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Abstract

African biomass burning (BB) during the dry seasons is one of the largest
sources of global carbonaceous particles and also significantly contributes to aerosol
precursors. These BB aerosols are expected to have significant impacts on
regional/global climate system by directly scattering and absorbing solar radiation,
as well as perturbing cloud microphysical properties and distributions. The climate
effects of these BB aerosols are dependent on their vertical distributions and relative
locations with respect to clouds, as well as their properties and evolution during
lifetime. Nevertheless, the characterisation of African BB aerosols and their
interaction with clouds are limited, in particular in-situ observations in remote
regions after long range transport. The systematic observations of optical properties
for African BB aerosols during lifetime are also lacking.

This project addresses these issues by conducting aircraft measurements in
West Africa during the Methane Observation Yearly Assessment-2017 (MOYA)
campaign to observe the emissions and evolution of African BB aerosol, and also in
the remote transport region over the southeast Atlantic during the Cloud-Aerosol-
Radiation Interactions and Forcing for Year 2017 (CLARIFY) campaign, to
investigate highly aged BB aerosols transported from southern Africa. A series of
online aerosol or/and cloud instrumentation were employed during the campaigns.

The observed African wildfire smoke plumes from two campaigns were
consistently controlled by flaming-phase burning of wooded savannah and
agricultural residue at source, which are rich in black carbon (BC) emissions. A
broad-scale picture of African BB aerosols and their properties can be derived from
these campaigns. Some specific features of the evolution of African BB aerosol
were observed. The main finds are that brown carbon (BrC) makes a minor
contribution at source and experiences an initial stage of BrC net enhancement
which is followed by a decrease to initial levels. The observations indicate that
different treatments of aerosol properties from different types of fires and their
downwind evolution should be considered when modelling regional radiative
forcing.

Another important finding is that highly aged African BB aerosols remain
strongly absorbing across wide transport region, which are more absorbing than
currently represented in climate models. This suggests an underestimation of
absorption for aged African BB aerosols in current studies. A persistent feature of
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vertical variation in BB aerosol properties, i.e. aerosol chemical composition and
single scattering albedo, is found when southern African BB plumes are transported
to the southeast Atlantic, as well as an essential separation between the free
troposphere (FT) and marine boundary layer (MBL). Future work should consider
the impact of this vertical variability on climate models.

The transport and entrainment history of southern African BB aerosols over the
southeast Atlantic were also investigated. The analysis shows that efficient
entrainment of FT smoke into the MBL could happen multiple days before getting to
Ascension Island. The region of efficient entrainment is found to be considerably
further west than previously predicted. Aircraft measurements around Ascension
Island show that the entrained BB aerosols resulted in a substantially enhanced
cloud droplet number concentration but decreased cloud effective radius in the
polluted MBL compared to clean cases.

These findings presented in this project provide new insight into the transport
history and properties of African BB aerosols, as well as their interaction with
clouds, which are unique constraints on aerosol and cloud parameterisations used in
modelling regional transport and radiation interactions over the important African
BB-impacted region.
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Chapter 1

Introduction

1.1 Motivation and thesis structure

Atmospheric aerosols are solid or liquid particles suspended in the gas, and
they are formed from both natural and anthropogenic activities (Seinfeld and Pandis,
2016). These aerosols can affect climate system by directly scattering and absorbing
solar radiation, and also by modify cloud properties and distributions (Forster et al.,
2007). They, along with greenhouse gases (GHGSs), are important perturbations in
the global climate system. While there is a clear scientific consensus that rising
levels of GHGs have the long-term warming effect on climate system, the overall
effect of atmospheric aerosols is much less certain and there is a need for further
studies. Atmospheric aerosols have been highlighted by the IPCC (International
Panel on Climate Change) as the greatest source of uncertainty in current
understanding of climate change (Boucher et al., 2013). The climate effects of
aerosols are particularly complex due to their varying optical, physical and chemical
properties (Myhre et al., 2009; Morgan et al., 2010), and also the multiplicity of
aerosol-cloud-radiation interactions leading to either warming (e.g. Dobricic et al.,
2019; Negi et al., 2019) or cooling radiative effect (e.g. Boucher et al., 2013).
Understanding the lifecycle and properties of atmospheric aerosols is crucial for the
accurate estimation of climate change.

Aerosol lifetimes are considerably shorter than long-lives GHGs such as
methane (CH4) and carbon dioxide (COy), thus they are more dynamic climate
drivers (Solomon et al., 2010; Kristiansen et al., 2016). This means that a variation
in global aerosol emissions caused by anthropogenic activities, such as industry and
change of land use, would affect atmospheric concentrations within weeks, whereas
similar variation in GHGs emissions would take decades to significantly affect
atmospheric concentrations. Short lifetimes and varying sources of atmospheric
aerosols indicate the importance of their local or regional influence. Thus, the
region-specific or source-specific characterisations of aerosols are necessary for
improving descriptions in atmospheric climate models.

Open biomass burning (BB), a combination of natural wildfires and those used
for land clearing and agricultural use, is a major contributor to the global aerosol
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burden and that of many trace gases. For example, African BB is the largest source
of global carbonaceous particles and significantly contributes to aerosol precursors
(Bond et al., 2013). Due to the strong aerosol-cloud-radiation interactions, pollutants
from BB emissions have a wide scope to affect regional radiative forcing and
ecosystems, especially important in the tropical and subtropical regions with intense
BB events (i.e. Africa, South America and South-east Asia). As policy controls
focus on reducing aerosol emission from anthropogenic sources such as fossil fuels,
and an overall warming climate potentially leads to more fires, the relative impact of
BB on climate forcing is expected to increase (Fuzzi et al., 2015). Human activities,
such as deforestation for crops also affect BB events.

In order to improve our understanding of these BB aerosols in the climate
system, observations of BB aerosol properties during lifetime and their interactions
with the atmosphere are required. Such observations with a research aircraft are
crucial, as they complement the coarser resolution observations from space and
spatially limited measurements at ground sites. Aircraft measurements also provide
continues observation of vertical structure and can benefit from highly sensitive and
accurate in-situ measurements to derive important aerosol properties. This study
presents in-situ aircraft measurements of smoke aerosols emitted from the important
African BB regions during the dry seasons (central and southern Africa, West
Africa), detailing chemical, physical and optical properties during transport process
and also their interaction with clouds. The measurements of this work provide novel
field results in African BB-impacted region, and unique observational constraints on
aerosol parameterisations used in climate models, thereby allowing quantification
and prediction of future impacts on climate change.

The thesis is structured as follows: Chapter 1 is a brief introduction to
atmospheric aerosols including their sources, lifecycle, properties and impacts.
Chapter 1 also provides an overview of BB (temporal and spatial distributions;
emission quantification; lifecycle; BB aerosol evolution). Chapter 2 is a literature
review into the investigation on BB aerosols in African regions, highlighting exiting
observational and model studies and current issues, in particular those relating to the
impacts of BB aerosol on climate. Chapter 2 also describes the project campaigns
and objectives (CLoud-Aerosol-Radiation Interactions and Forcing for Year 2017,
CLARIFY-2017; Methane Observation Yearly Assessment-2017, MOYA-2017).
Chapter 3 is a review of the key instruments and methods utilised in this work.
Chapter 4 contains the project results and discussions, which is presented as three
manuscripts: (1) the half-day evolution of smoke aerosols emitted from West
African seasonal BB; (2) the characterisation of highly aged African BB aerosols
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and (3) the transport of African BB plume and aerosol-cloud interaction. These
manuscripts are followed by additional findings from the two campaigns. Chapter 5
summarises the key findings of this Ph.D. project, determining the main
contributions of this work to the study of African BB aerosol, and any remaining
uncertainties and future research implications.

1.2 Atmospheric aerosols

1.2.1 Sources and lifecycle

Aerosols can be directly emitted into the atmosphere, these are termed “primary
aerosol”. Those formed via the oxidation of atmospheric gases and further gas-
particle conversion are known as “secondary aerosol” (Hallquist et al., 2009;
Jimenez et al., 2009). There are many anthropogenic and natural sources, providing
the primary aerosols or/and aerosol precursors for secondary aerosols.

Important natural sources include: 1) Marine emissions consist of primary sea
spray aerosol (sea salt aerosols) through bubble bursting (de Leeuw et al., 2011) and
also substantial aerosol precursors of Dimethyl Sulphide (DMS) resulting in sulphur
dioxide (SO.) and further secondary sulfate (Perraud et al., 2015). The primary sea
salt aerosols are mostly composed of sodium chloride, with additional contributions
from sulfates, potassium, magnesium, calcium and etc. Some studies reveal that sea
spray aerosols also contain a substantial amount of organic matter emitted from the
biological activities in the sea surface layer (e.g. O’Dowd et al., 2004). 2) Wind-
blown dust is directly emitted into the atmosphere from deserts and soils. Dust
particles are generally irregular in shape and are aggregates of complex mineral
substances such as silicates and calcium (Guieu et al., 2002; Ramirez-Romero et al.,
2021). 3) Biogenic emissions from plants, animals and microorganisms can provide
substantial quantities of primary biological aerosol such as pollen and fungal spore
(e.g. Despreés et al., 2012). They also emit precursor gaseous species of biogenic
volatile organic compounds (VOCs) such as isoprene and terpene, the oxidation of
which leads to the formation of secondary organic aerosols (SOA) (e.g. Chen et al.,
2009). 4) Volcanic emissions are an important source of primary ash particles and
gases such as SOz which can convert to secondary sulfate particles (Robock et al.,
2000). Some studies have also shown that highly acidic sulfate particles can be
released directly as primary emissions during volcanic activity (Allen et al., 2002).

Anthropogenic sources mainly include different combustion processes: 1) fossil
fuel combustion, a combination of diesel engines (road traffic, aircraft and shipping)
and industry coal burning; 2) biofuel combustion mostly for domestic heating and
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food cooking; 3) domestic and industrial waste burning (Singh et al., 2017). Open
BB is also a combustion process, but has both natural (natural wildfires of forest,
grassland or shrubland) and anthropogenic sources (man-made burning of
agricultural residue). When a combustion system has sufficient oxygen, the only
products are CO2and H20. Otherwise, incomplete combustion contributes to diverse
primary aerosols (i.e. black carbon (BC), primary organic aerosol (POA)) and
secondary organic or inorganic aerosols formed from co-emitted gaseous species (i.e.
VOCs, SOz2). The largest global combustion source is open BB, followed by
residential burning of solid fuels, and diesel engine emissions. Industrial activities
are also significant sources, while aviation and shipping emissions represent minor
contributions to emitted mass at the global scale (Bond et al., 2013).

After emission, these directly emitted or secondary formed aerosols undergo
various chemical and physical ageing processes, such as the chemical oxidation,
coagulation and condensation. These ageing processes alter the chemical,
microphysical and optical properties of aerosols, and thus their effects in the climate
system. During their lifecycle, these aerosols experience regional transport and are
generally removed from the atmosphere through wet and dry deposition to the
Earth’s surface (Pandis et al., 1995). Wet deposition is the dominant removal
mechanism (Jacobson, 2010) and occurs as a result of the scavenging of aerosol by
cloud droplets and subsequent loss via precipitation. Another form of wet deposition
is the capture of aerosol by falling precipitation, a process often referred to as
“washout”. Dry deposition occurs in the absence of precipitation and hence includes
gravitational settling, impaction and electrostatic deposition (Petroff et al., 2008).
The lifetime of aerosols in the atmosphere is decided by a consequence of these
removal processes. The removal rate of aerosols is also influenced by aerosol
properties. In next section, we describe some important aerosol properties for
evaluating potential impacts of aerosols during their lifecycle.

1.2.2 Aerosol properties
Size distribution

An aerosol’s size is important when considering its potential impact. There are
different definitions and thus various instruments determining the aerosol size. The
equivalent diameter is an ideal estimation of the diameter of a spherical particle
which has the same value of some properties as the irregular particle, such as
volume-equivalent diameter (Dy), surface-equivalent diameter (Ds) and mass-
equivalent diameter (Dm). The aerodynamic diameter (Da) is commonly used, which
is the diameter of a sphere with unit density (1 g cm2) and the same settling velocity
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as the irregular particle. Other measures of particle diameter include: the electrical
mobility diameter (Dmon), Which is determined by the movement of charged particles
in an electrostatic field and is the diameter of a particle with the same electrical
mobility as the irregular particle; and the optical diameter, which is measured by
instruments that detect light scattering and is defined as the diameter of a particle
having the same response in an instrument that optically detects calibration particles
by their interaction with light. Each of these quantities relies on assumptions about
the particle properties, i.e. density or refractive index, that may lead to uncertainty.

Size distributions of aerosols in the atmosphere can span several orders of
magnitude. A typical example of ambient atmospheric aerosol size distribution is
displayed in Fig. 1.1 (Buseck and Adachi, 2008). Generally, a distinction is made
between particles larger than 2.5 um, so called coarse mode particles and those
smaller than 2.5 um, known as fine mode particles. The fine mode is further
subdivided into nucleation mode (<0.01 pum), Aitken mode (0.01-0.1 um), and

accumulation mode (0.1-2.5 um).

The nucleation mode aerosols are generally produced from a gas-to-particle
conversion process termed “new particle formation” (Kulmala, 2013), which have
been observed in different environments such as urban (e.g. Deng et al., 2020) or
remote Arctic (e.g. Baccarini et al., 2020). The Aitken mode aerosols can be freshly
formed from combustion sources or the result of the coagulation of nucleation
particles (Seinfeld and Pandis, 2016). As nucleation and Aitken mode particles age,
they tend to increase in size due to coagulation with other particles or condensation
of gas phase species, forming particles in the accumulation mode. The accumulation
mode aerosols can also result from primary emissions. The coarse mode aerosols are
produced by mechanical processes and are mostly from primary emissions such as
sea spay, wind-blown dust or volcanoes. For the typical aerosol samples, the
accumulation and coarse modes dominate the majority of aerosol mass and volume,
while Aitken and nucleation modes (< 0.1 um) typically dominate the aerosol
number size distribution. The accumulation mode aerosols also tend to have the
highest total surface area of all the modes.

Due to the high sedimentation velocities, the coarse mode aerosols are
efficiently removed via dry deposition, leading to a short atmospheric lifetime in the
order of hours (e.g. Pandis et al., 1995). The nucleation and Aitken mode aerosols
diffuse rapidly due to Brownian motion, they are susceptible to removal by random
impaction on available surfaces. They tend to be quickly processed into larger
modes, both by condensation of gases and coagulation with other particles. The
accumulation mode aerosols are somewhat insusceptible to dry deposition due to
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their small weight and low terminal velocity. Removal of these particles is usually
due to wet removal. Consequently, particles in the accumulation mode reside in the
atmosphere on longer time scales (in the order of days to weeks) than other modes,
which have undergone secondary transformation and are normally aged (e.g. Pandis
etal., 1995).
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Figure 1.1 Schematic of aerosol size distribution for various parameters (number;
mass; volume and surface area) in an idealized atmospheric sample, together with
illustrations of their formation and removal mechanisms. The nucleation mode
contains particles with diameters less than ~10 nm, and 0.01-0.1 um for Aitken

mode, 0.1-2.5 pm for accumulation mode and > 2.5um for coarse mode (Buseck
and Adachi, 2008).

Chemical composition

Aerosol chemical components present in the troposphere mainly include
inorganic aerosols (i.e. sulfate, ammonium, nitrate, sodium and chloride),
carbonaceous particles (BC and organic aerosols), crustal elements (i.e. mineral dust
from desert and soil from vegetation debris), bioaerosols (i.e. pollen and fungal
spores) and water.

The coarse mode is typically dominated by primary emissions, including two
major contributions from wind-blown mineral dust and sea-spray sea salt. The
chemical composition of dust is dependent on the location, reflecting the Earth’s
material that it is originated from (George et al., 2012). Sea salt particles (i.e. NaCl)
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are the largest aerosol component by mass in the atmosphere, and comprised the
majority of natural aerosol (Liao et al., 2006). Other components, including
bioaerosols also have an important contribution to the coarse mode (Frohlich-
Nowoisky et al., 2016).

Carbonaceous particles and some inorganic aerosols (i.e. sulfate, ammonium,
nitrate) are typically minor components in the coarse mode but are more abundant in
the fine mode (Seinfeld and Pandis, 2016). Ammonia (NH3) is released as a gas
from both natural and anthropogenic sources such as agricultural practices, which is
processed to ammonium salts by reaction with various acids. Sulfate is mostly
formed from the gas or aqueous phase oxidation of SO> which is released from
anthropogenic activities, marine and volcanic emissions. Sulfate can exist in the
particle form of sulfuric acid (H2SO4), and H2SO4 can be neutralised to ammonium
sulfate ((NH4)2SO4) or ammonium bisulfate (NHsHSOg4) in the presence of NHs.
Nitric acid (HNOz3) can be formed during the daytime when nitrogen oxides (NOx)
are oxidised by OH, or during the night when NOs radical is generated via the
oxidation of NOx by ozone and a further reaction with NO, to form dinitrogen
pentoxide (N20s). The N2Os is partly hydrolysed to produce HNOs. When sulfate is
fully neutralised and there is an excess of NHz present in the atmosphere,
ammonium nitrate (NH4sNO3) can form in the particulate phase by reaction with
HNOs. Condensation of gas phase HNOz on existing particles can also form
particulate NHsNOs. NH4NO3 aerosol is a semi-volatile inorganic salt, thus there is
a gas-particle partitioning process in the HNO3z-NH3-NH4NO3 system.

BC and organics (OA) make up the main carbonaceous fraction of the aerosol
population. BC is primary aerosol directly emitted from incomplete combustion
processes. BC exists entirely in the particle phase due to its non-volatile nature.
Previous research has developed a generalised soot formation mechanism, including
precursor formation, soot nuclei formation, and particle surface growth and
agglomeration (Moosmuller et al., 2009). First, combustion fuel undergoes thermal
degradation and cracking of long-chain aromatic and aliphatic compounds to form
low-molecular weight radicals. A series of reactions of these radicals produce
polycyclic aromatic hydrocarbons (PAHSs), which are the main precursors for soot
formation. Continuous reactions with small molecules lead to the growth of PAH
structures until they become large enough to serve as soot nuclei. Then, the soot
nuclei grow through the condensation of gas-phase species to form larger spherules.
These individual spherules collide with each other, forming fractal soot chains
(Wentzel et al., 2003), and the further process of chain agglomeration can form
visible particles. The particles at this stage can be thought of as pure BC, the carbon
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atoms of which are organised in two-dimensional honey-comb graphitic layers.
However, pure BC is rare in the ambient condition, these structures tend to collapse
as a particle ages (e.g. Abel et al., 2003).

OA is a term used to describe a large number of chemical compounds
composed of carbon-carbon bonds, the sources of which include both natural
biogenic and anthropogenic emissions. POA can be directly emitted from
incomplete combustion processes. VOCs from emissions such as biosphere and
incomplete combustion, have variable oxidation rates and pathways with different
tropospheric oxidants (Seinfeld and Pandis, 2016). SOA results from complex gas to
particle conversion based on the volatility of formed organic products (e.g. Jimenez
et al., 2009). Subsequent to emission, OA will undergo substantial chemical
processing by ozone (Os), hydroxyl radical (OH) and NOs radicals, which
importantly alters the OA components (e.g. Jimenez et al., 2009).

