tive contribution of different modes of aerosols to the total
AOD. In general, o’ can be expressed as

, da 2 Int;yy —In;, In7—In7i
o = = - — .
din )\ InX\i; —InX_;/ [InXy; —InX; InX—In)
)

In this work, equation (2) is represented as Ao = (446-672) nm —
Q/(672-866) nm»> and following the work of several authors [e.g.,
Kaufman, 1993; Eck et al., 1999, 2001; Reid et al., 1999;
O’Neill et al., 2001a, 2001b, 2003; Gobbi et al., 2007; Basart
et al., 2009],we have used it to extract additional information
about aerosol size distributions such as the relative dominant
influence of coarse-mode versus submicron-mode aerosol
fractions or the effect of two particle modes on the aerosol size
distribution. The large positive values of o’ (along with o < 1)
are characteristic of coarse-mode-dominated, bimodal aerosol
size distributions. While, the near zero (along with 1 <« <1.3)
or negative (along with o > 1.3) values of o' are respectively
characteristic of accumulation or fine-mode-dominated aero-
sol size distributions.

2.2. Meteorological Data

[10] The meteorological parameters such as RH, rainfall,
and wind speed have a detrimental impact in aerosol
dynamics (load, dispersion, and removal processes) and
various aging processes (physicochemical change) [Mallet
et al., 2003]. Thus, in order to assess the impacts of the
background weather conditions on the spatial-seasonal vari-
ability aerosol optical and microphysical properties over SA,
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Figure 2a. Averaged aerosol extinction optical depth over South Africa obtained from 10 years of MISR

data.

we have used local meteorological parameters together with
the MISR data. Here, we have used the monthly mean based
on 10 years (2000-2009) of archival meteorological data
of RH, rainfall, wind speed, and wind direction from nine
SAWS stations: Cape Town (33.9°S, 18.6°E), East London
(33.0°S, 27.8°E), Durban South (29.9°S, 30.9°E), Bloem-
fontein (29.1°S, 26.3°E), Upington (28.4°S, 21.3°E),
Johannesburg (26.2°S, 28.2°E), Ermelo (26.5°S, 29.9°E),
Mafikeng (25.8°S, 25.5°E), and Polokwane (23.9°S, 29.5°E).

3. Results and Discussion

3.1.
[11] Ten years of monthly averaged aerosol optical param-

eters (Text(sss nm)> Ta(558)s (446-672) nm> C(672-866) nm and o)
are presented in Figures 2a—2e. Figure 2a shows the aerosol
extinction optical depth at 558 nm (T ex(sss nmy)- It is evident

General Aerosol Seasonal Characteristics

from Figure 2 that the maximum values (7y(s58 nm) > 0.25)
are observed during spring (August—October) and minimum
values (Texi(sss nm) < 0.25) during winter (May—July). It is
also interesting to note a significant decrease in Tey(sss nm)
(~30%) during the May to July period in comparison with the
other months (see Figure 2a). Such a decrease in AOD might
be due to consequential results of cloud scavenging and wet
removal processes of the summer months followed by low
wind speed and low water vapor atmospheric weather con-
ditions which cause respectively weak generation mechan-
isms and a remote chance of hygroscopic growth of aerosols.
Similar seasonal variations of AOD have been reported by
Formenti et al. [2002] and Queface et al. [2011], who have
used measurements from the South African Astronomical
Observatory at Sutherland (32.2°S, 20.5°E) and Sun pho-
tometer measurements from Skukuza (~24.6°S, 31.35°E)
(an AERONET site).
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Figure 2b. Same as Figure 2a but for aerosol absorption optical depth.

[12] In order to study the seasonal and spatial variation
of absorbing aerosol loads, such as aerosols from biomass
burning and urban/industrial activities, the aerosol absorp-
tion optical depth (74essg nm)) is plotted in Figure 2b. It is
evident from Figure 2 that 7,(ssg nm) Shows a minimum value
(~0.002) during summer and early winter (November—May),
except in the northern part which shows slightly higher
values. Thereafter, there is a steady increase in T,esss nm)
values from June, with a maximum value during the month of
September. Overall, the maximum absorbing aerosol load is
inferred during spring (August—October). The observed rise
in 74558 nmy during June and July might be due to the air mass
transport from tropical regions of southern Africa [Freiman
and Piketh, 2003] where biomass-burning activities also
happen during the same time period [Magi et al., 2009].
However, the observed increase in 7,ssg nm) during spring is
attributed to the local pronounced biomass-burning activities

in the northeastern and eastern part of SA, in addition to
a minor contribution by long-range transported biomass-
burning aerosols from across the border countries, i.e.,
Namibia, Zimbabwe, and Botswana. Concurrently, we also
observed a secasonal peak in AOD during spring (see
Figure 2a).

[13] The spatial variation of Texsss nm) indicates that
different provinces in SA have different aerosol loading
levels. The provinces, North West, Gauteng, Mpumalanga
and Limpopo (see Figure 1 for locations) are highly polluted
in comparison to upper part of Northern Cape, Free State,
and Natal (modestly polluted) and to Western Cape, Eastern
Cape, and the lower part of Northern Cape (low pollution).
The above spatial variations might be due to the varia-
tions in long-range aerosol transportation, different aerosol
sources and/or source strength and local meteorological
parameters, such as RH, rainfall, and wind speed. Details on
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Figure 2¢. Same as Figure 2a but for Angstrom exponent over visible region.

the relationship between the spatial and seasonal variability
of AOD and local meteorological parameters are discussed
in section 3.2.