Mixing state

Aerosol mixing state is defined as the distribution of particles across the
population. Atmospheric aerosols can be “externally-mixed” with each other, where
particles within a population contain only one pure species, or “internally-mixed”,
where multiple species are mixed within a single particle. In general, nucleation and
primary emissions result in the production of externally-mixed particles. Externally-
mixed particles can convert to internally-mixed by a myriad of ageing processes
such as coagulation and condensation. For example, freshly emitted particles from
incomplete combustion generally exist as an external mixture in which BC, co-
emitted organic and inorganic components still present as separate pure particles
(Mallet et al., 2004; Pésfai et al., 2004). Upon emission, BC will interact with these
co-emitted and further formed species, causing individual chemical components to
become internally mixed as a single particle. We usually call the core-shell mixture
as “BC-containing species”. Another case is that dust and sea salt can interact with
other aerosol species (i.e. sulfate and nitrate) during transport and then exist in the
form of internally-mixed particles (dust/sea salt core with soluble material coating)
(Levin et al., 1996). The processing of mixing state alters aerosol optical properties
and hygroscopicity and further influences their lifetime and climate effects, which is
described in following sections.

Hygroscopicity

Hygroscopicity is the ability of a solid substance to uptake water in sub-
saturated environments. The hygroscopic nature of bulk aerosols is mainly affected
by aerosol composition, size and also mixing state. Aerosol components, such as sea

18



salts, sulfate and nitrate aerosols, are efficient at acquiring water (Rovelli et al.,
2017; Zieger et al., 2017). This hygroscopic nature determines aerosol ability to
grow via water-condensational processes and also its wet removal from the
atmosphere via scavenging by cloud droplets. A considerable fraction of the
atmosphere’s organic content is also known to be soluble to some degree
(McFiggans et al., 2005). Aerosol components, such as BC and dust, are considered
to be hydrophobic. When the hydrophobic particles such as BC and dust are
internally mixed with soluble coatings, this increases the aerosol hygroscopicity
(Koehler et al., 2009). Another example is a coating of OA around a hygroscopic
aerosol such as sulfate (Quinn et al., 2005). This may induce a suppression of the
hygroscopic nature of the composite aerosol.

Optical properties

A particle’s size and refractive index are known to affect its optical properties
(Seinfeld and Pandis, 2016). The effect of bulk aerosol composition is also
important as different chemical species have different complex refractive indices.
Non-absorbing aerosols, i.e. sea salt, sulfate and most OA, efficiently scatter
radiation across the solar spectrum (Forster et al., 2007). In contrast, a significant
fraction of carbonaceous particles absorbs solar radiation. The best-known type of
light-absorbing carbonaceous particles is BC, which absorbs solar radiation over a
broad spectral range from ultraviolet (UV) all the way into infrared (IR). BC can
become coated with other species, causing a lensing effect where light is refracted
towards the BC core resulting in increased particle absorption efficiency (Lack et al.,
2009). Certain types of OA can also absorb radiation efficiently in the near-UV
(300—400 nm) and visible ranges. A new term, “brown carbon” (BrC), has emerged
in recent studies to describe this kind of OA (Laskin et al., 2015). Dust is also an
important light-absorbing aerosol in the atmosphere.

We usually use extinction (Cex), scattering (Csca) and absorption (Caps) Cross-
sections to define per-particle optical properties, which can be described by the
Beer-Lambert law:

Iy =1, e~ CralN — I o~ (Csea™Cang)IN (1.1)
Where It is the intensity of light transmitted through a volume of homogeneous,
monodisperse aerosol, lo is the incident light intensity, | is the path length and N is
the concentration of particles per unit volume. In ambient aerosol systems, it is
necessary to use the bulk extinction, scattering and absorption coefficients (Bext, Bsca
and Babs), the sum of the cross-sections (Cext, Csca and Cans) for all particles per unit
volume. We often normalise Bext, Bsca and Baps to the mass, leading to Mass
Extinction Coefficient (MEC), Mass Scattering Coefficient (MSC) and Mass
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Absorption Coefficient (MAC) respectively, measured in m? g~
The relative contributions of scattering and absorption are parameterised by the
Single Scattering Albedo (SSA):

B B MSC MSC
SSA = Sca _ Sca — —
BExt BscatBabs MEC MSC+MAC

(1.2)

In combination with surface reflectance, SSA determines the warming or cooling
contribution from aerosol (Liu Y. et al., 2014). SSA values of ~1 indicate mainly
scattering of radiation, values equal to 0 mean purely absorbing aerosols.

The absorption Angstrém exponent (AAE) is another important optical
parameter for aerosol characterisation and apportionment. The AAE can be

determined by the equation:
_ _ In(Bpps(A2))— In(Bops(A1))
AAE = In(A2) — In(1) (1.3)

in which A is the wavelength. BC absorption is considered independent of
wavelength and therefore represented by an AAE of ~1 (Bond et al., 2013). It is
generally assumed that an AAE significantly greater than 1 indicates the presence of
non-BC absorbing particles like BrC and dust which have higher AAEs than fresh
BC (Lack and Langridge, 2013).

Aerosol optical depth (AOD, 1) is a parameter used for quantifying extinction
effect of ensemble aerosols in an entire atmospheric column:
=— B Z (1.4)

Where z is the pathlength, Bg,, is the extinction coefficient with unit m™* and is the
sum of absorption and scattering coefficient. In the troposphere, AOD varies from
less than 0.05 in clean remote regions to ~1 in polluted atmosphere such as near BB
sources (Seinfeld and Pandis, 2016). AOD is useful for determining the proportion
of incoming sunlight that will reach the surface at any distance z from the top of
atmosphere (TOA):

F
= exp(—Bgy 2) (1.5)
0

where F is the incident flux after layer distance z, F, is the initial incident flux at the
TOA.

1.2.3 The influence of atmospheric aerosols
Climate effects

The Earth’s radiative energy budget is a measure of the balance between

incoming and outgoing radiative energy at the top of the Earth’s troposphere.
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Perturbations to the Earth’s radiative budget are often quantified using Radiative
Forcing (RF), which represents an index of the importance of a factor as a potential
climate change mechanism. (Myhre et al., 2013). Atmospheric aerosols can alter this
budget by various mechanisms and thereby impact both regional and global climate:

1) Direct effects: Aerosols can influence the climate system directly by
scattering and absorbing solar radiation, the magnitude of this “direct effect”
depends on the size, abundance, and optical properties of particles and the radiation
wavelength (Forster et al., 2007). The scattering property of non-absorbing species
generally leads to a cooling climate effect. Absorbing particles take on incoming
solar radiation energy and re-release it, leading to a warming climate effect. The
direct effect of absorbing aerosol layers is also dependent on the albedo of the
underlying surface and their relative vertical locations. For example, if the elevated
absorbing aerosol layer is over low-lying clouds or a snow surface, it will have a
stronger warming effect compared with absorbing aerosol layers above a clear sky
column or a lower albedo surface such as the ocean (Samset et al., 2013), since they
can absorb solar radiation reflected from these surfaces. Similarly, the warming
effect of an absorbing aerosol layer is larger at higher altitudes because of greater
solar flux (Samset and Myhre, 2011).

2) Indirect effects: Atmospheric aerosols can induce “indirect effects” by
modifying cloud microphysical properties, distributions and lifetime. Aerosols can
act as cloud condensation nuclei (CCN) and ice nuclei (IN) and promote the
nucleation of cloud droplets and ice crystals. The aerosol ability to become a CCN is
mainly dependent on its hygroscopic nature, affected by aerosol size, composition
and mixing state (see Sect. 1.2.2). Previous studies suggest that aerosols with larger
sizes are more likely to become CCN (e.g. Dusek et al., 2006). Enhanced cloud
droplet number concentrations (Ng) lead to decreased cloud effective radii (Re) for a
given liquid water path (LWP). The smaller size of cloud droplets increases their
tendency to remain aloft in the cloud for longer period, which is associated with the
suppression of precipitation. This “Twomey effect” increases the cloud albedo and
thus produces a negative radiative forcing effect (Twomey, 1977).

3) Semi-direct effects: The rapid adjustments to atmospheric thermodynamics
owing to aerosol absorption, are commonly referred as “semi-direct effects” (Koch
and Del Genio, 2010). For example, absorbing aerosols, such as BC, immersed in
cloud droplets can absorb light and dry out the clouds, the smaller droplets under
polluted conditions may evaporate more rapidly than clean cases (Bond et al., 2013).
If the absorbing layers are present frequently at elevated altitudes, the heating of the
atmosphere relative to the surface suppresses convective uplift of moisture and
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increases stability in the lower troposphere (Koren et al., 2004). The heating of the
atmosphere aloft also cools the surface, resulting in less evaporation of surface
water. The semi-direct effects perturb the thermodynamic structure of the
atmosphere and thus also influence the cloud distributions, which can either enhance
or counteract the negative radiative forcing caused by indirect effects.

4) Surface Albedo: When absorbing aerosols (i.e. BC) deposit on snow and ice
during transport, this decreases the surface albedo and causes more solar radiation to
be absorbed, leading to a warming effect on climate (Hadley et al., 2010). The direct
absorption of sunlight produces warming which affects snow and ice packs
themselves, leading to additional climate changes and ultimately to earlier onset of
melt and amplified radiative forcing. (Sand et al., 2013).

In the Intergovernmental Panel on Climate Change (IPCC) report, atmospheric
aerosols are estimated to have a net negative radiative forcing of around —1 W m2
(Fig. 1.2). The confidence level for estimated aerosol-radiation interactions was
high, while low for aerosol-cloud interactions and surface albedo (BC on snow)
(Myhre et al., 2013). The effects of atmospheric aerosols are regraded as the greatest
source of uncertainty in present-day understanding of the climate system.
Understanding the properties of atmospheric aerosols during their lifecycle is crucial
for the accurate estimation of climate change.

Radiative forcing of climate between 1750 and 2011
Forcing agent

Well Mixed
Greenhouse Gases
Ozone

Stratospheric water
vapour from CH,

Black carbon
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Surface Albedo on snow

Land Use} + L1
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Contrail induced cirrus

Aerosol-Radiation Interac.

Aerosol-Cloud Interac.
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Figure 1.2 Bar chart for radiative forcing of different forcing agents for the period

1750-2011. Uncertainties (5 to 95% confidence range) are given (Myhre et al.,
2013).
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Air quality and health

While atmospheric aerosols are important for their climatic effects, they have
long been studied for many other reasons. Aerosol effects on air quality is a large
concern, especially in urban environment. For example, the aerosol pollution can
significantly decrease visibility in the region (Park et al., 2003) and degrade building
materials through the deposition of acids (Grossi and Brimblecombe, 2002). Fine
particulate matter with Da <2.5 pm (PM25) can be inhaled into the deepest recesses
of the lungs and may enter the bloodstream impairing vital organs, which is reported
to exacerbate a range of health problems including respiratory and cardiovascular
issues (e.g. Lelieveld et al., 2013). The toxicity of atmospheric aerosols is dependent
on their size, composition and oxidative potential, which needs further studies.

1.2.4 Research platforms

As the impacts of aerosols depend on their properties, measuring the variability
of these across the large spatial and temporal scales of interest represents a major
challenge. There are many different research platforms that are used to bridge these
scales and provide accurate characterisation, including laboratory simulations, field
measurements and satellite platform, each having different advantages depending on
desired outputs.

Laboratory studies are generally based on chambers or flow tubes that simulate
atmospheric processing and a suite of instrumentations is used to characterise
aerosol properties. Laboratory simulations allow studies on a specific property or
process, for example, the investigation of BB emissions can be conducted in a clean
environment excluding factors such as ambient biogenic or urban anthropogenic
emissions. However, the main disadvantage is that laboratory conditions may be
very different from the natural environment, for example the light intensity.

Field measurements have the advantage of taking sampling from ambient air in
the natural environment. Ground-based measurements are limited to single-point
observations and are therefore unable to easily examine different ageing or transport
stages. The instruments used for ground-based sampling have been adapted for
operation on-board research aircraft or ships. These measurements allow a greater
range of sampling, both spatially, vertically (with aircraft) and at geographic
locations, which is more useful for studying the ageing or transport of emitted
pollutants and for modelling studies. However, major challenges are associated with
importing ambient aerosols into the instruments within the cabin of the aircraft,
without altering their properties and particle loss. The wing-mounted instruments
also have the challenges of considering extreme temperature, humidity, turbulence
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and velocities. Other platforms for field measurements have been attempted,
including small unmanned aerial vehicles (Bates et al., 2013), blimps (Perring et al.,
2015) and tethered balloons (Hara et al., 2013).

The instruments used for laboratory simulations and field measurements can be
broadly split into two categories: real time measurement (in situ) and offline analysis
which firstly collects particles on a filter. These instruments offer the opportunity for
bulk population or single particle analysis. The instruments can be also split into
different categories by purpose, mainly including aerosol chemical composition, size
distribution, CCN ability (hygroscopicity), volatility and optical properties. More
instrument information related to this project is introduced in following Chapter 3.

Remote sensing methods, including satellite and ground-based platforms can
complement the above measurements (see Table 1.1). Satellite platforms, which are
spaceborne, are able to offer a global and continuous observation. Many satellite
instruments are mounted on polar orbiting satellites and view most parts of the earth
about twice a day. Their orbits are sun-synchronous, which means that they see the
same part of the earth at the same local time each day. Some satellite instruments are
mounted on Geostationary satellites, which orbit the earth once every 24 hours.
They spin at the same rate as the earth and stay above the same spot all the time,
thus providing an unbroken series of images of the atmosphere below. Permanent
ground platforms at different sites, such as aerosol robotic network (AERONET),
are also typically used for long-term monitoring. Complex retrieval algorithms can
provide estimates of properties such as aerosol absorption and SSA across a range of
wavelengths from remote sensing observations. The most frequently utilised
measurements are of AOD which are available form a number of remote sensing
instruments. Recently, satellite-based Lidar measurements have provided insights
into the vertical structure of aerosols with the atmosphere, such as cloud-aerosol
lidar with orthogonal polarization (CALIOP). Above remote sensing methods
depend on assumed aerosol properties and typically suffer from great retrieval
uncertainties.

Table 1.1 Selected remote sensing instruments or networks that provide aerosol
information, depending on assumed aerosol optical properties.

Measurements Platforms Major aerosol products

moderate resolution optical depth, effective

imaging spectroradiometer Terra, Aqua . . i
(MODIS) radius, fine mode fraction
multi-angle imaging optical depth icularl
: Terra ptical depth (particularly
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polarization and
directionality of the earth’s
reflectance (POLDER)

AErosol RObotic
NETwork (AERONET)

Ozone monitoring
instrument (OMI)

Multifilter rotating
shadowband radiometer
(MFRSR)

Spinning Enhanced Visible
and Infrared Imager
(SEVIRI)

cloud-aerosol lidar with
orthogonal polarization
(CALIOP)

Polarization & Anisotropy of
Reflectances for Atmospheric
Sciences coupled with Observations
from a Lidar (PARASOL)

ground network

Aura

UV-B ground network

Meteosat Second Generation

Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation
(CALIPSO)

particle size and shape

optical depth, shape,
surface vs. atmospheric
reflectance

optical depth, size,
refractive index, shape
optical thickness, single

scattering albedo

optical depth, size, direct-
diffuse ratios

optical thickness, size

Backscatter profiles of
cloud and aerosol layers

1.3 Biomass burning

Open BB is defined as the combustion process of biomass fuel (forest,
grassland, shrubland or agricultural residue). These fires can be natural (e.g.
lightning induced wildfires) or human induced activities (e.g. clearance fires for
agricultural expansion and harvesting practices). BB can produce a wide range of
gaseous compounds such as carbon monoxide (CO), CO, and CH4 and particle
compounds including carbonaceous particles (OA and BC) and inorganic aerosols
(Reid et al., 2005; Forster et al., 2007).

In the IPCC report, BC is regarded as the dominant absorbing aerosol in the
atmosphere, which contributes the equivalent of ~1/4 of warming effect caused by
CO2 (Fig. 1.2) (Myhre et al., 2013). BB is estimated to contribute ~ 40% of global
BC emissions (Bond et al.,, 2013). BB is also a main source of global OA,
contributing ~ 62 % of the global primary organic carbon (OC) emissions and ~ 30
% of the OA gaseous precursors (VOCs) (Guenther et al., 2006; Wiedinmyer et al.,
2011). Thus, understanding the emissions, distributions and properties of BB
aerosols is a focus on evaluating aerosol effects in climate system. Furthermore,
previous studies consider PMzs (aerosol smaller than 2.5 pum in diameter) from
different sources to be equally harmful to human health, as reported in the WHO Air
Quality Guidelines (AQG) (WHO, 2005). However, recent toxicological studies
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suggest that particulate matter from wildfires is more toxic than equal doses from
other sources such as traffic emissions (e.g. Aguilera et al., 2021). Smoke plumes
from wildfire tend to generate more free radicals and thus have a greater potential to
cause inflammation and oxidative stress in the lung than urban ambient particulates
(Williams et al., 2013). It is therefore also imperative to differentiate between smoke
and non-smoke PM.s when assessing its chemical components and impacts on
public health.

This section presents an introduction of BB temporal and spatial distributions,
and the quantities to characterise fire source condition and emissions. An
introduction of the transport and lifecycle of BB plume is also provided, as well as
the evolution of BB aerosol properties.

1.3.1 Temporal and spatial distributions

It is estimated that approximately 8.6 Pg dry matter is burnt annually, with an
uncertainty of £50 % (Andreae and Merlet, 2001). As seen in Fig. 1.3, main BB
regions include the Africa (wooded savannah and agricultural residue), Latin
America (Amazonia rainforest), southeast Asia (tropical forest and peatland), east
Asia (agricultural residue), south Asia (forest and agricultural residue), Eastern
Europe and Central Asia (land clearance and Siberia boreal forest), Oceania
(grassland) and North America (temperate/Boreal Forest) (Giglio et al., 2006; Bond
et al., 2013). Geographically, over 80% of global BB emissions originate from
tropical regions. Africa provides the largest emissions of BC and co-emitted species
from global BB events, followed by South America and then the rest of the world
(Bond et al., 2013).

The global distribution and seasonality of active fires are generally
characterised with satellites such as the Terra and Aqua MODIS sensors (e.g. Giglio
et al., 2006). At a global scale, fire occurrence is regionally variable. BB in the
tropics occurs most intensively during the dry season, due to large areas of biomass
being produced during the wet season which is then dried and turns to highly
flammable fuel. Temperature variation from wet to dry season plays a role in fuel
drying. Thus, the temperature and rainfall control the biomass fuel accumulation,
composition and moisture (Moritz et al., 2012), determining interannual variability
of fire counts (Chen et al., 2013; Giglio et al., 2013). The length of the dry season is
also important in promoting fire in moist tropical ecosystems (van der Werf et al.,
2008). There are differences in the timing of dry season and fire activity in tropical
Africa north (November to February) and south (June to October) of the equator.
The dry season is mainly from August to November for South American tropics
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(south of the equator). In the Central American region, there is a south to north
migration (late January to July) in the dry season burning pattern. North America
experiences quite a short burning period between May and August every year,
decided by agricultural clearance and wildfire activities. The fire season in southeast
Asia generally runs from late January to mid-May, which is associated with forest
areas. There is also forest burning from late February to early June in south Asia.
Burning of mostly agricultural residues can be detected in eastern China between
late May and August. Most of the burning events in Australia are in the savanna
grasslands, moving in a west to east direction from May to November. The rest
Europe/Eurasia window covers the largest geographical area of all the regions
investigated, characterised by a fire season from April to September every year.
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Figure 1.3 Climatological fields showing the a) over-pass corrected fire pixel
density and b) peak month of fires, based on the Terra MODIS observations from
November 2000 to October 2005 period (Giglio et al., 2006).

Overall, the interannual fire activities of main natural fires are determined by
the climate system, such as the temperature and precipitation. Human-induced
activities also affect BB distributions, for example, the conversion of rainforest to
pasture or cropland. These fires are typically ignited every 2 to 3 years in order to
remove secondary forest regrowth, enhance grass growth and fertilise the soil with
residue from the original forest. Such fires are present across the tropics and most
prevalent in Amazonia. Every year, the dry and burning of agricultural residue after
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harvesting is also common, such as in Africa and south Asia. The interannual fire
activities can be also affected by other factors such as El Nino/La Nina and
increasing global temperatures (Westerling et al., 2006). There are strong links
between EI Nino-induced droughts in the western US and southeastern Asia and fire
season severity (Giglio et al., 2006; van der Werf et al., 2006).

1.3.2 Source characterisations

The fires generally undergo several stages (Andreae and Merlet, 2001): The
biomass fuels firstly experience thermal cracking when water and volatiles are
released and pyrolysis begins at temperatures above ~400 K, forming solid char and
combustible volatile compounds. When temperature exceeds ~450 K, the reactions
become exothermic and at ~800 K, a glowing process begins which releases a
complex mixture of tar and volatile compounds. When the combustion reaches the
flash point temperature (over ~850 K), this leads to a sustaining flaming phase and
converts the complex mixture of reduced substances to simple molecules (CO2, H20,
CHs, NOx, SOz and soot). With most volatiles released from the fuel, flaming
combustion ceases and smouldering begins. The gas-solid reaction between oxygen
and carbon continues in the char layer at the fuel surface, but at lower temperatures
(< 850 K). The smouldering phase favours the emissions of CO and a group of
incompletely oxidised pyrolysis products that are similar to the initial solid
decomposition.

The ratio of flaming over smouldering combustion is referred to as the
combustion efficiency, which determines the relative amounts of likely gaseous and
aerosol composition emitted from BB fires. The modified combustion efficiency is
commonly used to represent the combustion efficiency of the fire, which is defined
as the excess mixing ratio of CO- to the sum of the excess mixing ratios of CO and
CO2: MCE = ACO2/(ACO+ACO>) (Yokelson et al., 2009). Excess mixing ratio is
defined as the mixing ratio of a species in the plume minus its mixing ratio in the
background air. For an identified smoke plume, MCE can be also calculated by
determining the slope between CO and CO2 (6CO/6CO3) using an unconstrained
linear orthogonal distance regression (ODR) fitting and subsequently solved for
MCE = 1/(1+3C0O/3CO2). An MCE > 0.9 is commonly used to indicate BB smoke
predominantly influenced by combustion during the flaming phase, whereas MCE <
0.9 indicates that BB smoke is primarily emitted from smouldering phase
combustion (Reid et al., 2005).

When measuring the emissions of different species from fires, excess mixing
ratio is commonly reported in order to normalise for dilution by background air.
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Emission information can be represented in two basic forms: enhancement ratio
(ER) and emission factor (EF). The ER of a species (X) can be calculated by
dividing the excess X (AX) by the excess concentration of a reference species Y
(AX) (AX/AY), which can be also calculated by determining the slope between X
and Y using an unconstrained linear ODR fitting (Yokelson et al., 2013). If,
however, a direct regression between two species is not possible due to the different
instrument response times, an integration method can be used (Yokelson et al.,
2009). The reference species are generally non-reactive and co-emitted smoke
tracers, typically CO or CO., as they are relatively inert and have a long lifetime in
the atmosphere. The ER can be estimated along the plume transport, but those near

source are simply termed the “emission ratio”.

The EF (g kg ) of X is defined as the mass of X emitted (in grams) with per
kilogram of dry matter burnt (Andreae and Merlet, 2001). Using the ER calculated
for each species, the EF of X is given by equation as below:

EFy=F,-1000 (g kg™")- 2x X (1.6)

M Ctotai

where F. is the fraction of carbon in the fuel source. My and M are the molecular
weights of species X and carbon respectively. The term C,./C;tq; 1S the molar ratio
of species X to total carbon in the plume, which is calculated using the equation
below (Wooster et al., 2011):

Cx _ ERy 17

Ctotal Z?:l(NCj ERj)

Where ERy is the ER of species x to the reference species (typically CO), NC;j is
the number of carbon atoms in compound j, and the sum is overall ER of carbon
species to the reference species. However, not all carbon containing species could be

actually quantified. Total carbon is generally assumed to be the sum of CO, CO; and

CHa in recent studies, but this may lead to an underestimation of 1-2% (Wooster et
al., 2011).

These quantities can be used to describe and compare BB emissions and
properties uniformly across different fire regions and types. Previous laboratory
experiments and field measurements have shown that BB source emissions are
dependent on the combustion efficiency of the fire and burnt fuel type (fuel
composition) (e.g. McMeeking et al., 2009; Pratt et al., 2011). Environmental
conditions such as humidity, temperature and wind conditions can influence the
combustion efficiency of the fire, therefore also altering the source emissions (e.g.
Bond et al., 2013). Andreae and Merlet (2001) reviewed BB studies to determine
EFs of different gases and aerosol components for several BB types or different
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regions (e.g. Savanna and grassland, Tropical forest, Temperate forest, Boreal forest,
Peat fires and Agricultural residues), which is then updated by Andreae (2019). The
accurate source characterisation is important in terms of use in emission inventories
and predictions of future air quality and climate system. Nonetheless, the scaling of
EFs remains an open and large uncertainty in BB modelling, which needs more
studies in different BB regions.

1.3.3 Lifecycle of biomass burning plume

In BB events, the intense heat and convection within fires results in the release
of pollutants as a distinct plume. The morphology and dynamics of these plumes are
a function of fire strength and the meteorology of the ambient atmosphere. In
general, the emitted plumes are injected to elevated heights by the buoyant
convective heat flux from the fire, and then are transported by atmospheric motion.
BB aerosols in the plume experience regional transport and are generally removed
from the atmosphere through wet and dry deposition, while inert gas emissions (e.g.
GHGs) undergo longer lifetimes.

The altitude at which BB plumes are injected affects the lifetime and impacts of
released pollutants. If the plume is injected into the free troposphere (FT), the
aerosol pollutants can spread over large distances and have a long lifetime, as they
are not subject to significant removal due to the low water contents and low
probability of encountering clouds in the FT. The climate effects of absorbing BB
aerosol layers are also dependent on their vertical locations with respect to clouds
and the albedo of the underlying surface (See Sect. 1.2.3). If absorbing BB aerosol
layers are injected into the elevated level and are above reflective clouds, the
radiative forcing can be dramatically enhanced (Bond et al., 2013). It is assumed that
the injection height is related to the different types of combustion in various regions.
For example, emissions from flaming combustion such as African grassland fires
can be injected to great altitudes, while the injection height is much lower in areas
such as southeast Asia (tropical forest and peatland) (Mims et al., 2010; Akagi et al.,
2011). The plume injection heights can be calculated from satellite retrievals using
two main techniques: Lidar and stereo analysis of overlapping imagery, which still
have limiting factors (Labonne et al., 2007; Nelson et al., 2008). The accurate
parameterisations of plume injection height and transport are important for
simulating the vertical distributions of BB plumes in transport region, and further
their climate effects.

During transport, BB plumes can be diluted by mixing with nearby background
air, and undergo a series of chemical and physical ageing processes. There have
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been a number of laboratory studies and field measurements focusing on BB
emissions and evolution during their lifecycle. Systematic laboratory BB studies
include the Fire Laboratory at Missoula Experiments (FLAME) and Fire Influence
on Regional and Global Environments Experiment (FIREX) (e.g. McMeeking et al.,
2009; Ortega et al., 2013; Selimovic et al., 2018). These experiments burned a series
of natural biomass fuels and characterised the gas and particle phase emissions. The
ageing of these emissions was also explored with additional chamber or flow tube
experiments. A recent chamber study also systematically simulated the
photochemical ageing of smoke (particles plus gases) generated by burning various
biomass fuel types under different combustion conditions (Cappa et al., 2020;
McClure et al., 2020). Field measurements of BB plumes have been conducted
across the world, especially in Amazonia and North America. A brief summary of
representative field campaigns in different BB regions is list in Table 1.2.

Table 1.2 A brief summary of representative field campaigns in different biomass

burning regions.

Campaign Type Period Reference
The Megacity Initiative: Local and  Agricultural and pine Yokelson et
Global Research Observations forest fires in the March 2006 al. 2009
(MILAGRO) Yucatan (Mexico) Y
Arctic Research of the Composition Jacob et al
of the Troposphere from Aircraftand  Transported Siberia Summer. 2008 2010 N
Satellites (ARCTAS) Boreal Forest fire ’
California wildfires Spring, 2008

Quantifying the impact of BOReal
forest fires on the Tropospheric
oxidants over the Atlantic using

Aircraft and Satellites (BORTAS)

Biomass Burning Observation

Canadian Boreal
Forest fire

Wildfires in the

July to August ~ Palmer et al.,
2010, 2011 2013

July to October  e.g. Kleinman

Project (BBOP) western U.S. 2013 etal., 2020
Studies of Emissions and Smouldering wildfire Forrister et al.,
Atmospheric Composition, Clouds in the U.S. August 2015
. . . ) o to September
and Climate Coupling by Regional  agriculture fires in the 30. 2013 :
Surveys (SEACARS) U.S. Midwest | Liuetal., 2016
Western Wildfire Experiment for Julv to
Cloud Chemistry, Aerosol Wildfires in the Se teymber Palm et al.,
Absorption, and Nitrogen western U.S. 2018 2020

(WE-CAN)
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Large-Scale Biosphere Atmosphere

Deforestation in a

September to

Experiment in Amazonia (LBA- pasture site, November Claezyosl%t al,
SMOCC) Rondonia, Brazil 2002
The Tropical Forest Fire and Tropical deforestation  dry season in Yokelson et
Emissions Experiment (TROFFEE) fires, Brazil 2004 al., 2007
Amazon Tall Tower Observatory Rainforest fires in the Lona-term Andreae et al.,
(ATTO) central Amazon Basin g 2015
South American Biomass Burning Rainforest fires in Septemberto  e.g. Morgan et
Analysis (SAMMBA) Amazon October, 2012 al., 2020
Southern African Regional Science Southern African September Haywood et
Initiative campaign (SAFARI-2000) wildfires 2000 al., 2003a, b
Dust and Biomass-burning western African Haywood et
Experiment (DABEX) wildfires Febuary 2006 al., 2008
Welaeaund measurement station Southern African May 2010 to VakkKari et al.,
9¢ed wildfires January 2016 2014: 2018
Aerosol and Chemical Transport in . November to
. . ; Eucalyptus forests in e.g. Jolleys et
Tropical Convection campaign N. Australia December, al. 2012
(ACTIVE) ' 2005 N
Savannah Fires in the Early Dry . Mallet et al.,
Season (SAFIRED) Australia Savanah June 2014 2017

Here, the main results are summarised from these laboratory and field studies
related to BB aerosol properties during their lifecycle.

1) Size distribution: BB aerosols were observed to be mainly in Aitken and

accumulation modes, together with a small number fraction in coarse mode (Janhéll
et al., 2010). Measurements of southern African BB aerosols occasionally detected a
nucleation mode closer to fire source, i.e. less than a few minutes away (Sinha et al.,
2003). It is suggested that the bulk aerosol size distributions at emission are
connected with the burning condition and fuel type (e.g. Levin et al., 2010). Flaming
combustion generally emits smaller particles while the smouldering phase
combustion favours larger particles (Chen et al., 2006). Particle size distributions at
emission were observed to be generally unimodal for most fuel types during the
flaming phase and strongly bimodal during the smouldering phase (Hosseini et al.,
2010). After emission, these particles grow into larger size range due to coagulation
and condensation processes. Field measurements in different BB regions have
consistently observed the enhanced bulk aerosol size away from source (e.g. Janhéll
et al., 2010; Vakkari et al., 2018; Hodshire et al., 2021). In most cases, the estimated
time scale for coagulation is much less than the corresponding time scale for
condensational growth. The number size distribution of highly aged BB aerosols is
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generally unimodal, with the peak diameters mainly in the range of 200—250 nm
(e.g. Matsui et al., 2011; Sakamoto et al., 2015; Marenco et al., 2016).

The observations of Amazonia BB show that there is little difference in BC
core size distributions for BB plumes emitted from fires with different MCE
(Hodgson et al., 2018). Mass median diameters (MMD) are ~0.2 pum and number
median diameters (CMD) are ~0.1 um. The observations of BB plumes in different
studies also indicate that BC core size distribution shapes are similar for near-source
and long-range transported smoke (CMD~0.1 — 0.15 pm; MMD~0.2 um) (Schwarz
et al., 2008; Kondo et al., 2011; Sahu et al., 2012, Taylor et al., 2014; Hodgson et
al., 2018).

2) Chemical properties: Both laboratory and field studies show that the
emitted primary BB aerosols are mainly composed of OA and BC in varying
amounts, with trace inorganic species (e.g. Reid et al., 2005; McMeeking et al.,
2009; Pratt et al., 2011; Vakkari et al., 2014; Mallet et al., 2017; Hodgson et al.,
2018). The initial relative mass contributions of OA and BC vary widely with fuel
type and combustion conditions (MCE). The emission of BC is usually high during
flaming combustion, while smouldering combustion tends to emit smoke high in CO
and organic mass (e.g. Christian et al., 2003). Thus, the emission ratio of BC is
expected to increase as a function of MCE, while the emission ratio of OA shows an
opposite trend (May et al., 2014). Laboratory study by McClure et al. (2020)
presented a negative correlation between OA/BC ratios and MCE.

The chemical evolution of BB aerosols has been studied comprehensively in
field and laboratory measurements under various BB conditions (e.g. Capes et al.,
2008; Yokelson et al., 2009; Pratt et al., 2011; Akagi et al., 2012; Collier et al.,
2016; Vakkari et al., 2014, 2018; Cappa et al., 2020; Kleinman et al., 2020). After
emission, there are enhanced compositions of some inorganic species (e.g. nitrate
and sulfate) due to the secondary processing of co-emitted precursors (e.g. NOx and
S0O,). BB POA are semi-volatile and can evaporate into gas phase upon dilution of a
smoke plume (Robinson et al., 2007). SOA can be formed by the oxidation and re-
condensation of evaporated POA, as well as the processing of co-emitted VOCs
(Grieshop et al., 2009a, b; Cubison et al., 2011; Ortega et al., 2013; Palm et al.,
2020). These lead to more oxidised OA and a lower-volatility nature of aged BB
aerosols than POA. A BB tracer of levoglucosan species is generally used to
represent the evolution of BB OA (Cubison et al., 2011). Due to the ageing of BB
POA and SOA formation, the net enhancement of OA has been a subject of recent
research. Some field studies quantified substantial net OA enhancement (Yokelson
et al., 2009; Cubison et al., 2011) and others reported negligible changes (Capes et
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al., 2008; Hecobian et al., 2011; Garofalo et al., 2019). Laboratory and field studies
demonstrate a wide range of measured net OA production, depending on many
factors, i.e. dilution factors, burn condition and ageing time (Ortega et al., 2013;
Hodshire et al., 2019; Palm et al., 2020). Cubison et al. (2011) estimated a global net
source of OA from BB ageing as 7-8 Tg yr %, which is ~5% of the total global OA
source. Further understanding of the magnitude and extent of both the primary and
secondary components of BB OA is required to fully assess the impacts from local
to global geographical scales.

BC is chemically sable, the ER of BC is expected to be relatively constant
during plume transport without significant aerosol removal (e.g. Capes et al., 2008;
Akagi et al., 2012). BB field studies in North American region demonstrate thicker
coatings on BC after experiencing a longer transport period, due to internal mixing
of BC with other aerosol species such as OA and inorganics (e.g. Akagi et al., 2012;
Perring et al., 2017; Cheng et al., 2018).

3) Optical properties: The smouldering-phase combustion favours the
formation of OA rather than BC, and BB emissions with primary compositions
dominated by organic matter are more likely to contain higher fractional
concentrations of BrC than those dominated by BC (e.g. McClure et al., 2020).
Furthermore, OA is generally more scattering compared to BC, and light-absorbing
OA (BrC) typically exhibits a much stronger wavelength dependence than BC
(Laskin et al., 2015). Thus, the initial optical properties (i.e. SSA, AAE and MAC)
of freshly emitted BB aerosols are expected to be strongly dependent on OA/BC
mass ratios and MCE, and are therefore also highly variable, which have been
observed in different laboratory and field studies (e.g. Liu S. et al., 2014; Saleh et
al., 2014; Pokhrel et al., 2016; McClure et al., 2020). The initial SSA, AAE and
MACsec-40snm (total aerosol absorption normalised to BC mass, at 405 nm) were
observed to be positively correlated with the initial OA/BC, while negatively
correlated with the MCE.

After emission, the SSA is expected to increase during atmospheric ageing due
to aerosol size growth caused by condensation and coagulation. Field observations
in different BB regions have reported enhanced SSA downwind from source (Abel
et al., 2003; Yokelson et al., 2009; Akagi et al., 2012; Vakkari et al., 2014;
Kleinman et al., 2020). Due to the mixing of BC with other aerosol species, the
absorbing properties of BC-containing particles are modified after emission. The
MAC of coated BC can be enhanced by a lensing effect induced by the coatings
and/or the absorption from internally mixed BrC (Lack et al., 2009). Absorption
enhancement (Eans) is generally used to represent the additional absorption of light
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above that expected from bare BC cores. McMeeking et al. (2014) conducted
chamber simulations to study the relationship between generated BB aerosols with
coating thickness (the ratio of non-refractory mass/BC core mass) using different
fuel types. All measurements were performed downstream of a thermal denuder
system to probe the effects of non-refractory coating materials on observed optical
property. The removal of coatings from BC led to substantial (40-80%) decreases in
MAC, particularly larger decrease at shorter wavelengths, suggesting the combined
impacts of direct absorption by BrC and enhancement of BC absorption due to the
lensing effect. Some field campaigns of BB events also observed the Eaps due to
both the lensing effect caused by the coatings and the absorption from BrC (e.g.
Lack et al., 2012a, b; Denjean et al., 2020a). However, in a Canadian wildfire case
study, there is no evidence for lensing effect (e.g. Healy et al., 2015). Minimal Eaps
was observed at ~700 nm, the Eans at short wavelengths is attributable to the
presence of BrC. It is demonstrated that the Eans due to the lensing of coatings on
BC is reduced when the coating is mildly absorbing (i.e. contains BrC) relative to
the enhancement induced by completely non-absorbing coatings (e.g. Lack and
Cappa, 2010).

The absorption properties of BrC are also modified with ageing, closely related
to secondary BrC formation from photochemical processing of co-emitted gaseous
compounds (Saleh et al., 2013; Palm et al., 2020) and loss by photobleaching
(through photolysis and photo-oxidation) (Lee et al., 2014; Zhao et al., 2014).
Laboratory studies investigated photolytically aged solution-extracted aerosols
generated by wood burning and observed an initial stage of absorption enhancement
(~10-20 h) at short visible wavelengths followed by a subsequent decrease of BrC
absorption over a longer period (~20—40 h) to below the initial values (Wong et al.,
2017, 2019). A similar initial stage of absorption enhancement but followed by
relatively stable stage, was observed in another chamber study which quantified the
evolution of smoke generated by burning various biomass fuels (Cappa et al., 2020).
Existing field BB studies of BrC are sparse and the only two cases observed a
decrease in BrC after emission. Forrister et al. (2015) tracked wildfire plumes over
North America and reported decreasing AAE and the loss of BrC over ~2 days of
atmospheric transport. Wang et al. (2016) observed a decreasing MAC for BrC with
a lifetime of ~1 day during the Amazonian BB season near Manaus, Brazil.