[14] The Angstrom exponent values in the VIS (0(46-672) nm)
and NIR (a672-366) nm) bands are plotted in Figures 2¢ and
2d, respectively. During the dry seasons (winter to spring
period, i.e., May—October) the Angstrom exponent values
vary from 0.85 to 1.89 and from 0.74 to 1.95 in the VIS and
NIR bands, respectively. As described in section 2, in order
to extract the relative dominant particle mode in the aerosol
size distribution, we have calculated o' (see Figure 2e). It is
noted from Figure 2 that during this period (May—October),
o' shows a lower value (from —0.25 to 0.41) with the
exception of the Western Cape and Eastern Cape provinces.
The above observed values of « and o' indicate that the South
African atmosphere is dominantly loaded by a mixture of
accumulation-mode and fine-mode particles. However, the
obtained results indicate that the accumulation-mode parti-
cles in the aerosol size distribution prevail slightly (as o’
indicates slightly more positive than negative). The observed
higher values of a(g72-366) nm (from 1.25 to 1.73), especially
in most areas of the Northern Cape, Free State, and Natal

provinces, indicate the presence of submicron particles,
which are mainly due to biomass burning and urban/industrial
activities. During the summer to autumn period (November—
April), the Angstrom exponent varies from 0.56 to 1.64 and
from 0.41 to 1.51 in the VIS and NIR bands, respectively. In
addition, over most regions of SA, the o’ value varies from
0.24 to 1.06 (see Figure 2e). The above values indicate that
during this period, the South African atmosphere is domi-
nantly loaded with a mixture of accumulation-mode and
coarse-mode aerosols. However, during November to January,
the o value for most regions of SA varies from 0.41 to 1.20
and o' varies from 0.42 to 1.06. This indicates that the
coarse-mode particles are higher than the accumulation-
mode particles in the aerosol size distribution. All the
above results on seasonal variation of Tey(sss nm) Ta(558 nm)»
Q/(446-672) nm> Q(672-866) nm and ' are found to be in good
agreement with earlier published reports, though their results
are focused on a particular region/part of SA, based on in situ,
satellite, ground based, and air mass trajectory observations
[Piketh et al., 1999; Formenti et al., 2002, 2003; Eck et al.,
2003; Freiman and Piketh, 2003; Ross et al., 2003; Liu,
2005; Magi et al., 2009; Queface et al., 2011]. Details on
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Figure 2d. Same as Figure 2a but for Angstrom exponent over NIR region.

the spatial and seasonal variability of aerosol size distribution
correlated with local meteorological parameters are discussed
in section 3.2.

[15] The above results confirm that different regions in SA
have different aerosol loading levels and significant seasonal
variations of aerosol radiative properties and their size dis-
tribution. Therefore, based on the above information, we have
spatially classified SA into three broad regions: (1) lower part
(35°S to 31°S; 17.5°E to 30.5°E), includes the Western Cape,
Eastern Cape, and lower parts of the Northern Cape (Figure 1,
box A); (2) central part (31°S to 27°S, 16.5°E to 33°E),
includes the middle and upper part of the Northern Cape, Free
State, and Natal provinces (Figure 1, box B); and (3) upper
part (27°S to 22°S, 19.5°E to 32°E), includes North West,
Gauteng, Mpumalanga, and Limpopo provinces (Figure 1,
box C). This spatial classification interrelated with other local
meteorological parameters allows us to handle large data sets
efficiently for understanding the aerosol climatology over

SA. The aerosol climatological results presented in this paper
follow the above spatial classification.

3.2. The Seasonal Aerosol Climatology Over Different
Parts of South Africa

[16] For each part of SA (lower, central, and upper), the
monthly variations of AOD versus wind speed and «, o
versus RH, are given in Figures 4, 5, and 6. Figures 4, 5, and 6
are plotted from January to December, to represent the results
in terms of different seasons: summer (November—February),
early winter (March—April), winter (May—July) and early
summer (August—October). The obtained results are described
in detail in sections 3.2.1-3.2.3.

3.2.1. Lower Part of South Africa

[17] The lower part of SA is surrounded by the Atlantic and
Indian oceans. The ocean regions are one of the major sources
of natural marine aerosols. Marine aerosols are composed of
(1) primary aerosols, which are generated at the sea surface
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Figure 2e. Same as Figure 2a but for Angstrom exponent spectral curvature.

through wind driven processes, and (2) secondary aerosols,
through gas-to-particle conversion processes [O’Dowd and
de Leeuw, 2007]. Marine aerosols contribute to both fine-
mode and coarse-mode particles, with dominant fractions of
inorganic sea-salt and organic particles in the supermicron
and submicron modes, respectively [Latham and Smith,
1990; Kaufman et al., 2002; Cavalli et al., 2004].

[18] Figure 4a shows the monthly mean variation of AOD
and wind speed (surface) for the lower part of the SA. It
is clear from Figure 4a that the AOD and wind speed follow
a similar pattern of annual oscillation (AO) with a min-
imum during June. The maximum AOD is recorded during
September and is almost twice the minimum. High wind
speed is observed during December (a summer month with
high rainfall; see Figure 3). We have also plotted « in the VIS
and NIR, and o' and RH (see Figure 4b) for the same period,
as presented in Figure 4a. The « values in both the spectral
bands show a similar trend, with higher values in the VIS than

the NIR band (as expected). The order of separation («)
between the VIS and NIR bands is ~0.2 and is lower during
August and September (~0.1). Both the spectral bands show
a minimum and maximum value recorded for December
and August. The observed RH is related to the seasonal
variations of a, with a maximum during winter (including
August) and a minimum during summer. A more detailed
discussion on the seasonal variations of AOD, « and their
interrelations follows.