Overall, existing laboratory and field studies show that BB aerosol properties at
emission vary with burn conditions (fuel type and combustion condition). After
emission, some BB aerosol properties present similar evolution trends despite
different source burn conditions, i.e. the enhanced inorganics, OA oxidation state,
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bulk aerosol size and SSA with transport time. Some aerosol properties present
complex evolution processes and vary with initial source conditions, i.e. the OA net
enhancement, Eapns and BrC. These findings provide an insight into the different
behaviours of BB aerosols in the ambient atmosphere; region-specific
characterisations of BB aerosols are needed owing to the diversity between wildfire
sources. However, current field observations cover a limited range of combustion
fuels and conditions, particularly the observations demonstrating the evolution of
absorptivity of BC and BrC are sparse. Additional field observations of the
evolution of BB plume are necessary to extend laboratory mechanisms, thus
understanding ambient atmospheric processes and providing crucial observational
constraints for atmospheric models.
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Chapter 2

Literature review

As introduced in Chapter 1, African BB is the largest source of global
carbonaceous particles and also significantly contributes to the global trace gases
(including the aerosol precursors) (Bond et al., 2013). Lamarque et al. (2010) have
shown a continuous increase in African BB aerosol (BC+OC) emissions in past
decades from 1950 to 2000. Furthermore, African BB fuel type is also modified by
anthropogenic activities, i.e. deforestation. Ichoku et al. (2016) studied the land-
cover change in the sub-Sahelian region during 2003 — 2013 and reported changes of
fire radiative energy due to the conversion of wooded savanna to cropland. As a
changing climate potentially leads to more fires, the impact of BB on regional
system is expected to keep increasing in the future (Fuzzi et al., 2015).

The population in Africa have been growing at a large rate in past decades and
this trend is expected to continue in the future, which motivates the investigation on
the impacts of increasing BB aerosols on human health in this developing region.
With the population and economy development in African region, there was also a
continuous increase in anthropogenic pollutants in past decades and this increase
will also continue in the future (Lamarque et al., 2010; Liousse et al., 2014). The
evaluation of regional impacts of anthropogenic pollutants is important for the
mitigation policy maker, which needs the characterisation of the relative
contribution from BB.

It is crucial to develop a comprehensive understanding of BB aerosol emissions
and properties in African region, as well as their impacts. Sufficient measurements
of African BB aerosols are indispensable for constraining model parameterisations
and therefore understanding the impact of aerosols on both climate and human
health. There is a significant need to increase the number of measurements in this
region. A literature overview is provided in this section to summarise African BB
aerosol studies and compare with other BB regions. This section also discusses
current issues in evaluating the impacts of African BB aerosols and gives an
overview and objectives of research projects in this work.
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2.1 African biomass burning aerosol

2.1.1 Biomass burning pattern

Fig. 2.1 shows the distribution of biomass fuel type in African region, as well
as the temporal and spatial distributions of African BB events (Roberts et al., 2009).
The majority of BB fuels are the large-scale agricultural and wooded savannah, with
some areas of shrubland. As introduced in Sec. 1.3, the dry season and fire activity
are different in tropical Africa north and south of the equator. Every year, the
northern hemispheric part of Africa experiences a short fire season mainly between
November to February, the main fire areas move from the northern to the southern
Sahel during the fire season. The southern hemispheric part of Africa experiences a
fire season mainly between June to October, the main fire areas move from the
northeast to southwest.
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Figure 2.1 Fire detections over Africa in 2004 by Spinning Enhanced Visible and
Infrared Imager (SEVIRI) imaging radiometer on board the Meteosat-8 satellite.
Grids are coloured by day of detection. Multiple fires in the same grid cell are given
the date of the last 2004 burning event. Inset map: 2000 land cover map aggregated
into four broad biomass classes (Roberts et al., 2009).

Emitted BB plumes are reported to have certain transport patterns: 1) BB
plumes over West Africa generally move southwest across the continent and are
then transported over the North Atlantic Ocean (Haywood et al., 2008). The BB
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plumes emitted south of 11°N are emitted in a region of convective instability,
which is subjected to weak southerly advection. Mineral dust can be transported
from the Sahara Desert in low-level east-northerly flow. When the BB plumes move
north, they tend to be lifted over the cooler and drier Saharan air. Under this latter
scenario, the upper-level circulation plays a role in transporting these lifted plumes
southward again toward the Atlantic Ocean.

2) BB plumes over central and southern Africa are generally lifted to an
elevated layer between 3 and 4.5 km (Labonne et al.,, 2007). Space-based
observations show that these elevated plumes are then advected westward over the
southeast Atlantic Ocean by an easterly jet which is associated with the northern
branch of the deep anticyclone over southern Africa (Edwards et al., 2006; Adebiyi
and Zuidema, 2016). FT plumes are likely to spread over large distances and have a
long lifetime, as they are not subject to significant removal due to the low water
contents and low probability of encountering clouds in the FT. Transatlantic
transport from Africa to the Amazon basin has been observed in recent studies
(Baars et al., 2011; Holanda et al., 2020). The subsiding FT smoke layers can be
entrained into the cloud top during their transport from land over the ocean (e.g.
Painemal et al., 2014; Das et al., 2017; Zuidema et al., 2018). This is expected to
occur more frequently offshore as the MBL deepens in response to warming sea
surface temperatures (e.g. Eastman and Wood, 2017), raising cloud top heights
(Zuidema et al., 2009) and easing entrainment of the overlying smoke layers. In
some cases, the southerly air stream at the surface layer can transport southern
African BB plumes from the Atlantic Ocean into the southern West African
monsoon layer (e.g. Haslett et al., 2019a). Deroubaix et al. (2018) suggest that long-
range transport of southern African BB aerosols could have contributed around 50%
of PM25 mass in southern West Africa during the monsoon season.

2.1.2 Emission and evolution

As introduced in Sect. 1.3, a critical first step in assessing the impacts of BB
aerosol is an accurate characterisation of aerosol EFs, however, information on the
atmospheric transformation of the emissions is also essential. There have been a
series of observations on African BB emissions and their atmospheric evolution.
Compared to Table 1.2, a more complete summary is provided in Table 2.1 for
campaigns and stations related to the characterisation of African BB, which
complements early measurements, observations conducted in transport regions and
remote sensing networks.
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Table 2.1 A summary of campaigns and stations related to the characterisation of

African biomass burning.

Measurements Platform Period Region Reference
Southern African Fire/Atmospheric Airborne Andreae et al
Research Initiative campaign measurement Aug-Oct, 1992 South Africa 1996. 1998 N
(SAFARI) ’
SAFARI-2000 Airborne Sep 2000 South Africa Haywood et
measurement al., 2003a, b
African Monsoon Multidisciplinary Airborne . Redelsperger
Analysis campaign (AMMA) measurement 2006 West Africa et al., 2006
DABEX Airborne Feb 2006 West Africa  Haywood et
measurement al., 2008
Dynamics-Aerosol-Chemistry- .
Cloud Interactions in West Africa mglsrl?rc;rr?]?ant Summer, 2016 West Africa Flam;(r)liget al.,
campaign (DACCIWA)
Aerosols, Radiation and Clouds in Airborne Formenti et al
southern Africa campaign measurement Aug/Sep2017 Namibia 2019 N
(AEROCLO-sA)
ObseRvations of Aerosols above Airborne Aug-Sep 2016,  Namibia, Sao Redemann et
CLouds and their intEractionS measurement Jul-Aug 2017, Tomé, Sao al. 2021
campaigns (ORACLES) Sep—Oct 2018 Tomé N
Welaeaund measurement station Ground-based May 2010 to Welgegund, e.g. Vakkari et
9¢ed measurement January 2016 South Africa al., 2014; 2018
Layered Atlantic Smoke Ground-based Jun 2016 to Oct Ascension Zuidema et al.,
Interactions with Clouds (LASIC)  measurement 2017 Island 2018
African and e.0. Painemal
CALIOP, MODIS, SEVIRI Satellite Long-term southeast -9
. . etal., 2017
Atlantic regions
Remote African e.g. Ecketal.,
AERONET sensing Long-term continent 2013

Some laboratory and field studies have investigated the emissions of aerosol
species and trace gases from African BB events. They reported EFs (g kg™) of the
important carbonaceous particles (OC+BC) and bulk aerosols in African BB region,
which is summarised in Table 2.2. Ground-based observations of southern African
BB show a large variation in ERs of BC with respect to CO (ABC/ACO) close to
source (<0.5 h), in the main range of 0.005—0.035 g g~* (Vakkari et al., 2014, 2018).
The variation in initial emissions can be due to the different MCE at different
combustion stages of fires (flaming or smouldering). The ABC/ACO ratio is shown
to increase with MCE, though the relationship is not linear. Studies of both western
and southern African BB show that OA and BC are consistently the largest two



contributors to total aerosol mass, making up over 80% of the submicron mass
loading (Formenti et al., 2003; Capes et al., 2008; Vakkari et al., 2014).

Table 2.2 Emission factors (g kg?) of aerosol species from various types of African
biomass burning.

Organic Black

BB type carbon (OC)  carbon (BC) PMzs PMy Reference
Savanna 5.8 0.61 4.8 - Andreae, 1996
Andreae et al.,
Savanna+grass 1.6 0.59 3.1 - 1998
Sugar Cane, Andreae et al.,
South Africa - 0.61 3.9 - 1098

South Africa 2.3+1.2 0.39+0.19
Savanna, West

Sinha et al., 2003

Africa 2.8 0.5 - - Capes et al., 2008
African wood
sample 0.1 0.44 - - Haslett et al., 2018
(laboratory)
Savanna, .
South Africa - 0.67 - 7.17+£3.42 Vakkari et al., 2018

After emission, the chemical properties of African BB aerosols were observed
to change during the ageing process. During early measurements in SAFARI-2000,
fresh southern African BB smoke was sampled on a single flight directly over a
terrestrial large fire, and aged smoke was also sampled on flights over the continent
or near the Namibian coast. The SAFARI-2000 campaign reported that aged African
BB aerosols had enhanced inorganic species fraction while decreased OA fraction
compared to fresher African BB aerosols, the BC fraction was relatively constant
(Formenti et al., 2003). This indicates the formation of inorganic aerosols (i.e.
nitrate and sulfate) after emission, due to the secondary processing of co-emitted
NOx and SO, as well as the chemical processing of OA. Recent ground-based
measurements at Welgegund station reported a net enhancement of OA and PM;
(aerosol smaller than 1 um in diameter) mass during the first 3-h ageing of southern
African BB aerosols, suggesting the strong near-source SOA formation (Vakkari et
al., 2014; 2018). During the DABEX campaign, the measurements of west African
BB presented the constant ERs of OA with respect to CO (AOA/ACQ) over time,
but increasing oxygen to carbon ratios (Capes et al., 2008). The more oxidised OA is
a clear indicator of chemical processing of OA, however there is negligible net
enhancement of OA in this case. The difference of OA net enhancement between the
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two cases may be due to the longer ageing time in Capes et al. (2008) than Vakkari
et al. (2014, 2018).

Vakkari et al. (2014) suggest that the aerosol size distributions in fresh plumes,
measured close to the source of southern African fires, are closely connected with
ABC/ACO. Flaming combustion with higher ABC/ACO emits smaller particles
while larger particles are emitted from smouldering phase combustion. EXisting
studies consistently reported enhanced bulk aerosol size after emission, due to the
coagulation and condensation processes. An early SAFARI-2000 campaign
observed larger log-normal fitted aerosol radius in aged southern African BB smoke
than that in a fresher plume (Haywood et al., 2003a). Ground-based measurements
by Vakkari et al. (2018) also reported the growth of southern African BB aerosol
near source, the mobility particle diameter increased from 69 nm at an aerosol age of
< 0.5 hto 123 nm at ~3 h. Vakkari et al. (2018) found a large discrepancy between
the observations and current model parameterisations for BB aerosol size
distributions with ageing, especially in the 30 — 100 nm range. They suggest that
using measurement-based size distribution parameterisations in BB smoke is better
to constrain the climate and air quality effects of African savannah and grassland
fires.

From ground-based measurements close to southern African wildfires, the
normalised excess aerosol scattering with respect to a BB tracer (CO) was observed
to increase with atmospheric ageing, due to the aerosol size growth (Vakkari et al.,
2014). This is likely to result in an enhanced SSA downwind from source (Abel et
al., 2003; Vakkari et al., 2014). The SAFARI-2000 campaign reported the increase
in SSA (at 550 nm) as southern African BB aerosols aged, from 0.84 at near-source
to 0.90 in an aged smoke in a time scale of 5 h (Abel et al., 2003; Haywood et al.,
2003b). The ORACLES campaign sampled transported African BB smoke, mainly
westward of the SAFARI region and eastward of 0° E (Zuidema et al., 2016; Pistone
et al., 2019). The DACCIWA campaign observed more aged African BB aerosols
that were transported from southern Africa to both the FT and MBL near the
southern coastal region of West Africa (Denjean et al.,, 2020b). The LASIC
campaign sampled highly aged BB aerosols (>7 days) that had been transported
from the southern African fires to the MBL over Ascension Island (Zuidema et al.,
2018). Fig. 2.2 summarises the measured SSA values from these campaigns. Despite
the systematic variability between different methods to derive SSA, these campaigns
imply some information on SSA evolution from the African BB source to the remote
region. There is an initial increase in observed SSA near source, followed by a
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decrease in regions where the aerosols are more aged such as the ORACLES,
DACCIWA and LASIC areas. However, the drivers of this trend are not clear.
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Figure 2.2 A summary of average SSAs at different wavelengths, measured from
previous studies in African BB-impacted regions. (Note that the PSAP (particle soot
absorption photometer) only measured absorption at 567 nm in SAFARI 2000;
assumptions about the wavelength dependence of absorption coefficient were made
to estimate absorption at 450 and 700 nm, which was then used to calculate the SSA;
The Neph is an abbreviation of nephelometer, which was used to measure aerosol
scattering coefficients).

Compared with studies in other BB regions, African BB studies show
consistency in the dominant chemical components of OA and BC. The existing
African BB studies also suggest that BB aerosol properties at emission vary with
burn conditions (fuel type and combustion condition). After emission, the ageing
processes promote enhanced inorganic components, more oxidised OA and larger
bulk aerosol sizes, presenting the same trends as in other BB regions. The net OA
with ageing has complex results in different African BB cases, as has been indicated
by a wide range of BB OA net production measured in other BB regions. The
existing African BB field studies suggest a possible trend of SSA after emission.
The SSA is enhanced during transport near source, which is the same as studies in
other BB regions, but then decreases with further ageing, which is a novel result.
The studies of BC microphysical properties, absorbing properties of BB aerosols and
BrC evolution are lacking in African BB region, while have been investigated in
North America and Amazonia regions. More studies regarding to these properties
are needed for African BB, which is necessary to understand and simulate regional
radiative forcing.

2.1.3 Impacts

African BB aerosols can affect regional climate system by the mechanisms
(direct, indirect and semi-direct effects) that have been introduced in Sect.1.2.3. A
focus in African BB-impacted region is the southeast Atlantic Ocean, which is home
to one of the major stratocumulus (Sc) cloud decks in the world. During the seasonal
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BB in central and southern African (June to October), as BB plumes advect offshore,
BB aerosol layers overlie the cloud deck and exert a direct radiative forcing by
directly scattering and absorbing solar radiation (Adebiyi and Zuidema, 2016).
Chand et al. (2009) estimated the direct radiative effect of elevated BB aerosol
layers over the southeast Atlantic, based on the remote sensing observations
(MODIS and CALIPSO). They reported that the warming from direct radiative
absorption of BB aerosols increases with underlying cloud coverage. For the region
(7.5°N-22.5°S, 17.5°E-27.5°W) and time period (July to October 2006 and 2007)
used in Chand et al. (2009), the aerosols switch from exerting a net cooling to a net
warming effect at a critical cloud fraction of about 0.4. The direct radiative forcing
is strongly sensitive to the reflectance of the underlying clouds and the absorptivity
of aerosol layers.

Depending on the relative vertical location of aerosol layer and cloud deck,
cloud coverage may increase or decrease in response to aerosol absorption and
subsequent changes in atmospheric thermodynamic structure (semi-direct forcing).
In the smoky MBL, the warming of the atmospheric layer due to aerosol absorption
tends to reduce the sub-cloud relative humidity and the liquid water content, thus
decreasing the Sc cloud cover (Hill et al., 2008). Field measurements by Zhang and
Zuidema (2019) reported a diurnal cycle of this effect over the southeast Atlantic
region: after sunrise, shortwave absorption within the smoky MBL reduces the top-
layer stratiform cloud in the MBL and results in a minimum low-cloud in the
afternoon.

In the case of absorbing aerosols located above clouds, the presence of
absorbing aerosol layers leads to a heating in the lower troposphere that strengthens
temperature inversion and stabilizes the atmosphere. This stabilization would
weaken the entrainment rate, inducing a lower cloud-top altitude and a moister MBL.
The resulting effects would be an increase in the LWP and preservation of cloud
cover over the southeast Atlantic region (Wilcox, 2010; Deaconu et al., 2019).
Recent large-eddy simulations investigated the sensitivity of Sc clouds to the
properties of elevated absorbing aerosol layers over the southeast Atlantic (Herbert
et al., 2020). They found that this semi-direct effect is amplified when the aerosol
layers are closer to the cloud top and are thinner with higher aerosol density and
lower SSA. The properties of the BL, particularly the sea surface temperature and
precipitation, also impact the magnitude of this semi-direct effect and the timescale
of rapid adjustment. A strong covariance between the aerosol and the water vapour
loadings in the elevated BB smoke was also observed over the southeast Atlantic
region. Some studies investigated the combining radiative effect of moisture and
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absorbing aerosol in different cloudy conditions, using radiative transfer calculations
based on satellite observations (i.e. MODIS, CALIOP, POLDER) and re-
analysis/measured meteorological data (Adebiyi et al., 2015; Deaconu et al., 2019).
The accompanying water vapour in smoke layers has radiative significance in both
the shortwave and longwave, which decreases or enhances the impact of the
shortwave heating caused by BB aerosols. With higher humidity in the aerosol
layers above clouds, this may also increase the role that entrainment plays in the
supply of moisture to the BL, compared to clean air entrainment.

The Sc deck in the southeast Atlantic region is semipermanent and very
important for regional/global climate, because these clouds reflect a significant
amount of solar radiation and exert only a small radiative effect in the longwave.
When BB aerosols are mixed into the MBL over the southeast Atlantic, a small
variation in cloud microphysical properties and coverage induced by these BB
aerosols (indirect effect) can lead to a large impact on regional energy balance (e.g.
Jones et al., 2009; Wood, 2012). An increase in the number of aerosols serving as
CCN can lead to a larger number of smaller cloud droplets that bring about more
reflective clouds (Twomey, 2007). The reduction of cloud droplet size may
potentially have other impacts on precipitation and cloud properties. Satellite
observations over the southeast Atlantic show that clouds forming in polluted cases
tend to have lighter precipitation rates, longer average lifetime and higher cloud
albedo compared with clean cases, inducing a cooling of the Earth-atmosphere
system (Christensen et al., 2020). Quantifying cloud response to aerosol changes is
necessary for model assessments of aerosol-cloud-radiation interactions over the
southeast Atlantic region.

There have been some aerosol-cloud studies over the southeast Atlantic based
on satellite measurements, to characterise aerosol and cloud spatial and temporal
variations, and to statistically evaluate cloud response to BB aerosols. Earlier studies
over the southeast Atlantic used passive sensor data (i.e. aerosol and cloud
properties) from A-Train satellites (i.e. MODIS), coupled with the use of CALIPSO
data, to provide a vertical description of the aerosol and cloud layers (e.g. Costantino
and Breon, 2010; 2013; Painemal et al., 2014). They found that the vertical distance
between smoke layer and cloud top plays a role in BB layer impacts on Sc radiative
properties. When aerosol and cloud layers are clearly separated, there is no strong
correlation between aerosol and cloud properties. On the other hand, when the lidars
indicate nearly overlapping layers, there is a strong correlation. It is reported that the
enhanced aerosol strength leads to a decrease in cloud droplet radius (CDR) and
LWP. The observed reduction in LWP is assumed to be a consequence of drier air
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entrainment at cloud top. The combined effects of CDR and LWP decrease also lead
to rather small sensitivity of the cloud optical thickness (COT) to an increase in
aerosol concentrations. It is also suggested that polluted clouds show evidence of
precipitation suppression. Generally, the empirical relationships between cloud (i.e.
CDR) and aerosol properties (aerosol index (Al) or aerosol optical depth (AOD))
were estimated to quantify the cloud response to BB aerosols. However, passive
satellite sensors provide vertically integrated quantities, which is unable to resolve
the aerosol properties in the BL where the aerosol-droplet activation typically occurs.
A recent study evaluated the vertically resolved CALIOP aerosol extinction
coefticient below cloud (osc) and Ng from MODIS, which yields highly positive
correlations across a broad range of osc values (Painemal et al., 2020).