[19] It is evident from Figures 4a and 4b that the AOD
declines together with the southeasterly wind speed during
summer (November—February) and « values for VIS and NIR
spectral bands vary from 0.72 to 1.06 and from 0.55 to 0.83
respectively. At the same time, the o' ranges from 0.42 to 0.92
(see Figure 4b), indicating that, during this season in the
lower part of SA, the aerosol size distribution in both spec-
tral bands are dominated by coarse-mode aerosols rather
than accumulation-mode aerosols. In general, summer in the
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Figure 3. Monthly mean rain fall and standard deviation obtained from 10 years of data for different parts
of South Africa. Lower part: Cape Town 33.9°S, 18.6°E and East London 33.0°S, 27.8°E. Central part: Dur-
ban South 29.9°S, 30.9°E, Bloemfontein 29.1°S, 26.3°E, and Upington 28.4°S 21.3°E. Upper part: Johan-
nesburg 26.2°S, 28.2°E, Ermelo 26.5°, 29.9°E, Mafikeng 25.8°S, 25.5°E, and Polokwane 23.9°S; 29.5°E.

lower part of SA has less rain (see Figure 3), low RH, and
strong southeasterly winds which bring cool air from the sea.
During this period, the significant contribution of coarse-
mode aerosols over this area might be explained as follows.
The ground of the lower part of SA is not particularly dusty
and, hence, there is only limited local acrosol generation due
to wind ablation of mineral dust particles. On the other hand, a
change in AOD due to a change in wind-induced, marine,
coarse-mode aerosols’ size distribution is well established by
various researchers [e.g., Hoppel et al., 1990; O ’Dowd and
Smith, 1993; Gong et al., 1997, O’Dowd et al., 1997;
O’Dowd and de Leeuw, 2007; Lehahn et al., 2010]. Lehahn
et al. [2010] reported that, on average, the threshold value
of surface wind speed for triggering emission of maritime
aerosols is 4.1 = 0.1 m/s. When wind speed exceeds the
threshold value, the coarse-mode marine aerosols’ optical
depth is linearly correlated to the surface wind speed, with a
consistent slope of 0.009 =+ 0.002 m/s [Lehahn et al., 2010].
Thus, knowledge of wind speed and direction assists in
estimating the average background wind-induced marine
aerosol loading in the lower part of SA. The above statements
are in agreement with our observations of the increase in
southeasterly wind speed (>5.5 + 0.6 m/s) and « values in
both VIS and NIR (see Figures 4a and 4b), thereby con-
firming that the lower part of the SA is loaded by wind-
induced supermicron (marine) aerosols. It is also confirmed
by earlier research done over the west coast of SA (30.5°S;
18°E) by Piketh et al. [1999] who mentioned that, during
summer, marine aerosols contribute ~51% of total aerosol
loading. Furthermore, this result along with the Mie scatter-
ing theory supports the observation of bright sunrises and
sunsets during the above time period in the region.

[20] During the early winter period, the AOD further
declines (12%) in comparison with summer AOD. This may
be due to the decline of wave-generated supermicron mari-
time aerosols (wind speed <4.2 + 0.5 m/s). Further, during
this period, the o/ varies from 0.24 to 0.62 and the Angstrom
exponent values vary from 0.86 to 1.26 and from 0.65 to 1.07
in the VIS and NIR bands, respectively (see Figure 4b). The
above values confirm that the coarse-mode aerosol contri-
bution is diminishing with respect to accumulation-mode
aerosols. This is mainly attributed to the decline in wind-
induced, marine, coarse-mode aerosols and an increase in
RH, which favors the growth of fine-mode particles into
accumulation-mode particles through intercoagulation and
humidification processes. The humidification growth of fine-
mode particles may further indicate that a fraction of the
wave-generated submicron organic marine aerosols (espe-
cially secondary aerosols, which are the outcome of gas-to-
particle conversion processes) have a polar functional group
in their nature [Hanel, 1976; Horvath, 1996; Cavalli et al.,
2004].

[21] The mean AOD and Angstrom exponent values in the
VIS and NIR bands for winter (May—July) varies from 0.082
to 0.096, 1.07 to 1.42, and 0.91 to 1.27, respectively (see
Figures 4a and 4b). These values, together with the o (see
Figure 4b), indicate that the lower part of SA is dominated by
a mixture of accumulation-mode and coarse-mode aerosols
during winter. Relatively, the accumulation mode is domi-
nant in the aerosol size distribution. This part of SA, having
a Mediterranean climate, gets most of its rain during winter
(May—July; see Figure 3). Compared to summer and early
winter, the winter AOD and wind speed are further decreased
by ~27% and ~35%, respectively (see Figure 4a). The decline
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Figure 4. Monthly mean variation (a) of averaged a

erosol optical depth (AOD), wind speed, and wind

direction (S, southerly; SW, southwesterly; SSW, south-southwesterly; NW, northwesterly; NNE, north-
northeasterly; NE, northeasterly) and (b) of Angstrom exponent in both visible and NIR regions, its spectral

curvature, and relative humidity (RH) for Lower part,

of AOD may be due to the removal of aerosols by various wet
deposition processes and less wind-induced marine aerosol
load. The dominance of accumulation-mode aerosols during
winter can be explained by the fact that during the previous
season (summer and early winter period), the atmosphere of
this area is more loaded by medium and high wave-generated
marine (supermicron and submicron modes) aerosols. Wave-
generated inorganic fresh sea-salt spray and polar functional
groups of organic particles are hygroscopic in nature. The
aging process in marine aerosols results in more hygroscopic
aerosols. For instance, when sulfur dioxide (SO,) condenses
into the sea-salt aerosol surface, the aerosols transform into
sulfate [Sievering et al., 1991; Quinn et al., 2000]. Moreover,
due to the more soluble mass presence, marine aerosols act as
highly suitable cloud condensation nuclei [Katoshevski et al.,
1999; Ross et al., 2003; Matteo et al., 2010]. Thus, this is
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consistent with our results that, in a situation where the wind
speed has been low for an extended period of time, the pool
of hygroscopic particles are efficiently removed from the
atmosphere by cloud processing and precipitation. In addi-
tion to this process, the high RH causes the enlargement of
hygroscopic supermicron marine particles. Since the viscous
drag is proportional to the particle surface, and the gravi-
tational force scales with the volume, sedimentation also
becomes an important removal process during this period.
[22] Early summer months (August—October) indicate that
the AOD increases by ~34% in comparison to the rest of the
season. During this period, the Angstrom exponent values in
the VIS and NIR bands vary from 1.17 to 1.46 and from 1.03
to 1.40, respectively (see Figure 4). In addition, the observed
values of a synchronized with o' values (Figure 4b) dem-
onstrate that the optical influence of submicron particles are
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Figure 5. Same as Figure 4 but for central part, South Africa.

stronger than supermicron particles. The dominance of sub-
micron particles can be inferred from the presence of biomass
burning and urban aerosols. This is revealed by a significant
increase in aerosol absorption optical depth (by about ~71%
in comparison to the rest of the seasons; see Figure 2b) and
increase in ayr. In addition, during this period we noticed
the movement of wind from the intensive biomass-burning
areas (i.e., northeastern and central parts of SA and Botswana
[Magi et al., 2009]) to the lower part of SA. The above results
are found to be in a good agreement with earlier studies based
on air mass trajectory analysis [Garstang et al., 1996; Tyson
et al., 1996; Tyson and D ’Abreton, 1998; Freiman and
Piketh, 2003] and onsite measurements at particular sites of
SA [Piketh et al., 1999; Formenti et al., 2002; Piketh et al.,
2002; Winkler et al., 2008]. However, during the trans-
portation processes, various coagulation and condensation

processes cause both chemical and physical changes in the
submicron particles.
3.2.2. Central Part of South Africa

[23] The monthly mean variation of AOD, wind speed, «,
o' and RH are given in Figures 5a and 5b (similar to
Figures 4a and 4b) for the central part of the SA. The AOD
depicts AO similar to that in the lower part of SA, except that
the maximum is observed with a month shift (October). The
observed AOD values (during summer and early summer
period) are found to increase (~10%—-20%) while the wind
speed decreases (~29%, throughout the year) in comparison
to the lower part of the SA. In relation to the low wind speed,
the variation (standard deviation) in AOD is also lower than
that of the lower part of the SA (see Figure 5a). During August
and March, the difference between observed o values (s
and aynr) shows 0.02 (minimum) and 0.22 (maximum),
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respectively. This part of the country seems to be drier (low
humidity) which is revealed by the observed monthly varia-
tion of RH (see Figure 5b). It is evident from Figure 5b that
low RH is recorded for early summer and high RH recorded
during early winter. More detailed results are discussed in
terms of seasonal variations in the following paragraphs.

[24] Figure 5 shows an increase in AOD and « (both VIS
and NIR) values while o', wind speed, and RH are lower in
comparison to the lower parts of SA during summer. The
variations of observed AOD, s, anr and o' from 0.12 to
0.13,0.79t0 1.07,0.61 to 0.93, and 0.41 to 0.77 respectively,
indicate that during summer, the central part of SA is rela-
tively dominated by coarse-mode aerosols. The significant
contribution of the coarse-mode particles is probably caused
by the transport of air mass by strong southerly (S) and
southwesterly (SW) winds from the dry and dusty desert
regions of the Northern Cape, Namibia, and Free State (an
intensive agricultural places). Moreover, various growth and
removal processes of submicron particles, such as scavenging
by precipitation, contribute to the relative dominance of
coarse-mode particles. The above finding is in relation to the
high rainfall during this period (see Figure 3), which favors
the growth and removal of submicron aerosols through var-
ious wet deposition processes [Ross et al., 2003]. However,
the observed AOD, which is higher than in the early winter
and winter months, indicates the presence of insoluble par-
ticles (inorganic and/or organic mineral) which are continu-
ously being loaded and/or transported by the strong S and SW
winds. The sources of such particles are the different urban/
industrial activities and aerosols transported from the arid/
semiarid regions of Northern Cape together with local agri-
cultural activities over Free State. Earlier studies by Piketh
et al. [1999, 2002], using size-fractionated aerosol chemical
analysis at Ben Macdhui Mountain (~30°S, 28°E) also
revealed that the presence of higher concentration of coarse-
mode, soil dust particles and agglomerated nitrate and sulfate
aerosol on the surface of dust nuclei during summer.