In-situ airborne measurements can provide direct observation of aerosol-cloud
interaction but are very limited in this region. Recent ORACLES campaign reported
that contact profiles (small gap between aerosol layer and cloud top, <100m) had
enhanced aerosol concentration below cloud (Na) and Ng while smaller Re compared
to separated profiles (Gupta et al., 2021). ORACLES observations indicate much
more frequent contact between elevated BB aerosol layers and the Sc cloud deck
than previously estimated, but the correlation of Ng with above-cloud smoke
properties is weak (Diamond et al., 2018). Kacarab et al. (2020) also found that
cloud droplet formation in the MBL over the southeast Atlantic is not only sensitive
to BB aerosol concentration, but also other factors such as vertical velocity and
aerosol hygroscopicity parameter. In the highly polluted MBL, vertical velocity
plays a more important role in droplet formation than aerosol concentration.

Overall, these results suggest complex pathways with high uncertainty for
African BB aerosol effects on climate system. Aerosol-cloud-radiation interactions
have been an important focus in African BB-impacted region, especially over the
southeast Atlantic Ocean. A model simulation conducted by Sakaeda et al. (2011)
investigated a large region (10°N-30°S, 20°E-50°W) and considered both the direct
and semi-direct effects of southern African BB aerosols. They conducted 20 years
run of the Community Atmospheric Model (CAM) coupled to a slab ocean model,
which is constrained by satellite observations (MODIS and CALIOP). Over the
ocean, they calculated a negative semi-direct radiative effect associated with
increased low-cloud cover, which dominates over a positive direct radiative effect.
On the contrary, the semi-direct radiative effect is positive over the land, and this
dominates over a near-zero direct radiative effect. This model experiment evidences
the different behaviours of BB aerosols over the Atlantic and continent.
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Gordon et al. (2018) simulated the radiative effects of smoke aerosols
transported from Africa to the southeast Atlantic, in a square of length 1200 km
centred around Ascension lIsland. The different radiative effects of BB smoke in
simulations of Gordon et al. (2018) are shown in Fig. 2.3. Similar to the
observations, the simulations show increased Ng under BB-polluted condition,
which suppresses rain. These BB aerosols also have expected large effects on
dynamics, reducing the height of the inversion by up to 200 m and thus leading to a
strong suppression of the entrainment and an increase in the cloud LWP. They
reported a substantial regional direct radiative effect of +11 W m™2, a semi-direct
effect of —30.5 W m2 and an indirect effect of —10.1 W m™2 in a strong smoke
episode. Another model study simulated the aerosol-cloud-radiation interactions in a
domain covering a vast region of 6,000 km (longitudinal direction) x 1,800 km
(latitudinal direction) including southern Africa and southeast Atlantic Ocean (Lu et
al., 2018). They also reported that BB aerosols over this region and a period with
heavy BB aerosol loadings can cause a substantial cooling (daily mean —8.05 W
m~2), mainly due to clouds brightening induced by the indirect effect of BB aerosols.
These model studies highlight an overall cooling effect of BB aerosols over the
southeast Atlantic region and the importance of indirect and semi-direct effects.
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Figure 2.3 Diagram illustrating the different radiative effects of BB smoke in
simulations of Gordon et al. (2018).

As the population across African regions develops, the study of aerosol effects
on human health is motivated. A recent study by (Heft-Neal et al., 2018) assessed
health impacts of aerosols in Africa. They reported that a 10 pg m™2 increase in
PM2s concentration would lead to a 9 % increase in infant mortality. It is also
reported that PM2.s concentrations above minimum exposure levels (2 pg m™3) were
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responsible for 22% of infant deaths in 30 studied countries and led to 449,000
additional deaths of infants in 2015. This estimate is more than three times higher
than previous estimates that attribute death of infants to poor air quality. However,
the investigation related to health impacts is still limited, and more studies are
needed in the future.

2.2 Current issues with African biomass burning aerosols

The accurate simulation of BB aerosol effects on both climate and human
health is crucial across Africa and its transport region, which needs to develop a
comprehensive understanding of BB aerosol emissions, distributions and properties.
However, current model studies have shown discrepancy between modelled and
measured aerosol vertical distributions, as well as issues with model
parameterisations. The existing observation studies are also limited, especially for
aerosol optical properties. This section summarises some current issues that are
reported for African BB-related studies.

The simulation of aerosol vertical profiles

When simulating the large-scale transport of southern African BB smoke,
recent models tend to place the smoke layer too low. Das et al. (2017) reported that
modelled BB smoke layers quickly descend to lower levels just off the western coast
of the African continent, whereas space-based observations suggest that smoke
layers continue their horizontal transport at elevated levels above southeast Atlantic
for thousands of kilometres. The extent to which smoke layers over the Atlantic
Ocean subside and entrain into the MBL also varies between different models (Peers
et al., 2016; Das et al., 2017). A recent study evaluated the performance of a range
of global and regional models against observations made during ORACLES in
September 2016 (Shinozuka et al., 2020). They reported that these models place the
smoke layer base 300—-1400 m lower than the observations made offshore near the
west of African coast. This underestimate leads to the aerosol layer too close to the
underlying cloud deck. Furthermore, more aerosols are likely to mix into the MBL
via entrainment if the aerosol layer is located at lower altitude in the simulations
than in reality, and as a result the aerosol effects on clouds may be exaggerated
(Gordon et al., 2018). The comparison between different models and ORACLES
observations presents overestimated carbonaceous mass and extinctions within the
offshore BL, while some modelled smoke quantities (aerosol mass, extinction,
above cloud AOD) in the FT tend to be underestimated (Shinozuka et al., 2020).

48



The accurate representation of aerosol vertical distribution in models is vital
since the simulated aerosol effects are dependent on their vertical distributions,
especially the locations of aerosol layers with respect to clouds (Samset et al., 2013).
Das et al. (2020) tested the sensitivity of aerosol radiative effects to their vertical
redistribution in Goddard Earth Observation System (GEOS) atmospheric general
circulation model. They redistributed model-simulated aerosol mass by elevating the
aerosol layer to higher levels, in agreement with CALIOP retrieved smoke aerosol
extinction profiles. The results show that this redistribution leads to an increase in
cloud fraction by ~31% for shallow MBL (offshore), but a decrease by ~30% for
deepened MBL. The uncertainties in simulated aerosol vertical distribution result in
a significant diversity in modelled regional climate forcing.

The underestimate of aerosol layer height over the southeast Atlantic is likely
due to the rapid descent in simulated transport processes, which likely results from
an overestimation of subsidence over the ocean in model-simulated large-scale
vertical velocities. Gordon et al. (2018) found that nudging models to horizontal
winds would also artificially affect the vertical transport of the smoke layer over the
southeast Atlantic. The resolution of model is also assumed to affect the simulation
of vertical processes (Protonotariou et al., 2010). A test of high-resolution
meteorological fields in models is needed to study the plume transport history. The
difficulty of tuning these parameters in models to reliably determine the vertical
distribution of BB plume is a large source of uncertainty regarding to the simulation
of BB aerosol effects over this region.

Observational constraints on aerosol vertical distribution are necessary for
climate models. Remote sensing observations depend on assumed aerosol optical
properties and are reported to have great uncertainties. Most remote sensing methods
provide column-integrated aerosol properties but fail to obtain the vertical variability
in aerosol properties. Satellite retrievals are also reported to overestimate aerosol
layer base (Rajapakshe et al., 2017). Ground-based measurements can provide long
and continuous observation but are spatially limited to single point. Aircraft
measurements are therefore crucial to provide direct in-situ measurements of aerosol
vertical distribution and properties. Existing aircraft campaigns have been conducted
over the African continent and near offshore (i.e. SAFARI, ORACLES, AEROCLO-
sA). Observations over the remote transport region are needed to provide a broad-
scale picture of African BB aerosols and better constraints on future climate model
studies.

49



Limitation of optical parameterisations

Previous studies have indicated that climate models likely underestimate the
(positive) direct radiative effect of BB smoke over the southeast Atlantic (e.g. de
Graaf et al., 2014). An underestimate of aerosol altitude during the remote transport,
as described above, is likely one cause. Another reason is that models tend to yield
underestimated aerosol absorption properties or overestimated SSA, which is key to
establishing the radiative impacts of aerosols (de Graaf et al., 2014; Shinozuka et al.,
2020).

de Graaf et al. (2014) observed very high AAE in the UV range for African BB
smoke, due to the presence of absorbing organics (BrC). This absorption is often
overlooked by simulations, which leads to the underestimated aerosol absorption
properties in models. The inclusion of BrC in climate simulations is sparse, a study
estimated an average global direct radiative forcing of BrC as +0.13 W m~2 (Brown
et al., 2018), which is ~ 20% of the global direct radiative forcing of BC (+0.71 W
m~2) calculated by Bond et al. (2013), although both estimates are associated with
considerable uncertainty. Regional effects of BrC over major areas of BB such as
subtropical Africa, may be substantially larger (Feng et al., 2013), necessitating
consideration of BrC absorption in Africa region. However, the observation of BrC
in African BB smoke is lacking.

The accurate parameterisation of absorption properties is crucial when
evaluating the radiative forcing, especially for considering the ageing effects on BC-
containing particles. After emission, BC particles would internally mix with co-
emitted particles, which forms a coating onto the BC cores and induces a lensing
effect (Lack et al., 2009). However, the studies of BC mixing states and absorption
properties during its lifetime are lacking across the African BB-impacted region.
The test of optical models in reproducing the absorption of BC-containing particles
from African BB is also necessary, which is further useful for the climate models.
To improve simulations of aerosol radiative effects, it is vital to constrain models
using observational studies of optical properties.

Limitations due to aerosol-cloud interaction studies to date

A combination of different satellite-based observations is often used to
investigate the aerosol-cloud interaction, as described in Sect. 2.1.3. However, the
suitability of using satellite-based aerosol-cloud interaction calculations to evaluate
climate models remains highly uncertain. Passive sensors (i.e. MODIS, SEVIRI) are
generally employed to obtain the aerosol and cloud microphysical properties, such
as AOD, aerosol index, Ng, Re and COT. Their applicability to aerosol-cloud
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interaction studies is hindered by retrieval uncertainties attributed to plausible clear-
sky contamination, 3-D radiative transfer effects, and aerosol swelling near the
cloud edges (e.g. Christensen et al., 2017; Varnai and Marshak, 2018). Furthermore,
a vertically integrated quantity from these passive sensors is unable to resolve the
aerosol properties in the BL, where the aerosol-droplet activation actually occurs.
The CALIOP instrument on the CALIPSO satellite was designed to retrieve aerosol
properties with an unprecedented high vertical resolution (Winker et al., 2009). This
allows better aerosol layer detection and isolation of the aerosols situated near the
cloud layer, and thus more likely to interact with the cloud, from the rest of the
atmospheric column. However, CALIOP retrievals often detect the bottom of
aerosol layer as being too high and thereby overestimate the aerosol layer height
(Rajapakshe et al., 2017). Unlike the limitation of these satellite-based observations,
airborne in-situ measurements provide direct observations of aerosol and cloud
distributions and properties, which is better to characterise the aerosol effects on
clouds. However, airborne in-situ measurements are limited in this region, and only
a few observations are available offshore. Observations over more remote southeast
Atlantic are needed to provide a broader-scale picture of BB aerosol-cloud
interactions in this region.

Overall, model constraints by observational results are required to better
understand the effects of African BB aerosols. Due to the limitation of satellite and
ground-based measurements, aircraft observations of BB aerosols distribution and
key properties during lifetime and their interactions with the atmosphere are
necessary. One key point is the observations in remote transport regions which have
low aerosol concentrations, but the large spatial coverage means that they could
have an important contribution to climate system. In particular, the in-situ
measurements of aerosol vertical distribution and properties and aerosol-cloud
interaction are lacking in these regions. Another key point is the lack of observations
of optical properties for African BB aerosols as they evolve with time, especially the
absorption of BC and BrC. More studies are needed regarding to these issues, which
motivates the work in this project.

2.3 Project overview and objectives

This thesis consists of two aircraft campaigns: the Methane Observation Yearly
Assessment-2017 (MOYA) and the Cloud-Aerosol-Radiation Interactions and
Forcing for Year 2017 (CLARIFY). These projects aim to improve the
understanding of aerosol emissions, aerosol properties with ageing, aerosol transport
and their interaction with clouds for African BB. The first part of this thesis focuses
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on investigating the properties of African BB aerosols during their lifecycle,
including a detailed characterisation of chemical, microphysical and optical
properties. Chapter 4.1 describes the emissions and half-day evolution of African
BB aerosol properties during the MOYA campaign. Chapter 4.2 employed the
CLARIFY dataset and characterised highly aged African BB aerosols in the remote
transport region. The second part of this thesis aims to study the transport of
southern African BB aerosols over the southeast Atlantic and their interaction with
clouds. More details of the projects are outlined below.

The MOYA campaign

The fundamental objectives of the MOYA campaign are to evaluate the
emissions from West African wildfires and understand their impacts on climate
system. The MOY A aircraft campaign took place between 27 February and 3 March
2017, the scientific sorties were based at the Dakar airport in Senegal. Some of the
MOY A flights focused on sampling freshly emitted plumes from wildfires over the
Senegal area, by positioning the flight directly over the active fires at different
heights. In addition, the MOYA campaign sampled aged BB smoke transported
southwest over the continent and the Atlantic Ocean.

Seasonal BB of agricultural residue and savannah over West Africa is a
globally significant source of carbonaceous particles in the atmosphere, which have
important climate impacts but are poorly constrained. Existing observational studies
(DABEX) have been limited by the instrument capability, i.e. the characterisation of
optical properties and BC microphysical properties, which have either been lacking
or with high uncertainties (e.g. Capes et al., 2008). This study benefits from
significant advances in measurement techniques, which provides a unique
opportunity to examine the emissions of West African seasonal BB and a half-day
evolution of smoke aerosols including a detailed characterisation of chemical,
microphysical, and absorption properties and mixing state. These experiments
present the first opportunity to study ageing effects on absorption properties of BC
and BrC for African BB aerosols.

The CLARIFY campaign

The southeast Atlantic Ocean is home to one of the major Sc decks in the world,
receiving high-amount BB aerosols that are transported from the southern African
seasonal wildfires (agricultural residue and savannah). This is an important region
for studying aerosol-cloud-radiation interactions. Satellite measurements have
provided some insights into the aerosol-cloud-radiation interactions over this region,
but airborne measurements with high spatial and temporal resolution are lacking.
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The CLARIFY campaign aims to characterise the aerosol-cloud-radiation system
near Ascension Island (7.93° S, 14.42° W) in the remote southeast Atlantic. A total
of 28 scientific flights took place between 16th August and 7th September 2017. An
overview of the CLARIFY campaign is described in Haywood et al. (2021).

Different flight patterns were designed in order to accomplish different project
objectives, including: 1) characterising the physical, chemical, optical and radiative
properties of BB aerosols in the southeast Atlantic region. 2) characterising the
physical properties of clouds over the southeast Atlantic and their representation in a
range of models. 3) improving the representation of BB aerosol-cloud-radiation
interactions over the southeast Atlantic. This study firstly presents in-situ airborne
measurements of highly aged African BB aerosols transported over the remote
southeast Atlantic, characterising vertical structures of aerosol chemical composition,
size and optical properties and understanding processes governing vertical structures.
This study also investigates the transport history of southern African BB plume
arriving at the MBL over the southeast Atlantic and the effects of BB aerosols on
cloud properties. These results can improve the performance of aerosol modelling in
numerical weather prediction and climate models.

Aims and Objectives
The broad objectives for this project include:

1. To improve the characterisation of emissions and properties of West African
BB aerosols, and to study ageing effects on the properties of African BB aerosols, in
particular the absorption properties of BC and BrC.

2. To characterise, for the first time, the vertical distributions and properties of
highly aged African BB aerosols in the remote transport region over the southeast
Atlantic and to understand the processes dominating the observed aerosol properties.

3. To describe how African BB aerosol evolves during its lifetime, using above
measurements of African BB aerosol at different points in its ageing.

4. To improve the understanding of the transport of southern African BB
aerosols over the southeast Atlantic using an airmass modelling environment with
high-resolution meteorological fields, and to evaluate aerosol-cloud interactions
over the southeast Atlantic using both in-situ measurements and satellite retrievals.
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Chapter 3
Methods

3.1 Research aircraft platform

Research aircrafts offer the opportunity to observe and characterise a variety of
atmospheric phenomenon across a range of scales. The aircraft campaigns in this
project were conducted with the UK Facility for Airborne Atmospheric
Measurements (FAAM), using the BAe-146 Atmospheric Research Aircraft (ARA).

The BAe-146 can provide observations with significant spatial coverage, it has
a horizontal range of 3000 km and a height range of 50 ft to 35,000 ft (~10 km). The
aircraft has a cruising speed of up to 800 km hr ! with a science speed of ~100 ms ™.
The maximum duration of a science flight is ~5 hours. The aircraft can
accommodate a scientific payload of 4600 kg, thus allowing a series of instrument
racks, based on the scientific objectives of a field deployment.

The facility provides basic information such as aircraft position and
measurements of standard atmospheric variables, such as temperature, relative
humidity, winds, and air pressure. Several instruments which resolve the
concentration of atmospheric trace species can be operated as part of the core
chemistry instrumentation payload. Measurements of CO are made using an Aero-
laser AL5002 fast response CO monitor (Gerbig et al., 1999). Ozone (O3) is detected
using a Thermo Electron Corporation (TECO) 49 UV photometric instrument. The
concentrations of nitrogen oxides (NOx), the summation of Nitric Oxide (NO) and
Nitrogen Dioxide (NO2), NO and NO: are measured using a TECO 42
chemiluminescence monitor. CO. and CH4 are measured using a Fast Greenhouse
Gas Analyser (FGGA) (O’Shea et al.,, 2013) and can be calibrated using gas
standards traceable to the WMO-X2007 scale. The CO, CO2 and CH4 are important
factors used for BB emissions in this project.

This study focuses on BB aerosols and their interaction with clouds, the FAAM
BAe-146 research aircraft is equipped with a suite of aerosol and cloud instruments
capable of resolving the aerosol chemical composition, microphysical, optical and
CCN properties, as well as cloud physics. Relevant aerosol and cloud instruments
used in this study are discussed in following sections. Further radiation remote
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sensing instruments applicable to aerosol measurements are also included in the
scientific payload but are not employed in this study.

3.2 In-situ instrumentation

3.2.1 Non-Refractory Aerosol Composition

The aerosol mass spectrometer (AMS) provides online measurement of the
chemical speciation and mass loading of non-refractory submicron aerosol, as a
function of particle size. Three conventional models of the AMS have been
developed, sequentially increasing in spectral resolution: The Quadrupole AMS (Q-
AMS; Jayne et al., 2000), the Compact time of Flight AMS (C-ToF-AMS; Drewnick
et al., 2005), and the High-Resolution time of Flight AMS (HR-ToF-AMS; DeCarlo
et al., 2006). This section provides a brief description of the C-ToF-AMS, which is
employed onboard BAe-146.