[25] During early winter (March—April), in comparison to
summer, the AOD is decreased by 25%, wind speed by 21%,
and o’ by 30%, with an increase in values of a5 (1.23 £0.05)
and anr (1.02 £ 0.07). These o and ' values indicate, in
both spectral bands, a relative declination of coarse-mode
particles in comparison to the accumulation mode in the
aerosol size distribution. Such decreases in coarse-mode
particles (also AOD) are caused by weak aerosol generation
and dispersion, due to the end of rainy season followed by
lower wind speed conditions. During this period, the variation
in RH and « values (see Figure 5b) delineate the presence of
hygroscopic fine particles which are most likely sulfate and
nitrate containing aerosols. The high RH values (i.e., higher
moisture) and low wind speed during this period facilitates
the humidification growth and different agglomeration pro-
cesses of fine particles which promotes the dominance of
accumulation-mode particles and favors their longer exis-
tence. Congruent with the above statement, previous studies
have stated that more than 75% of the plume originate from
the industrial regions (Gauteng and Mpumalanga), circulates
in the central part for several days, prior to exiting SA
[Garstang et al., 1996; Tyson et al., 1996; Tyson and
D’Abreton, 1998; Freiman and Piketh, 2003]. Other studies
have also observed that this plume consists mainly of sub-
micron particles, such as industrial dust, sulfates, and nitrates

D20216

[Formenti et al., 1999; Piketh et al., 1999, 2002; Zunckel
et al., 2000].

[26] It is noted from Figure S5a that the AOD shows the
lowest values during winter (May—July) while it is highest
during early summer (August-October), in comparison to
summer and early winter. On the other hand, « and o’ show
almost similar variations (within +2%) between winter and
early summer (except October o’ values range from 0.27 to
0.59). The low AOD during winter is in relation to the
observed low and stable wind speed which decreases the
number of particles generation and dispersion from local and
surrounding arid/semiarid regions. It is evident from the
observed a5 (1.32—1.65), anr (1.23-1.66) and o' (negative
and near-zero values) during winter and early summer, that
this region of SA is dominated by submicron particles. Spe-
cifically during August to September, a significant increase
in T4ess8 nmy (by ~75%) is noticed in comparison to the rest
of the months (see Figure 2b), as well, higher values of
anir (>1.4) are observed. This indicates that during these
months, the area is more loaded by submicron particles
originating from biomass burning and various anthropogenic
activities. The observed high values of 7,553 nm) and anr
are in accordance with Formenti et al. [2003], who noted that
the contribution of submicron carbonaceous aerosol is ~80%
relative to the total submicron aerosol during this period.
Magi et al. [2009] reported that most of SA’s biomass-
burning activities occur in the eastern-central and north-
eastern regions. These regions are dominated by sugarcane
farming and refineries, where the sugarcane is burnt for
preindustrial processing during August to September. In
addition, the transport of particles from biomass-burning
activities over Botswana and the northern industrial areas of
SA also contribute to the load of submicron particles [Tyson
and D Abreton, 1998; Eck et al., 1999, 2001, 2003; Piketh
et al., 1999, 2002; Reid et al., 1999; Freiman and Piketh,
2003]. Furthermore, the presence of submicron particles
during winter and early summer is favored by the dry and
windy atmosphere in this region. The above findings are
concurrent with the observed high AOD during early sum-
mer. However, relative to the rest of winter and early summer
months, during October the declination in ;s (by ~10%),
and anr (by ~13%) along with the increment in o' values
were observed. This indicates the dominance of submicron
particles in the aerosols size distribution being diminished.
This may be due to the reduction of biomass-burning aerosols
load, which is revealed by the declination of 74558 nm) (by
~42% in comparison to August and September; see Figure 2b)
and the aging processes in submicron particles [Formenti et al.,
2003; Ross et al., 2003]. During the Southern African Regional
Science Initiative (SAFARI 2000) experiment, Formenti et al.
[2003] stated that the range of the aging process in biomass-
burning-induced submicron particles causes the depletion of
their number concentration by ~41% within a few days, with
respect to the young smoke.

3.2.3. Upper Part of South Africa

[27] This part of SA is considered to be highly populated,
industrialized, and agricultural. As a result, there is a strong
desire to study aerosol characteristics in this region. We have
plotted the monthly variation of AOD, wind speed, o, o', and
RH (Figures 6a and 6b). This part of SA also illustrates AO
with the maximum AOD during October and the minimum
during May (see Figure 6a), which is similar to the rest of SA.
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Figure 6. Same as Figure 4 but for upper part, South Africa.

The observed AOD is found to be the highest when compared
to the lower (~34%) and central (~27%) parts of SA. More
specifically, the value for this region is ~40% higher than that
in the lower part of SA during winter and early summer, while
it exceeds the central part of SA by ~37% during those per-
iods. In comparison to the central part of SA, the observed
wind speed is similar (within the standard deviation) during
summer and early winter period, but the upper parts of SA
differ by an increase in wind speed of ~14% during winter and
early summer periods. However, the observed wind speed
was found to be lower than that in the lower parts of SA,
with a maximum difference during summer and early winter.
Figure 6b shows that throughout the year, a values in both
spectral bands are higher than the lower parts of SA while the
values are relatively higher than those of the central part of
SA during summer, and between the values of the lower and

central parts of SA for the remaining seasons. The recorded
RH indicates that the upper part of SA is driest with respect to
rest of the SA, during winter and early summer. But, during
the reciprocal season, the values are higher than those in the
central parts of SA.

[28] During summer, AOD values vary from 0.11 to 0.20,
Qlyis, from 0.89 to 1.23, anr, from 0.73 to 1.04 and o, from
0.21 to 1.06. This indicates the overall dominance of coarse-
mode particles in the acrosol size distribution. Wind direction
analysis was more complex due to easterly, westerly, north-
easterly, and southerly components. The increase in AOD
along with wind speed (see Figure 6a) implies that the
dominance of coarse-mode aerosols is due to wind-ablated
mineral particles, which are the result of local agricultural
activities and the air mass transport from or through central
parts of SA, Botswana, and Mozambique (arid and semiarid
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regions) [Tyson et al., 1996; Freiman and Piketh, 2003]. The
observed RH and « (see Figure 6b, indirectly proportional
variation) values indicate that hygroscopic growth of accu-
mulation-mode and/or fine-mode aerosols also contribute to
the dominance of coarse-mode particles. Piketh et al. [1999,
2002] also reported that such particles are dominantly origi-
nated and sprayed over remote regions of the subcontinent
from the industrialized Highveld region (25.2°S to 27.2°S,
27.2°E to 29.2°E) of SA, which is located in our upper
part. Further, continued energy dispersive analysis indicated
that in moist atmosphere those fine particles will rapidly
agglomerate on the surface of other particulate and increase
their size [Piketh et al., 1999]. In relation to the above find-
ings (the hygroscopic nature of submicron particles); the
noticed high rainfall during this period (see Figure 3) causes
the degradation of submicron aerosols through various wet
deposition processes.

[29] In comparison with summer, during early winter, a
decrease in AOD values (~18%), o' (~25%), wind speed
(~20%), and increases in values for ays (1.17 = 0.21) and
anir (1.05 + 0.21) are noted. The decrease in AOD is due
to the observed low wind speed which causes less aerosol
generation and dispersion. Also, the increase in « and
decrease in o' values imply an overall dominance of
accumulation-mode aerosols. It is due to the decrease in
wind-induced, coarse-mode particles and the depletion
of various wet deposition processes (due to the end of the
rainy season; see Figure 3) [Ross et al., 2003].

[30] Figure 6a shows the lowest AOD (~0.12) values dur-
ing winter (May—July), when the upper part of SA is char-
acterized by the lowest precipitation, and is driest and with
lower wind conditions, relative to the central and lower parts
of SA. Thus, the lowest AOD values are attributed to the
extended period of lower, stable wind speed patterns which
cause weak generation and dispersion of particles. Excluding
the Polokwane area (24.3°S to 23.2°S, 28.5°E t0 29.6°E), the
« values computed for VIS and NIR spectral bands during
these months vary from 1.19 to 1.53 and from 1.10 to 1.48,
respectively (see Figure 6b). Further, the observed negative
and near-zero values of o' (from —0.16 to 0.28; see Figure 6b)
in concert with the above « values, indicate that the area is
dominated by a mixture of nucleation and accumulation-
mode particles during this period. This reveals that the dry
and low wind speed conditions are the most advantageous for
the long time existence of submicron particles. In addition, in
situations where the aerosol absorption optical depth shows
very low values (74ssg nm) < 0.004), the dominance of sub-
micron particles over most areas of the upper part of SA
indicates that it is induced by large industrial and urban
activities, which are highly abundant in this region.

[31] During the early summer period (August—October),
the highest values of AOD (0.23 £ 0.05), wind speed (4.45 +
0.43 m/s) and a significant increase in T,(ssg nm) (~63%) are
observed, in comparison to the rest of the seasons (see
Figures 2b and 6a). In addition, during this period, excluding
the Polokwane area, the «;s varies from 1.18 to 1.62, anr
from 1.17 to 1.55, and o' from —0.26 to 0.24, indicating the
increase in the submicron particle load (in comparison to
winter). These values of a, o and 74ssg nm) associated with
the observed wind speed and directions, illustrate that the
elevated loads of submicron particles might be induced by
local and/or transported biomass-burning aerosols (from
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the northeastern and central parts of SA and neighboring
countries [Magi et al., 2009]) together with the contributions
from the abundant industrial/urban activities within this area
[Tyson and D Abreton, 1998; Eck et al., 1999, 2001, 2003;
Reid etal., 1999; Campbell et al., 2003; Formenti et al., 2003;
Ross et al., 2003; Queface et al., 2011]. In general, from
winter to early summer (dry seasons), the a and o' val-
ues show a dominant effect of fine-mode particles around
Gauteng and Mpumalanga. These areas are highly populated
and industrialized, which confirms the contribution and effect
of anthropogenic activities in air pollution. However, during
these dry seasons, around Polokwane (specifically, 24.3°S to
23.2°S, 28.5°E to 29.6°E), the values of ;s from 0.86 to
1.10, anr from 0.77 to 1.00, and « from 0.31 to 0.76, are
noted. The noted a and o’ values indicate that there is a
significant coarse-mode aerosol contribution in the aerosol
size distribution around this part of SA. This is related to the
intensive local agricultural activities and land cover changes
around the area, including the influence of strong wind-
ablated particles that originated from arid/semiarid regions of
the central parts of SA, Namibia, and Botswana (evident from
the observed wind speed and directions). In addition, during
this period, the windy and drier meteorological conditions
favor the load and dispersion of wind-ablated mineral parti-
cles and inhibit the hygroscopic growth of submicron aero-
sols, respectively. In addition to the above major sources, a
further source of supermicron particles in Limpopo, might be
due to an aged, polluted plume which is transported from
intensive biomass-burning activities in the tropical region of
southern Africa [Magi et al., 2009] and from mining indus-
tries of Zambian copper belt [Freiman and Piketh, 2003;
Zunckel et al., 2000]. Generally, throughout the year, the
exaggerated differences in AOD values (in comparison with
the central (~27%) and the lower (~35%); see Figure 2a) are
noted in the upper part of SA. As well as, excluding the
extended biomass burning seasons in southern Africa (June—
October), the absorbing aerosol load in this area is higher than
the rest of SA (in terms of 7,(sss nm) by ~31%; see Figure 2b).
These clearly indicate the existence of various local sources
within this part of the country.