Instrument principle

The version of the AMS used on the ARA is the Time-of-Flight AMS (ToF-
AMS), a schematic is shown in Fig. 3.1. The ToF-AMS vacuum system consists of
five individual and differentially pumped systems: the inlet system, the particle
sizing chamber, the particle evaporation and ionisation chamber, and the ToF-MS
detection chamber (Drewnick et al., 2005). The AMS inlet system couples a critical
orifice with an aerodynamic lens, which is a series of constrictions of decreasing
aperture. The critical orifice is typically 100 um in diameter, resulting in a flow rate
of ~1.4 cm® s71, which reduces the ambient pressure to ~267 Pa. The aerodynamic
lens elements focus the incoming particles into a narrow beam. Computational fluid
dynamics simulation of the AMS inlet system shows 100% transmission efficiency
to the detector for particles in the aerodynamic diameter range 70 — 600 nm and
substantial transmission for particles in the 30 — 70 nm and 600 nm — 2.5 um ranges
for spherical particles (Jayne et al., 2000). The current aerodynamic lens system of
the AMS is tailored to sample PMx.

Particles exit the aerodynamic lens into the particle-sizing chamber. The
particle-sizing chamber of the AMS is evacuated to progressively lower pressures as
the particle beam passes through, beginning at a pressure of ~ 1072 Torr and ending
at ~1078 Torr. The strong vacuum removes the majority of the gaseous material, and
the particle beam approaches a chopper, which is automatically moved into the
beam at intervals and allows only small packets of particles to pass through at a
time. As these parcels travel through the time-of-flight region, the speed of each
incoming particle is dependent on its aerodynamic diameter and thus the size
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distribution of these particles can be determined based on their time of flight as they
cross the chamber.

After this, the particles are flash vaporised on a resistively heated porous
tungsten surface. The temperature of this surface can be adjusted from 250 °C to
1000 °C, a temperature of ~ 600 °C is generally used. The heater readily vaporises
sulfate, nitrate, ammonium, inorganic chloride, and many organic compounds.
Refractory compounds that vaporise at higher temperatures than that of the heater
cannot be measured by the AMS, such as BC and many constituents of mineral dust.
Following vapourisation, the resultant gaseous molecules are ionised by a 70-eV
electron beam released from a tungsten filament. During ionisation, most molecules
are fragmented because of the high energy of the electrons. These fragment ions are
then focused into a beam using tuned electric fields. Pulses of ions are extracted
orthogonally from this beam into the Time-of-Flight mass spectrometer (ToF-MS).
In the C-ToF AMS, the TOF-MS is equipped with a two-stage gridded ion reflector,
causing the ion paths to trace out a “C” shape. The effective flight path of the ions is
around 430 mm, after which they are impacted on a micro-channel plate (MCP). A
typical extraction period is about 12 ps, which allows the production of around
83,300 full mass spectra each second. As the timing of the high-voltage pulse is
known, the mass spectrometer is able to determine the electrical mobility of the
incoming ions based on their arrival time at the MCP detector.

The transmission of the beam to the particle detector can be modulated with a
mechanical chopper. The chopper is placed in one of the three positions: a “closed”
position which blocks the beam completely, an “open” position which transmits the
beam continuously, or a “chopped” position which modulates the beam transmission
with a 1-4% duty cycle that is determined by the width of the chopper slit. The open
and closed position of the chopper is monitored with an LED whose reflection on
the chopper is measured by a photodiode, defining the opening time of the chopper
when particles are entering the particle sizing chamber.

The ToF-AMS records data in different modes based on the chopper position.
The MS (mass spectrum) mode is used to collect averaged mass spectra of the non-
refractory aerosol components for the ensemble of particles. In order to maximize
the duty cycle in this mode, the chopper is completely open, enabling a maximum
number of the particles that are entering the instrument to impact on the vaporiser,
and then closed to allow the recording of the background mass spectra. The average
“difference” spectrum is calculated from the average mass spectrum with the
particle beam not blocked by the chopper minus the average background mass
spectrum. From these high-resolution mass spectra, where the MCP signal is
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recorded with 1 ns time resolution, unit mass resolution spectra (one signal intensity
per m/z) are also calculated. They are calculated from the raw mass spectra by
integration of the signal area at every m/z, which is proportional to the ion current.

The P-ToF (Particle Time-of-Flight) mode is used to collect averaged size
distribution data for all non-refractory aerosol components for an ensemble of
particles. In this mode, the chopper is placed in a “chopped” position, chopper
transmits particles for 1% of the time and blocks them for the rest of the time. The
arrival times of the particles at the vaporiser are determined by time-resolved
detection of the mass spectra for each chopper cycle. This is possible since the time
scale for evaporation, ionisation and mass spectrometric analysis is short (~50 ps)
compared to the flight time of the particles through the particle-sizing chamber (~3
ms).

averaging

ADC PC

preamp

r

ion reflector MCP detector

looooan
— - timing
rd — i controller
l\,w':'
101 1
|| orthogonal
————— d extractor
A
jgoooan ] I

aerosol inlet chopper
(aerodynamic lens)

/JTTTT1 / —
\ o O vaporizer
| . ionization
particle ToF measurement _—H chamber

|| | I
T T
T
turbo molecular pumps

Figure 3.1 A schematic of the Time-of-Flight Aerosol Mass Spectrometer (TOF-
AMS) (Drewnick et al., 2005).

Data processing

When several species are sampled simultaneously, which is the ubiquitous case
in the ambient atmosphere, the mass spectrum from various species can interfere
with each other, making it difficult to establish the relative contribution of individual
species at a given m/z. A generalised and flexible method of arithmetically
deconvolving raw AMS spectra into partial mass spectra for distinct chemical
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species has been developed by Allan et al. (2004). In this method, the contribution
of each chemical species at any given m/z is explicitly calculated based on a user-
definable “fragmentation table”, to resolve fragments into their parent ions. This
fragmentation table is a series of non-circular linear dependencies between the
contributions of various species to different m/z, constructed using the reproducible
and laboratory-derived fragmentation patterns of the pure species (Hogrefe et al.,
2004).

In order to obtain quantitative measurements from the C-ToF-AMS signals, a
number of steps are required. The methodology used to convert observed mass
spectra (signal intensity) into mass concentrations of individual chemical species is
described below. Processes that need to be accounted for in the mass concentration
calculations, such as ionisation efficiency (IE) and particle collection efficiency
(CE), are also discussed.

The basic theory for converting a detected ion rate (I, in counts per second or
Hz) reported at a specific m/z, to a mass concentration (C, in pg m™3) was presented
by Jimenez et al. (2003) as follows:

102 1 Mw

C= F 6 E (31)

where MW is the molecular weight of the species in question in g mol™, Na is
Avogadro’s number, Q is the volumetric sample flow rate into the instrument in cm?
s1, IE is the ionisation efficiency, a dimensionless quantity equaling the number of
ions detected per molecule of the parent species, and the 102 factor is needed for
unit conversion. The quantity IE is species specific and reflects not only the
probability of a parent molecule becoming ionized, but also the possibly m/z-
dependent transmission efficiency of the mass spectrometer and the detection
efficiency of the electron multiplier. Following from Equation 1, the total mass
concentration of a particular species (s) that produces multiple ions at multiple m/z
upon El, can be expressed as:

102 1 MW,
IEs Q Na

C= Danil (3.2)

s is the detected ion rate for an ion i that the species fragments into. Here the
summation is all fragment ion rates in the partial MS of the species.

Nitrate is chosen as the primary mass calibration species for the AMS because
it is a common aerosol constituent that produces most of its signal at two m/z (30
and 46) and it is volatile enough that it evaporates with close to 100% efficiency in a

few us upon contact with the AMS vaporiser, leaving no significant residue in the
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mass spectrometer background. To do the calibration of IEnos, & monodisperse
ammonium nitrate population is generated from an aqueous ammonium nitrate
solution. The generated ammonium nitrate particles are dried and size-selected with
a differential mobility analyzer (DMA), and then introduced into the AMS. The
IEnos is calculated via division of the number of ions per particle by the number of
molecules per particle.

AMS studies of lab-generated particles show a linear relationship between IE
and MW. These studies show two distinct linear relationships for organic and
inorganic species. These results suggest that the IEs/MWS; of any organic or
inorganic molecule can be expressed as follows:

IE
=5 — RIE, —3

MW, S MWyo, (33)

RIE:s is defined as the relative ionization efficiency of species “s” relative to nitrate
(Alfarra et al., 2004). Substitution of Equation 3 into Equation 2 results in:

10'2 MWyo
= ——— Y ik (3.4)
RIE, [Eyo, Q Na ;

The RIE values usually used in AMS ambient concentration calculations are 1.4 for
organic molecules and 1.1 for NOs. These values are based on many calibrations of
laboratory-generated aerosols. The RIE for NOg is greater than 1, to account for the
fact that although only m/z 30 and 46 are used to track NOs ion signal during
calibrations, NOs signals at other ion fragments should be included in the
fragmentation table that is used for calculating NOs concentrations (Allan et al.,
2004). The RIEs for NH4 can be established by comparing the number of moles of
NH; detected by the AMS with the number of moles of NOs during an ammonium
nitrate calibration. Ammonium sulfate calibrations can be carried out using a similar
method to the ammonium nitrate calibration that described above. A similar analysis
carried out on ammonium sulfate calibrations gives an estimate of the RIEs for SO4
compared to NO:s.

Another important calibration is carried out to establish the collection
efficiency. The collection efficiency (CE) of the AMS is a quantification of the
proportion of aerosol impacting on the heater that is then detected by the MCP
(Huffman et al., 2005). The CE is related to the lens efficiency that is generally
dependent on particle size, the efficiency with which the particle beam reaches the
vapouriser and the efficiency of impacted fragments being detected. Generally, the
CE can be determined via comparison to an external co-located measure of particle
volume or mass in the same size range, such as the Scanning Mobility Particle Sizer
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(SMPS) (Sect. 3.2.3) (Cross et al., 2007). When the comparison measurement is not
possible, a time and composition dependent CE (CDCE) is usually applied to the
data analysis based on the algorithm by Middlebrook et al. (2012). The CE can be
predicted based on an estimation of particle phase, humidity and composition
(Middlebrook et al., 2012). Generally, the CE increases with acidity and ammonium
nitrate mass fractions but decreases with ammonium sulfate mass fractions.

Further routine calibrations are required, such as an airbeam correction for
MCP degradation. As the MCP degrades over time, its efficiency decreases and its
voltage must therefore be adjusted to optimise the detected signal (Allan et al.,
2003). The degradation in sensitivity can be assumed to be constant as a function of
ion mass. This means that the efficiency loss can be quantified by measuring the
change of the air beam signals (m/z 28 (nitrogen) and m/z 32 (oxygen)), which are
dominated by gas phase constituents and are assumed to have a constant
concentration in the ambient atmosphere. A change in signal strength at either of
these air beam peaks can suggest MCP deterioration and allow a correction to be
made. Further corrections can be applied for the flowrate into the AMS chamber as a
result of changes in ambient pressure for airborne measurements.

The fragmentation table gives the mathematical formulation of the
apportionment of unit resolution sticks to different aerosol species (ammonium,
chloride, nitrate, organics, and sulfate). The default fragmentation table has been
optimised for common ambient atmospheric conditions. A few of the fragmentation
entries are known to change between instrument configurations, instrument
deployments, and ambient levels. These few fragmentation table entries need to be
adjusted for each field data set. There are standard sets of entries require adjustment,
for example the fragmentation of CO[44]. The amount of m/z 44 (mostly CO2") in
the AMS signal is due to gas phase CO2 and the amount of aerosol phase CO,". The
fragmentation of CO2[44] coefficient (frag_CO- [44]) is a combination of a number
of factors, including the mixing ratio of CO: in air (the default value of CO> mixing
ratio is 0.00037 (370 ppm of COy)), the RIE of CO2 from the literature (1.36), the
reciprocal of the fraction nitrogen in air (1.28), and a correction for m/z 15
fragmentation of nitrogen (frag_air [28]) (1.14). Thus, the default fragment entry of
(frag_CO2 [44]) is (0.00037%1.36x1.28x1.14xfrag_air [28])). Users should adjust
the fragment coefficients to reflect sampling conditions. Fig. 3.2 shows an example
of the Org44 vs Org43 correlation plot with a 1:1 and a 1:2 lines. Org 43 is a purely
organic signal. In this example, a higher value of Org44 is needed for the trend in
the data to go through the origin (Fig. 3.2a). Thus, a smaller value of the gas phase
CO. coefficient is needed. Users should change the fragment entries (e.g.
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0.9x0.00037x1.36%1.28x1.14xfrag_air [28]) to make the data points intersect the
origin, regardless of organic aerosol type or origination (Fig. 3.2b). For each flight
data from the MOYA and CLARIFY campaigns, we adjusted standard sets of
fragmentation table entries, including the frag_CO> [44] as described above. Since
the CO> levels varied a lot in these BB field experiments, a time-dependent CO,"
subtraction is important to enhance the accuracy of results, especially when
sampling in BB plumes (the CO- values were much higher and the gas-phase CO>"
subtraction is substantial). Thus, in this study, a time-dependent fragment entry was
implemented based on an external measurement of gas phase CO> (meas_CO») (e.g.
0.9xmeas_CO2x1.36x1.28x1.14xfrag_air [28]). Overall, the 2c uncertainties in
AMS-measured OA mass concentration during aircraft operation were estimated as
38 % by Bahreini et al. (2009).
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Figure 3.2 An example case showing the Org44 vs Org43 correlation plot, with a
1:1 and a 1:2 lines for fragmentation table correction.

Utilisation for BB study

For BB study, the AMS can be employed for characterising non-refractory
inorganic aerosol composition as well as the OA components. Fresh BB OA
observed with AMS has been reported to strongly correlate with particular signals at
m/z 60 from ions C2H40," and m/z 73 from C3HsO," (Schneider et al., 2006; Alfarra
et al., 2007), which are used as trace mass fragments for BB OA. The signal at m/z
60 is associated with levoglucosan, which is largely formed in the pyrolysis of
cellulose emitted from BB sources (Jordan et al., 2006), and other similar species
(i.e. mannosan and galactosan). Except for m/z 60 and 73, m/z 43, 44 and 57 also
contribute larger signals, but they cannot be used as tracers for BB POA since
similar abundance occurs in AMS spectra from other sources. The m/z 44 is the
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signal of CO" ion from di-carboxylic acid groups and organo-peroxides and
suggests the presence of oxygenated organic compounds (Aiken et al., 2008).

Proportional contributions of OA fragment markers, 60, f43 and f44, can be
calculated as the ratios of m/z 60, m/z 43 and m/z 44 to the total OA mass
concentration respectively. Ng et al. (2011) proposed the photochemical ageing of
OA in a f44 vs. 43 diagram, in which f44 increases and f43 decreases during the
ageing process (the so-called “triangle plot™), allowing a simplified description of
OA ageing and comparison across studies. The continuum of observed f44 in
different studies suggests a range of oxidation states in measured OA, due to both
coexistence of POA and SOA, as well as a variable degree of OOA (oxygenated
organic aerosol) oxidation. Cubison et al. (2011) proposed a method for specifically
representing the ageing of BBOA in the atmosphere by a f44 vs. f60 diagram, which
shows the increasing oxidation of OA ensemble in parallel with the oxidation decay
of levoglucosan-like species. f60 of ~0.3 % has been observed as a background level
in several locations (Cubison et al., 2011), not impacted by active open BB. This
background level needs to be considered in any attempt to infer BB OA impact from
ambient AMS observations of f60. These diagrams are employed in this study to
investigate the OA evolution.

3.2.2 Aerosol Composition-BC

The single particle soot photometer (SP2, DMT) is widely used in atmospheric
studies of refractory BC (rBC) (Stephens et al., 2003). It consists of four optical
detectors and one Nd:YAG crystal laser with a Gaussian intensity distribution
(Schwarz et al., 2010), as seen in Fig. 3.3. The SP2 detects BC-containing particles
with an equivalent spherical diameter in the range of 70 — 850 nm (Liu D. et al.,
2014). When there is an aerosol particle containing absorbing BC material passing
through the laser beam, the rBC-containing particle absorbs the laser and heat up.
When the rBC-containing particle reaches its boiling temperature, it will incandesce
and emit visible light. Two detectors in the SP2 will capture the signal and
determine the absorbing particle as incandescing BC-containing particle. The SP2
incandescence signal is proportional to the mass of refractory BC present in the
particle, regardless of mixing state.

Empirical calibration of the SP2 is required to calibrate the incandescence
channel and obtain absolute rBC mass measurements. This is commonly done with
BC reference materials such as Aquadag standard, which is a colloidal dispersion of
aggregates of irregular flakes of graphite in water. The SP2 characterises the
standard particles with selected mobility diameter of 300 nm to establish the ratio

62



between the particle mass concentrations and the instrument signal strength. A
correction factor of 0.75 is applied to this ratio for the ambient rBC characterisation
following the previous studies (e.g. Baumgardner et al., 2012). The mass can be then
converted to a spherical-equivalent BC core diameter (Dc) with an assumed BC
density of 1.8 g cm 3 (Bond et al., 2013).
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Figure 3.3 A schematic of the Single Particle Soot Photometer (SP2) (Schwarz et
al., 2010).

The SP2 can also provide information on the coating properties of BC-
containing particles, by determining the A = 1064 nm light scattering cross-section
of particles. Since the non-rBC material within rBC-containing particle evaporates
before the particle passes through the entire SP2 laser beam, the scattering signal
will be distorted and is not a true Gaussian shape. The methodology of leading-edge-
only (LEO) fitting can be used to reconstruct the scattering signal of a BC-
containing particle, as described in detail in previous studies (Gao et al., 2007). Then
the concentric sphere equivalent coated rBC particle size (Dp) can be derived
through the scattering cross section by applying the core-shell Mie theory. For the
calibration of the scattering signal, the polystyrene latex spheres (PSLs) with known
size and refractive index are applied. Following the previous studies, the refractory
index for the ambient BC core and coating is estimated to be 2.26+1.26i and 1.5+0i
respectively (Taylor et al., 2015, 2020). The ability of detecting both incandesce and
scattering particles allow SP2 to characterise the mixing state of the single particles.
The coating thickness (core/shell ratio, Dp/Dc) is defined as the ratio between the
diameter of the whole rBC-containing particle and the mass equivalent diameter of
the rBC core.
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3.2.3 Aerosol size

Aerosol number size distributions were measured in this work across the 20 nm
— 3 um range via combination of a Scanning Mobility Particle Sizer (SMPS, 20 —
350 nm) (Wang and Flagan, 1990) and two wing-mounted passive cavity aerosol
spectrometer probes (PCASP, 0.1 — 3 um) (Rosenberg et al., 2012).

In brief, the SMPS first neutralises the aerosol sample with a radioactive
source, which gives the particles a known and reproducible distribution of charges,
known as a Fuchs distribution. The particles with the Fuchs charge distribution enter
an electric field inside a DMA. The strength of the electrical field selects particles of
a specific electrical mobility to pass through the DMA and be measured, while
others are deposited on the central rod or discarded into the exhaust flow. The size
of these particles is related to their electrical charge, but also the length/width of the
DMA and the sheath flow rate. The number concentration of nearly monodisperse
particle sample exiting from the DMA is counted by a low-pressure water-based
condensation particle counter (WCPC model 3786-LP). The CPC works on the
principle of passing particles through a saturated vapour chamber and then lowering
the temperature, thereby growing the aerosols to a size detectable by a laser. The
SMPS scans through a voltage range and is able to produce a full-size distribution of
aerosol particles every ~60 s. Typically, this produces a size distribution between
about 20 and 350 nm. Given the time resolution, SMPS data is only suitable in
straight and level runs and without rapid aerosol concentration changes. The SMPS
data can be inverted using the inversion algorithms developed by Zhou (2001). The
inversion program inverts mobility concentrations to an aerosol size distribution
(dN/dlogDp vs. Dp).