4. Summary and Concluding Remarks

[32] Here, for the first time, a thorough study of the spatial
and seasonal aerosol climatological characteristics over SA,
based on 10 years of MISR data is presented. The aerosol
climatological characteristics were based on aerosol extinc-
tion (Tex(), absorption (7,) optical depths at 558 nm, and an
extracted Angstrom exponent (<) in two different bands (VIS
and NIR) and its spectral curvature (). The aerosol spatial
variation was studied by classifying SA into lower, central,
and upper parts. The seasonal or climatological variations
are described in terms of four seasons: summer (November—
February), early winter (March—April), winter (May—July),
and early summer (August—October). Background weather
parameters, such as RH, rainfall, and wind speed are used to
interpret the aerosol climatological characteristics. The major
findings from this study are as follows:

[33] 1. In general, the overall aerosol extinction optical
depth values at 558 nm illustrate annual trends with a maxi-
mum during early summer and minimum during winter.
The observed maximum during spring corresponds with
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biomass-burning activities in southern Africa. The lower,
central, and upper parts of SA demonstrated lower, medium,
and higher aerosol load levels, respectively. On the basis of
the Angstrom exponent (o) and its spectral curvature (o), the
aerosol size (fine, accumulation/mixture, and coarse modes)
distributions are found to be significantly different due to
various prevailing source mechanisms.

[34] 2. The lower part of SA is dominated by coarse-mode
aerosols during summer. Thereafter, the coarse-mode aero-
sols load recedes. There is an increase in aerosol load (~35%)
during early summer in comparison with the remaining sea-
sons. The size distribution is found to be dominated by sub-
micron particles due to massive biomass burning and
industrial/urban aerosols load (also evident from the aerosol
absorption optical depth). In this part of SA, local anthropo-
genic aerosol sources are limited. However, the aerosol load
might be due to air mass transfer from the surrounding marine
environment (during summer) and polluted air mass transport
from other regions of SA or from neighboring countries (for
the remaining seasons) is the prevailing source of aerosols in
this part of SA.

[35] 3. The central part of SA had a 10%—20% increase in
aerosol load in comparison with the lower part. During
summer, the area shows a dominance of coarse-mode parti-
cles in the aerosol size distribution in comparison with the
other seasons. These are typically induced by the dry and
dusty desert regions of Northern Cape and Namibia. Specif-
ically, during spring a decrease in coarse-mode particles is
evident due to the presence of submicron particles which are
generated by the load of biomass burning aerosols (also
evident from aerosol absorption optical depth) and various
anthropogenic activities in and around the area.

[36] 4. The upper part of SA is found to be rich in aerosol
reservoirs and the aerosol loading (based on AOD) is ~34%
higher than that in the lower part and ~27% higher than that in
the central part of SA. During different seasons, the aerosol
size distribution is dominated by various particle modes.
During summer and early winter, the area is dominated by a
mixture of coarse-mode and accumulation-mode particles.
During winter and early summer, it is dominated by submi-
cron particles. Overall, this part of SA shows a high vari-
ability with respect to «, indicating numerous aerosol sources
in the region. The source and generating mechanisms are
found to differ with the observed aerosol mode. In general,
the prevailing sources of coarse particles around the area are
local agricultural activities and air mass transport from arid/
semiarid regions of the central parts of SA, Botswana, and
Namibia; together with various aging processes of submicron
aerosols. The prevailing sources of submicron particles are
industrial and urban activities (including mines and biomass
burning).

[37] 5. Itis found that SA experiences drastic turbidity due
to high levels of biomass-burning aerosol loadings during
August to October, relative to other months.

[38] 6. On the basis of simultaneous observations of
monthly average aerosol optical and local meteorological
parameter variations, we have noted that the rainy season,
followed by a period of lower wind conditions, is the
most unfavorable for aerosol generation and dispersion.
In contrast, dry and high wind conditions are the most
favorable for submicron aerosol loading, dispersion, and
long-term existence.
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The present study evaluates the aerosol optical property computing performance of the Regional Climate Model (RegCM4) which
is interactively coupled with anthropogenic-desert dust schemes, in South Africa. The validation was carried out by comparing
RegCM4 estimated: aerosol extinction coeflicient profile, Aerosol Optical Depth (AOD), and Single Scattering Albedo (SSA) with
AERONET, LIDAR, and MISR observations. The results showed that the magnitudes of simulated AOD at the Skukuza station
(24°S, 3I’E) are within the standard deviation of AERONET and +25% of MISR observations. Within the latitudinal range of 26.5°S
to 24.5°S, simulated AOD and SSA values are within the standard deviation of MISR retrievals. However, within the latitude range
of 33.5°S to 27°S, the model exhibited enhanced AOD and SSA values when compared with MISR observations. This is primarily
associated with the dry bias in simulated precipitation that leads to the overestimation of dust emission and underestimation of
aerosol wet deposition. With respect to LIDAR, the model performed well in capturing the major aerosol extinction profiles. Overall,
the results showed that RegCM4 has a good ability in reproducing the major observational features of aerosol optical fields over

the area of interest.