The PCASP instrument uses the principle of light scattering intensity to
measure the size of a particle and segregates these into one of 30 size bins, which
span the diameter range of 0.1 — 3 um. Particle size is determined via experimental
calibrations using Di-Ethyl-Hexyl-Sebacate (DEHS), which is converted to a
Polystyrene Latex Sphere (PSL) equivalent size. Mie scattering theory is used to
determine the bin sizes by assuming the particles spherical and refractive index.

3.2.4 Aerosol optical properties

A multi-channel, multi-wavelength intra-cavity photoacoustic spectrometer
(PAS) (Lack et al., 2012b) and cavity ringdown spectrometer (CRD) (Langridge et
al., 2011) have been developed by the UK Met Office for use on the FAAM (Davies
et al., 2018, 2019; Cotterell et al., 2021). The instrument, called EXSCALABAR
(EXtinction, SCattering and Absorption of Light for AirBorne Aerosol Research),
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allows a better understanding of aerosol absorption and high RH aerosol scattering.
Aerosols are drawn into the aircraft through a modified Rosemount inlet (Trembath
et al., 2012). The aerosol stream is first dried to < 20 % relative humidity and then
passed through a scrubber to remove absorbing gaseous impurities such as ozone
and nitrogen dioxide. An impactor upstream of the instruments can remove particles
with aerodynamic diameter > 1.3 um (Brechtel, custom design). A series of flow
splitters evenly distribute the aerosol-laden stream between the suite of instruments,
each of which samples the aerosol at a flow rate of 1 L min%, as shown in Fig. 3.4.
The principles and calibrations of PAS and CRD are briefly described below.

PAS is a state-of-the-art technique that measures absorption directly for
particles in their natural suspended state. This method is not affected by the biases in
filter-based measurements or indirect techniques (i.e. extinction-scattering method)
and has become the high-accuracy technique for measuring aerosol absorption.
Briefly, the principle of PAS relies on converting energy from a light source into
sound (Arnott et al., 1999). In this study, Toptica iBeam Smart (Toptica Photonics)
lasers with wavelengths at 405, 514 and 658 nm generate light with powers 300, 100
and 130 mW respectively. Laser wavelengths and line widths are measured using an
Avantes spectrometer (CompactLine) for the blue and green wavelengths and a
Hamamatsu spectrometer (C11697MB) for red wavelengths. When power
modulated light is absorbed by a particle, the energy is released as heat creating
pressure waves that propagate away from the particle. In a cavity, these waves
resonate at the characteristic radial and longitudinal frequencies of the cavity. When
the light source is modulated at a resonant frequency of the cavity, the propagated
sound wave is amplified and can be detected by sensitive microphones. Then the
responses from the microphones are passed through a differential amplifier and are
processed using a Fourier transform. All signals that cannot be distinguished from
noise are then removed from the signal of interest. After the initial background is
removed, the area of the residual signal is integrated in the region of interest and the
resulting integrated area (Pm). The speakers located in the reference resonator are
able to measure the cell resonant frequency (Fr) and quality factor (Q). Following
each speaker measurement, the laser modulation frequency is automatically adjusted
to match the derived cell resonance frequency. The light absorption, Babs, is
determined from the Pr and corrected for preamplifier gain, which is given as:

1 Ares n? Fg (3.5)

Babs= mP_L -1 0
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Where P the Fourier component of laser beam power at Fgr, Ares IS the resonator
cross sectional area, y IS a thermodynamic term which is constant in dry air (Arnott
et al. 2006).

CRD is a well-established method for performing highly sensitive extinction
measurements at different RH. Briefly, CRD involves injecting a short laser pulse
into an optically stable cavity formed by two highly reflective planoconcave mirrors.
All lasers (Toptica, iBeam Smart-S) are continuous-wave diodes, operated with
square wave modulation at a frequency of 2000 Hz. Lasers are protected from back
reflections using Faraday isolators (Thorlabs, 10-5-405-LP and 10-3D-660-VLP). In
this study, a 658 nm laser (130 mW) is used to pump the red cell and a 405 nm laser
(300 mW) for blue cell. For a correctly aligned system, the intensity of the
circulating pulse decays exponentially with time, principally due to transmission
losses through cavity mirrors and absorption/scattering interactions within the
cavity. The decay rate of light in the cavity, which is characterised by its 1/e folding
time (termed the ringdown time, t), is determined between the empty cavity (to) and
a filled cavity (t) with the absorbing/scattering species of interest present.
Subsequently, the extinction coefficient B, is calculated directly from:

Bi = = (+——) (3.6)
c T T
where Ry is the ratio of the physical length of the cavity to the length over which
sample is present, c is the speed of light and t and 1o are the ring-down times for a
cavity with and without scattering/absorbing species. The to times for both the 405
and 658 nm CRDS channels used in this study are measured before and after

experiments in which aerosol is passed through the optical cavities.

Ozone calibrations are used for cell calibration. Gaseous ozone for use in the
EXSCALABAR calibrations is produced by a coronal discharge ozone generator
(Longevity Resources, EXT120-T) supplied with a flow of high-purity oxygen
(99.999 %, BOC, grade N5.0). The amount of ozone is dependent on the flow rates
of oxygen into the ozone generator and the frequency setting (i.e. lamp discharge
rate) of the ozone generator. Ozone is introduced: 1) directly into three of the PAS
cells and 2) into the two CRDs cells which are in line with the remaining two PAS
cells. This allows simultaneous measurements of the absorption extinction on the
blue and red dry lines. A “zero ozone” level is recorded to provide the background
signal measurements which are subtracted from the data later. The absorption levels
of introduced ozone are known and are quantified by the blue and red nm CRDS
cells, and this is used to calibrate the PAS channels.
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The CRDS extinction measurement accuracy was evaluated by Langridge et al.
(2011) to be better than 2 % and this study uses a 2 % extinction uncertainty. The
uncertainty in PAS measurements is a combination of the measurement precision
and accuracy, due to the PAS calibration accuracy (~8 %), the uncertainty of
pressure-dependent correction to PAS calibration (~0 — 0.12 %) and the uncertainty
of background noise correction (Davies et al., 2019). The uncertainty introduced to
airborne PAS measurements from the background noise subtraction was found to be
0.27 — 0.54 Mm™, which leads to larger percentage uncertainties for lower
absorption coefficients. These factors lead to total PAS measurement uncertainties
of 29.0 — 55.0 % for 1 Mm™ absorption coefficient measurements across the range
of cells used (dependent on PAS measurement wavelength) and approximately 8.1
% for 100 Mm™! (independent of PAS measurement wavelength).

The relative contributions of scattering and absorption, SSA, is calculated as:

Babsy

SSA(M)=1—
Bexiy

Peers et al. (2019) propagated these total measurement uncertainties for both
extinction and absorption measurements to derive the standard deviation in
calculated SSA values. The mean SSA uncertainties are 0.013 and 0.018 at the
measurement wavelengths of 405 and 658 nm respectively, which leads to larger
percentage uncertainties for lower SSA. The AAE is determined by Eq, (1.7) in this
study, The uncertainty in the determined AAE is based on the uncertainties from the
PAS measurements, which is estimated to be ~5 % (Taylor et al., 2020).
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Figure 3.4 Schematic diagram highlighting the flow conditioning and how the
aerosol-laden stream is distributed between the PAS and CRDS cells. All PAS and
CRDS wavelengths are centred at 405, 514 and 658 nm respectively (modified from
Davies et al., 2018, 2019).
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3.2.5 Cloud Condensation Nucleus counter

A Cloud Condensation Nuclei counter (CCNc, DMT) is used to measure the
cloud condensation nuclei (CCN) concentrations at specific supersaturation (SS)
(Roberts and Nenes, 2005). The CCNc consists of a cylindrical column which is 0.5
m in length, and the inner wall of the column is made of porous material and
saturated. A temperature gradient increases along the column in line with the
direction of flow, and water vapour diffuses from the walls to the centre, this
establishes a constant SS as thermal diffusion lags vapour diffusion. The SS of the
CCNc is controlled by changing the temperature gradient, total air flow and chamber
pressure. The airflow is comprised of the aerosol sample surrounded by conditioned,
particle free air which is humidified to near saturation in order to maintain the
sample in the centre of the column. The sampled aerosol particles with a critical SS
smaller than that maintained in the instrument centreline will be activated as
droplets. Particles exiting through the bottom of the column are characterised by an
optical particle counter.

The CCNc is capable of operating with SS between 0.1% and 2%. The CCNc
used on-board FAAM is a dual-column mode (CCN-200) which enables the
measurement of the CCN concentrations at two supersaturations at the same time.
During the CLARIFY campaign in the third study, the supersaturation in column A
was ramped between ~0.125 %, ~0.2 % and ~0.46 % at the first half part of flights,
and then set to ~0.075 %, ~0.125 % and ~0.2 %. In column B, the supersaturation
was held at ~0.46 % at the first half part of flights, and then set to ~0.3%. The CCN
concentrations reported carry an approximate measurement error of 7 %. Following
the approaches detailed in Trembath, (2013), calibrations were applied for the flow,
pressure and supersaturation, using size-selected ammonium sulfate particles.

3.2.6 Cloud Droplet Probe

The wing-mounted Cloud Droplet Probe (CDP) is a forward-scattering optical
particle counter which can detect liquid cloud droplets over the nominal size range
of 3 to 50 um. The operation of the probe is based on the Mie-scattering theory, as
described in Lance et al. (2010). In brief, when a cloud droplet passes through the
laser beam, the photo-detectors of the probe measure the intensity of the forward
scattered light over a 1.7 to 14° solid angle. The incoming beam is equally
distributed by an optical beam splitter, where one beam is focused through an optical
mask before being sampled by a so-called qualifier photodetector and the other by
the sizer detector. This detection configuration is used to qualify the depth of field
(DOF) where the signal from the qualifier detector multiplied by two must exceed
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the signal from the sizer for the particle to register as being measured within the
DOF. Particles which do not meet this criterion are rejected. The signal pulses from
DOF-accepted particles are digitized from their raw analogue voltages. The peak
value corresponding to the scattering cross section is then segregated into one of 30
bins. Size bins are generally 1pm wide between 3 — 14pm, and 2um wide between
15-50um. The sum of counts in each bin over the sampling integration period is
transmitted to a logging computer running PADS (version 3.11) software over an
RS-232 serial connection and recorded.

To calibrate the sizer response, particles (i.e. water, glass beads or PSL) of
known size are injected into the sample area of the CDP. If glass beads or PSLs are
used to calibrate the sizer, the response of the CDP to water droplets must be
corrected for the difference in refractive index between water and glass or PSL.
From the data provided by this probe, Liquid Water Content (LWC), cloud droplet
size and number concentration can be estimated. It should be highlighted that CDP
measurements can be affected by ice particles. However, the number concentrations
of ice particles in sizes, which are countable by the CDP, are estimated at a few per
liter (Lance et al., 2010). No ice was present in the clouds sampled during the work
presented in this thesis.

Except for the wing-mounted instruments of the PCASP and CDP, the in-situ
instruments described above including the AMS, SP2, SMPS, EXSCALABAR and
CCNc are inboard instruments, which sample ambient air via stainless steel tubing
from a modified Rosemount inlets (Trembath et al., 2012). Trembath et al. (2012)
have shown that the modified Rosemount inlets can enhance aerosol concentrations
depending on the bulk density and size range of the aerosol sample. For aerosol
population which has a comparable density to BB aerosols, the enhancement is
suggested to be negligible for particles below an optical diameter of 0.6 pm
(Hodgson et al., 2018). Given the general dominance of sub-micron BB aerosol in
this study based on size distribution measurements, limited enhancement is expected
for the measurements presented here and the collection efficiency is suggested to be
unity.

As described in previous sections, the sample size ranges of some aerosol-
related instruments are partly different (see Table 3.1). Assuming the density of the
sampled material to be 1.6 kg m= (appropriate for BB aerosol), the impactor
(aerodynamic diameter < 1.3 um) upstream of the EXSCALABAR has a physical
cut size diameter (assuming spherical particles) of approximately 1.0 um (computed
using AEROCALC, Baron 2001). It is assumed that the current aerodynamic lens
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system of the AMS is tailored to sample sub-micron aerosol (aerodynamic
diameter), corresponding to a physical cut size diameter of approximately 0.78 um.
The SP2 detects BC-containing particles with an equivalent spherical diameter in the
range of 70 — 850 nm (Liu D. et al., 2014). Based on the aerosol size measurements
using the SMPS and PCASP in this study, the dominant size range of sampled
aerosols is mainly below an optical diameter of 0.55 um (see paper 1 and 2 results in
Chapter 4). The size of sampled aerosols is mainly within the different cut-off
diameters of these aerosol-related instruments (AMS, SP2, EXSCALABAR). Thus,
it is comparable between these aerosol-related instruments for characterising the
properties of sampled sub-micron aerosols in this study.

Table 3.1 The sample size ranges of different aerosol-related instruments.

Instrument Size type Particle diameter range
AMS vacuum aerodynamic diameter <1pum
SP2 equivalent spherical diameter 70 —850 nm
EXSCALABAR aerodynamic diameter <1.3um
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Chapter 4

Results and discussion

4.1 Paper 1: Rapid transformation of ambient absorbing
aerosols from West African biomass burning

Authors: Huihui Wu, Jonathan W Taylor, Justin M Langridge, Chenjie Yu, James D
Allan, Kate Szpek, Michael | Cotterell, Paul 1 Williams, Michael Flynn, Patrick
Barker, Cathryn Fox, Grant Allen, James Lee, and Hugh Coe

Accepted by Atmospheric Chemistry & Physics

Overview: This study presents the emissions and half-day evolution of smoke
aerosols from flaming-controlled burning of agricultural waste and wooded
savannah in the Senegal region. The measurements were conducted using the
FAAM BAe-146 UK research aircraft during the MOYA-2017 (Methane
Observation Yearly Assessment-2017) campaign. The rapid evolution of BB aerosol
properties is reported, regarding to the aerosol chemical composition, bulk size,
black carbon (BC) microphysical properties, and absorption properties. A different
evolution of absorption Angstrom exponent (AAE) and brown carbon (BrC) is
found compared with previous BB field studies. BrC is suggested to be a minor
fractional component of the freshly emitted BB aerosols. After emission, there is an
initial stage of BrC net enhancement that is indicated by the increasing AAE,
followed by a net-loss process. The measurements combined with optical modelling
were used to firstly characterise the ageing effects on light absorption properties of
BrC and BC in this region. This study implies that the evolution of absorbing
aerosols after emission varies with source conditions. Different treatments of aerosol
properties from different types of fires and their downwind evolution should be
considered when modelling regional radiative forcing.

Contributions: G.A. is the PI of this project; H.C. designed the research; J.M.L.,
P.LW., M.F., M.I.C., C.F., J.L. and P.B. performed field experiments; H.W., JW.T,
C.Y. JM.L, K.S,, J.D.A. and P.B. prepared datasets of the AMS, SP2, PAS and
FGGA; H.W. and J.W.T. performed the optical modelling; H.W. performed back-
trajectory analysis, analysed combined datasets and led the manuscript writing.
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Abstract. Seasonal biomass burning (BB) over West Africa
is a globally significant source of carbonaceous particles
in the atmosphere, which have important climate impacts
but are poorly constrained. Here, the evolution of smoke
aerosols emitted from flaming-controlled burning of agri-
cultural waste and wooded savannah in the Senegal region
was characterized over a timescale of half-day advection
from the source during the MOYA-2017 (Methane Obser-
vation Yearly Assessment-2017) aircraft campaign. Plumes
from such fire types are rich in black carbon (BC) emissions.
Concurrent measurements of chemical composition, organic
aerosol (OA) oxidation state, bulk aerosol size and BC mix-
ing state reveal that emitted BB submicron aerosols changed
dramatically with time. Various aerosol optical properties
(e.g. absorption Angstrém exponent — AAE — and mass ab-
sorption coefficients — MACs) also evolved with ageing. In
this study, brown carbon (BrC) was a minor fractional com-
ponent of the freshly emitted BB aerosols (< 0.5 h), but the
increasing AAE with particle age indicates that BrC forma-
tion dominated over any loss process over the first ~12h
of plume transport. Using different methods, the fractional
contribution of BrC to total aerosol absorption showed an
increasing trend with time and was ~ 18 %-31 % at the opti-
cal wavelength of 405 nm after half-day transport. The gen-
erated BrC was found to be positively correlated with oxy-

genated and low-volatility OA, likely from the oxidation of
evaporated primary OA and secondary OA formation. We
found that the evolution of BrC with particle age was dif-
ferent in this region compared with previous BB field stud-
ies that mainly focused on emissions from smouldering fires,
which have shown a high contribution from BrC at the source
and BrC net loss upon ageing. This study suggests an initial
stage of BrC absorption enhancement during the evolution
of BB smoke. Secondary processing is the dominant con-
tributor to BrC production in this BB region, in contrast to
the primary emission of BrC previously reported in other BB
studies. The total aerosol absorption normalized to BC mass
(MACeas-Bc) Was also enhanced with ageing due to the
lensing effect of increasingly thick coatings on BC and the
absorption by BrC. The effect of ageing on aerosol absorp-
tion, represented by the absorption enhancement (E aps-MAC)»
was estimated over timescales of hours. MOYA-2017 pro-
vides novel field results. The comparisons between MOYA-
2017 and previous field studies imply that the evolution of
absorbing aerosols (BC and BrC) after emission varies with
source combustion conditions. Different treatments of ab-
sorbing aerosol properties from different types of fires and
their downwind evolution should be considered when mod-
elling regional radiative forcing. These observational results
will be very important for predicting climate effects of BB
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aerosol in regions controlled by flaming burning of agricul-
tural waste and savannah-like biomass fuels.

1 Introduction

Biomass burning (BB) of agricultural waste and savannah
in the sub-Sahelian regions of West Africa during the dry
season (November to February) is a strong contributor to
the global aerosol burden every year (Roberts et al., 2009;
Andreae, 2019). Emitted BB plumes over West Africa gen-
erally move south-west across the continent and are then
transported over the North Atlantic Ocean. Sometimes, weak
southerly advection over the land surface can drive air to
move northward, and the warm BB plumes tend to be lifted
over the cooler and drier Saharan air. Under this latter sce-
nario, the upper-level circulation plays a role in transport-
ing these lifted plumes southward toward the Atlantic Ocean
(Haywood et al., 2008). These BB aerosols have an important
impact on the regional climate by scattering and absorbing
solar radiation, and they also interact with clouds. The over-
all climate effects of these BB aerosols are a combination of
interacting warming and cooling effects, depending on the
aerosol vertical distribution and their relative locations with
respect to clouds, as well as their chemical, physical and opti-
cal properties and evolution with transport time (e.g. Boucher
et al., 2013).

Field measurements of African BB indicate that BB
aerosols are dominated by carbonaceous particles including
those comprised of black carbon (BC) and organic aerosol
(OA) components, with lesser contributions from inorganic
species (Capes et al., 2008, Vakkari et al., 2014). BC is
thought to be the main absorbing aerosol in BB smoke, di-
rectly absorbing radiation across the solar spectrum (Bond
et al., 2013). Particles composed of only OA predomi-
nantly have a cooling effect by efficiently scattering radia-
tion in the solar spectrum. However, certain types of OA,
known as “brown carbon” (BrC), also absorb solar radia-
tion in the near-ultraviolet (near-UV, 300400 nm) and visi-
ble (400-700 nm) ranges, although this absorption is strongly
wavelength-dependent compared to the absorption spectrum
for BC (Bond and Bergstrom, 2006; Ramanathan et al., 2007;
Laskin et al., 2015). Moreover, OA can contribute to en-
hanced aerosol absorption when OA is internally mixed with
BC through the so-called “lensing effect” (Liu et al., 2017).
The inclusion of BrC in global climate simulations is not
common; one study has suggested an average global direct
radiative forcing (DRF) of BrC of +0.13Wm~2 (Brown
et al., 2018), which is ~20% of the global DRF of BC
(+0.71 Wm™2) estimated by Bond et al. (2013), though both
estimates are associated with considerable uncertainty. Re-
gional effects of BrC over major areas of BB such as subtrop-
ical Africa may be substantially larger (Feng et al., 2013),
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necessitating consideration of both BC and BrC absorption
in the West Africa region.