1. Introduction

Atmospheric aerosols which originate from different natural
events (e.g., wind-blown dust and sea salt particles) and
human activities such as combustion of biomass and fossil
fuels, as well as various industrial processes (e.g., sulfates,
nitrates, ammonium, and carbonaceous aerosols) are ubiq-
uitous in the Earth’s atmosphere [1]. Relative to the well
mixed and long-lived greenhouse gases, one of the main
typical properties of atmospheric aerosols is their immense
diversity, not only with respect to their physicochemical
and optical properties, but also with regards to their spatial
and temporal distributions (e.g., [2]). This is attributed to
their diverse local source mechanisms, rapid aging, and
chemical transformation processes, as well as short lifetime
[3]. Though, owing to these heterogeneous properties of

aerosols, the quantification of their climatic roles remains
with large uncertainties; they are increasingly reported as
one of the crucial components of the atmosphere for multi-
climatic issues ([4] and references therein).

Primarily, atmospheric aerosols play an important role
in modulating the regional radiation budget either through
scattering or absorption of radiation (direct effects) (e.g.,
[5]). The perturbation of the radiation balance of the Earth
through scattering of the incoming solar radiation back to
space cools the Earth’s surface as well as certain portions
of the troposphere, but it induces stratospheric warming
(e.g., [6]). The absorption of short and long wave radiation
predominantly prompts atmospheric heating effects; nev-
ertheless, depending on the underlying surface as well as
the atmospheric situations, it might also result to surface
cooling (e.g., [7, 8] and references therein). Particulates that

© University of Pretoria

64



are highly absorbing solar radiation such as black carbon
and mineral dust particles have a substantial influence in
converting the solar energy into heat; this radiative heating
in turn creates the semidirect effect of aerosols. The semi-
direct effect is the response of thermal, hydrological, and
dynamical variables of the climate to atmospheric heating
induced by light-absorbing aerosols (e.g., [7, 9]). For instance,
the warming influence of aerosols in lower troposphere often
enhances the low-level cloud evaporation and atmospheric
stability, which consecutively results in the reduction of
cloudiness as well as the slowing of the hydrological cycle
and the suppression of convection processes (e.g., [1, 9-
14]). Additionally, the strong heating effects of absorbing
aerosols in the lower troposphere will produce alterations
in atmospheric circulation (e.g., [14, 15]). Furthermore, as
discussed by different studies, depending on the relative
position of the absorbing aerosol layer with respect to clouds
(e.g., [13,16-18]) as well as the underlying surface properties
[19, 20], the semidirect effect may also result in instability of
the atmosphere and an increase in cloud water.

In general, attributed to the involvement of various
atmospheric, surface, and other variables, the computation
of semi-direct effects of aerosols is quite complicated and
highly variable [19, 20]. Moreover, aerosols enhance the cloud
number droplets and decrease its mean droplet size by acting
as cloud condensation nuclei. This results in the change in
cloud albedo and radiative properties, reducing precipitation
efficiency which might influence the cloud lifetime as well
as its formation processes and coverage (indirect effects)
([21-23] and references therein). Likewise, different reports
point to the involvement of atmospheric aerosols in several
climatic system topics: in a range of tropospheric chemistry
variations [24], stratospheric ozone depletion [25], and in
several ecological concerns (e.g., [26-28]).

Once aerosols are released into (formed in) the atmo-
sphere, they will be transported to fields far away from the
areas of their origin. However, during their transportation
they will be subjected to numerous physicochemical transfor-
mations and removal processes such as dry and wet deposi-
tion and gravitational settling [29-31]. Thus, as aerosols travel
further away from their source regions, their concentration
and impact will decline drastically [3, 32]. As a result of
this declination, the impact of aerosols on climate must be
understood and quantified on a regional scale (i.e., in and
around their source regions) rather than on a global-average
basis (e.g., [1, 33, 34]). Due to the extreme heterogeneity of
aerosol space-time distribution, as well as physicochemical
properties, the quantitative assessments of certain puzzling
climatic roles and different aspects of aerosols through
observations (field experiments) are prohibitively expensive
and highly constrained by various factors (e.g., [4, 35-39]).

Therefore, studying the climatic effects of aerosols using
chemistry/aerosol models which are radiatively active and
coupled with the meteorological models with online feedback
on the radiation and climatic schemes (e.g., [40-45]) is
crucial. In addition, models are also indispensable tools for
estimating the past and projecting the future climatic role of
aerosol forcing (e.g., [46, 47]). Since the late 1980s, interac-
tively coupled climate-aerosol models for global scale (e.g.,
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[48, 49] and references therein) and regional scale ([50] and
references therein) simulations have been developed. Global
and regional models are now becoming more complex as they
incorporate new parameterizations of aerosol properties and
processes. Global-scale models, due to their frequently imple-
mented coarse grid resolution, do not accurately simulate the
regional-scale spatiotemporal distributions of a