Previous studies have characterized freshly emitted BB
aerosols to some extent. The initial relative mass contribu-
tion of OA and BC varies widely with fuel type and com-
bustion conditions, as does the corresponding initial aerosol
size distribution (Vakkari et al., 2014). The initial optical
properties (i.e. single-scattering albedo — SSA, absorption
Angstrom exponent — AAE — and mass absorption coefficient
— MAC - of BC and BrC) and BC mixing states of freshly
emitted BB aerosols depend strongly on OA/BC mass ra-
tios and combustion efficiency (S. Liu et al., 2014; Saleh
et al., 2014; Pokhrel et al., 2016, 2017; McClure et al., 2020)
and are therefore also highly variable. The properties of BB
aerosols have been shown to evolve over time post-emission.
Understanding this ageing process is vital to evaluating their
atmospheric impacts. The chemical and size evolution of
BB aerosols has been studied comprehensively in field and
laboratory measurements under various BB conditions (e.g.
Capes et al., 2008; Yokelson et al., 2009; Cubison et al.,
2011; Pratt et al., 2011; Akagi et al., 2012; Ortega et al.,
2013; Vakkari et al., 2018; Kleinman et al., 2020). How-
ever, studies of optical evolution are limited, especially in
field observations. Existing measurements show that the ab-
sorbing properties of BC are modified after emission due to
the internal mixing of BC with other species such as inor-
ganics and OA (Bond et al., 2013). The MAC of coated BC
may be enhanced by a lensing effect induced by the coat-
ings and/or the absorption from internally mixed BrC (Lack
et al., 2012a, b; Healy et al., 2015). The absorbing proper-
ties of BrC are also modified with ageing, closely related
to secondary BrC formation from photochemical processing
of co-emitted gaseous compounds (Saleh et al., 2013; Palm
et al., 2020) and loss by photobleaching (Lee et al., 2014,
Zhao et al., 2015). The normalized excess aerosol scattering
with respect to a BB tracer (carbon monoxide, CO) is shown
to increase during atmospheric ageing due to aerosol growth
caused by condensation and coagulation, resulting in an in-
creasing SSA downwind from the source (Abel et al., 2003;
Yokelson et al., 2009; Akagi et al., 2012; Vakkari et al., 2014;
Kleinman et al., 2020). The accurate characterization and ap-
plication of these optical properties and their evolution with
time under ambient conditions are key issues in modelling
the climate effects of BB aerosols.

Laboratory experiments have been used to simulate the
photochemical ageing of solution-extracted particles or
smoke (particles plus gases) generated from burning vari-
ous biomass fuel types under different combustion condi-
tions. These experiments have indicated that the evolution
of BC mixing state and optical properties (e.g. SSA, AAE
and MAC) for BB aerosols vary with initial emission condi-
tions (Zhong and Jang, 2014; Wong et al., 2017, 2019; Ku-
mar et al., 2018; Cappa et al., 2020). These results provide
insight into the behaviour of BB aerosols in the ambient at-
mosphere; region-specific characterizations of the evolution
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of aerosol optical properties are crucial for improving de-
scriptions in atmospheric models, owing to the diversity in
the ageing process of BB aerosols between wildfire sources.
Current field observations demonstrating this evolution are
sparse, particularly the effects of ageing on the light absorp-
tion properties of BrC and BC. Some field studies have re-
ported enhanced absorption of internally mixed BC in aged
BB smoke far from the source (e.g. Lack et al., 2012a), but
the evolution trends of BC mixing state and optics are quan-
tified poorly. Forrister et al. (2015) tracked wildfire plumes
over North America and reported decreasing AAE and the
loss of BrC over ~ 2d of atmospheric transport. Wang et al.
(2016) observed a decreasing MAC for BrC with a lifetime of
~ 1d during the Amazonian BB season near Manaus, Brazil.
These field measurements covered only a limited range of
combustion fuels and conditions. Additional field observa-
tions of the evolution of BB absorptivity are necessary to
extend laboratory mechanisms, to understand ambient atmo-
spheric processes and to provide observational constraints for
atmospheric models.

Although West Africa is one of the most important BB re-
gions on a global scale, field observations of BB aerosols
in this region are limited. The Dust and Biomass Experi-
ment (DABEX) in January to February 2006 took place in
West Africa and investigated the chemical composition, size
distribution and optics of BB aerosols at different plume
stages (close to the source, elevated BB layer and trans-
ported BB layer) (Capes et al., 2008; Johnson et al., 2008).
During the DABEX campaign, aerosol absorption and scat-
tering were measured using a filter-based technique (parti-
cle soot absorption photometer) and a nephelometer, respec-
tively. Limitations with filter-based measurements of aerosol
light absorption were reported in previous studies (Lack
et al., 2008; Davies et al., 2019), and aerosol absorption was
characterized at only a single wavelength of 567 nm during
DABEX. BC concentrations were estimated using an indirect
method by multiplying the measured absorption (at a single
wavelength) with an assumed mass absorption coefficient of
12m? g~ for soot. The properties of BB aerosols, especially
the optical properties and BC microphysical properties, were
characterized with high uncertainties during DABEX owing
to the lack of advanced measurement systems that have only
become available in the last decade. To provide accurate BB
aerosol parameterizations for modelling regional radiation
interactions over the important West Africa region, we re-
port new field measurements acquired during the MOYA-
2017 (Methane Observation Yearly Assessment-2017) air-
craft campaign, benefitting from significant advances in mea-
surement techniques. Here, we present the evolution of BB
aerosols over the first ~ 12 h post-emission, including a de-
tailed characterization of chemical, microphysical and opti-
cal properties. In addition, we combined measurements with
optical modelling to investigate the effects of ageing on the
light absorption properties of BrC and BC in this region. We
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also investigated the relationship between chemical compo-
sition and BrC optical properties.

2 Experimental design

The research flights during MOYA-2017 (Methane Observa-
tion Yearly Assessment-2017) were made by the UK Facility
for Airborne Atmospheric Measurements (FAAM) using the
BAe-146 Atmospheric Research Aircraft (ARA). A total of
six flights (designated flight labels from C003 to C008) took
place between 27 February and 3 March 2017, with the pre-
cise timings and objectives of these flights provided in Ta-
ble S1 in the Supplement. The aircraft was equipped with a
range of in situ instruments to measure aerosol composition,
size distribution and optical properties, as well as trace gas
concentrations and standard meteorological variables. A fur-
ther description of the MOYA-2017 campaign is reported by
Barker et al. (2020). Tracks of the flights (with flight numbers
labelled from C005 to C0O07) used in this study are shown
in Fig. 1a. These selected flights focused on freshly emitted
plumes from wildfires over the Senegal area, in addition to
aged smoke transported south-west over the continent and
the Atlantic Ocean. Nearby background air out of the plume
was also sampled. Detailed information about the selected
smoke plumes is provided in Sect. 3.1. The main instruments
used in this study are described below.

2.1 Airborne measurements

Refractory black carbon (BC) concentrations and physical
properties were measured using a single-particle soot pho-
tometer (SP2), the operation of which on the ARA has been
described by McMeeking et al. (2010). The SP2 detects BC-
containing particles with an equivalent spherical diameter in
the range of 70-850nm (D. Liu et al., 2014). Briefly, an
intra-cavity Nd:YAG laser beam at A = 1064 nm is used for
particle detection on a single-particle basis. The laser beam
heats particles containing BC to their incandescence temper-
ature, and visible light is emitted. The SP2 incandescence
signal is used to derive the mass of refractory BC present in
the particle, and the mass can be converted to a spherical-
equivalent BC core diameter (D¢) with an assumed BC den-
sity of 1.8 gcm™> (Bond et al., 2013). Aquadag BC particle
standards were used to calibrate the SP2 incandescence sig-
nal during the campaign following the calibration procedures
in Laborde et al. (2012). The SP2 can also provide informa-
tion on the coating properties for BC-containing particles by
determining the A = 1064 nm light-scattering cross section of
particles. The scattering signal of a BC-containing particle
will be distorted during its transit through the laser beam
caused by the mass loss of a BC-containing particle from
laser heating. The methodology of leading-edge-only (LEO)
fitting was used to reconstruct the scattering signal of a BC-
containing particle, as described in detail in previous studies
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Figure 1. (a) Tracks of the flights (labelled from C005 to C007) used in this study. (b) The selected fresh and near-source plumes, with the
spatial distribution of MODIS-detected fires during flight C005. (c,d) 1d back trajectory of sampled smoke selected from flights C006 (c)
and C007 (d), marked (black crosses) with every 3 h increment. The MODIS-detected fires are also shown in the plots (as observed 3—12h

before the sampling period).

(Gao et al., 2007; D. Liu et al., 2014; Taylor et al., 2015).
The scattering channel was calibrated using polystyrene la-
tex spheres with sizes of 200 and 300 nm. A Mie core—shell
model was then used to infer the coated particle diameter
(Dp) and hence the shell/core ratios (Dp/Dc), which de-
pends on the assumed refractive index of the BC core and
coating (Taylor et al., 2015). This model and the required
assumptions for refractive indices are further discussed in
Sect. 2.3. The SP2 single-particle data were also examined
for coincidence at high concentrations following the proce-
dures described in Taylor et al. (2020).

A compact time-of-flight aerosol mass spectrometer (C-
ToF-AMS) was used to measure the mass concentrations of
non-refractory aerosols, including OA, sulfate, nitrate, am-
monium and a fraction of chloride (Drewnick et al., 2005).
The AMS collects submicron particles in the aerodynamic di-
ameter range of ~ 50-800 nm via an aerodynamic lens. The
instrument setup and calibration procedure for the ARA have
been described by Morgan et al. (2009). The AMS was cal-
ibrated using mobility-size-selected ammonium nitrate and
ammonium sulfate particles. The AMS data were processed
using the standard SQUIRREL (SeQUential Igor data Re-
tRiEvaL, v.1.60N) ToF-AMS software package. A time- and
composition-dependent collection efficiency (CE) was ap-
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plied to the data based on the algorithm by Middlebrook
et al. (2012). The 20 uncertainties in AMS-measured mass
concentrations during aircraft operation were estimated as
30 % by Bahreini et al. (2009). The AMS data for flight C006
are not available as the vacuum pump overheated during this
flight. In this study, the OA fragment markers (m/z 43, 44,
57 and 60) and proportional contributions of OA fragment
markers to the total OA mass (f43, f44, f57 and f60) were
calculated. The oxygen-to-carbon (O : C) ratio and the ratio
of organic mass to organic carbon (OM/OC) were estimated
following the methods developed by Aiken et al. (2008). OM
is the total mass of the OA and OC is the mass of carbon
associated with the OA.

The dry (<10% RH) aerosol absorption coefficients
(Babs, Mm™!) were measured using a custom-built suite
of multi-wavelength photo-acoustic spectrometers (PAS, at
wavelengths A =405, 514, 658 nm), providing direct and
non-contact measurements of aerosol absorption. The setup
and calibration of these instruments are described in detail by
Davies et al. (2018, 2019) and Cotterell et al. (2021). An im-
pactor upstream of the PAS removed particles with aerody-
namic diameters > 1.3 um. The accuracy of the PAS calibra-
tion was better than 8 % (Davies et al., 2018). The absorption
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Angstrém exponent was determined by the equation:

_ In(Babs(22)) — In(Babs (1))
In(22) — In(x1)

AAE =

, ey

in which A is the wavelength. The uncertainty in the deter-
mined AAE is expected to be < 5 % (Taylor et al., 2020).

The aerosol number size distribution was measured using
an on-board scanning mobility particle sizer (SMPS). The
SMPS sampled aerosols from the same inlet as the AMS
and measured distributions of particle mobility diameter in
the range of 20-350nm. A low-pressure water-based con-
densation particle counter (WCPC model 3786-LP) was con-
nected to a TSI 3081 differential mobility analyser (DMA).
The SMPS data were inverted using the inversion algorithms
developed by Zhou (2001). The inversion programme in-
verts mobility concentrations to an aerosol size distribution
(dN/dlog Dy, vs. Dp). The analysed SMPS data were based
on a ~ 1 min averaging time only during straight and level
runs when AMS and SP2 concentrations generally varied less
than 30 %. The uncertainty of the SMPS scans is ~ 33 %. CO
was measured using an AeroLaser AL5002 vacuum-UV fast
fluorescence instrument, with an accuracy of & 3 % and pre-
cision of 1 ppb (Gerbig et al., 1999). Carbon dioxide (CO;)
and methane (CH4) were measured using a fast greenhouse
gas analyser (FGGA) (O’Shea et al., 2013) and were cal-
ibrated using gas standards traceable to the WMO-X2007
scale (Barker et al., 2020).

All measurements reported for aerosols and gases were
corrected to standard temperature and pressure (STP,
273.15K and 1013.25hPa). The SP2, PAS, CO and FGGA
data were recorded at a 1 Hz sampling frequency, while the
AMS sampling frequency was either 8 or 15s. Related cal-
culation methods are listed in detail in Sects. 3 and S2 in the
Supplement.

2.2 Back-trajectory calculations

We used the UK Met Office’s Numerical Atmospheric Mod-
elling Environment (NAME) (Jones et al., 2007) to track
the history of sampled air masses over the Atlantic Ocean.
The inert particles were released along the aircraft track
every 30s, and their 1d back trajectories were modelled
using three-dimensional gridded meteorological fields de-
rived from the UK Met Office’s global numerical weather
prediction model, the Unified Model (Brown et al., 2012).
These fields are updated every 3h and have a high resolu-
tion of 0.23° longitude by 0.16° latitude. The meteorologi-
cal fields have 59 vertical levels up to an approximate height
of 29 km. The NAME model was chosen for this study be-
cause it uses high-resolution meteorological data of approxi-
mately 17 km x 17 km, and it can predict dispersion over dis-
tances ranging from a few kilometres to the whole globe. The
fire sources were identified based on the Collection 6 Terra
and Aqua Moderate Resolution Imaging Spectroradiometer
(MODIS) fire products (Giglio et al., 2018). MODIS rou-
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tinely detects both flaming and smouldering fires with a min-
imum size of 1000 m?. Under very good observation condi-
tions (e.g. with the satellite in a near-nadir viewing geometry
with respect to the fire and a relatively homogeneous land
surface), 1/10 of this size can be detected for flaming fires.
Most of the fires in this region could be detected by MODIS
(Giglio et al., 2016). Air mass transport times, in hours since
emission, were estimated from the point of aircraft measure-
ments to the possible fire sources.

2.3 Optical modelling

In this study, we simulated the MAC and AAE of coated BC
with non-absorbing coatings using a variety of optical mod-
els. Firstly, we determined the size and mixing state of BC-
containing particles from the single-particle measurements
of BC core mass (Mpc) and scattering cross section from
the SP2. This process is based on previous works of Tay-
lor et al. (2015) and Liu et al. (2017). Taylor et al. (2015)
described the steps to calculate the single-particle spherical-
equivalent D¢ and Dp with the SP2 measurements and a
scattering model using core—shell Mie theory. An empirical
correction recommended by Liu et al. (2017) was added to
the data processing steps described in Taylor et al. (2015).
We converted the calculated single-particle Dp/Dc ratio to
the mass ratio of non-BC to BC (MR) and generated a 2-
D distribution of MR vs. Mpc. Further details concerning
the processing of SP2 data are provided in Sect. S2.1 in the
Supplement. For SP2 measurements, not all detected parti-
cles have a successful LEO fitting to measure the scattering
cross section of BC-containing particles at 1064 nm, as most
particles in the small size range do not scatter enough light
to be detected and the detected signal of particles at large
sizes is noisy due to a limited number concentration (D. Liu
etal., 2014; Taylor et al., 2015). Due to this limited efficiency
in the detection range for the scattering channel, the MR vs.
Mg distribution was corrected for the size-dependent detec-
tion efficiency of the SP2 instrument following the methods
described by Taylor et al. (2015, 2020).

The above SP2 analysis required assumptions of the densi-
ties and refractive index of both the BC core and the coating.
A BC density of 1.8 gcm_3 and a BC refractive index (mpc)
of 2.26-1.261 were used in this study, since these values have
been previously shown to provide good agreement with mea-
surements for externally mixed BC particles for scattering at
1064 nm using the Mie core—shell model (e.g. Moteki et al.,
2010; Taylor et al., 2015). The coating density was assumed
to be the same as bulk non-BC components and was calcu-
lated from the AMS-measured components following vol-
ume mixing rules. The densities of 1.27 gcm™3 for OA and
1.77 gem™3 for inorganic components were applied (Cross
et al., 2007). In our optical modelling, we assumed a non-
absorbing coating, which does not contribute directly to ab-
sorption. The refractive index of the coating was assumed to
be 1.50i, as used in previous works (e.g. Taylor et al., 2015;
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Liu et al., 2017; Wu et al., 2018). The optical models there-
fore do not account for direct absorption by non-BC species
such as BrC.

Applying the generated 2-D distribution of MR vs. Mpc
as inputs, different optical models were used to simulate en-
semble mean absorbing properties. We employed the core—
shell Mie model and also several parameterizations based on
empirical fits to the bulk MAC or absorption enhancement
(Eabs) for BC particles of different mixing states (Liu et al.,
2017; Chakrabarty and Heinson, 2018; Wu et al., 2018).
Briefly, Liu et al. (2017) conducted ambient measurements
of Eaps for BC-containing particles from different combus-
tion sources and also a laboratory chamber study of fresh
and aged diesel soot. They made an empirical correction of
E Aps to the core—shell Mie models based on laboratory and
atmospheric observations. Wu et al. (2018) also introduced
an empirical correction of Eaps to core—shell Mie models
based on both ambient measurements and aggregate model
results which were constrained by BC micromorphology.
Chakrabarty and Heinson (2018) integrated modelled results
and observational findings to establish scaling relationships
for Eaps and MACpg( as a function of BC mass and coating
thickness. These latter empirical models were chosen based
on a previous study using the same optical simulations (Tay-
lor et al., 2020), as they produced MAC and AAE values of
aged BB aerosols in relatively good agreement with mea-
surements. We provide details on these optical models and
parameterizations in Sect. S2.2 in the Supplement. For each
model, we generated 2-D tables of absorption cross section
or E aps following their optical schemes, corresponding to the
same grid of the 2-D distribution of MR vs. Mpc generated
from the measurement data. The modelled MACs (at 405,
514 and 658 nm) were determined by the ratio of the inte-
grated absorption cross section to the total BC mass or by
multiplying the modelled Eaps by the MAC value for un-
coated BC recommended by Bond and Bergstrom (2006).
The modelled E aops was determined as the ratio of the simu-
lated bulk absorption cross section for coated BC to that for
uncoated BC. Predictions of Eapg are output from the core—
shell Mie model, in addition to constituting the sole output
from the empirical optical parameterizations. The AAE be-
tween two wavelengths was determined by Eq. (1) using the
modelled MAC instead of Bays. Taylor et al. (2020) assessed
the uncertainties in calculated values for MAC and AAE
from these different optical models using a Monte Carlo anal-
ysis, which considered the uncertainties from different input
variables (BC mass, MR and non-refractory material concen-
trations). The derived uncertainties from Taylor et al. (2020)
were considered in this study.
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3 Results
3.1 Sampled fire plumes

On 1 March 2017, the ARA (flight C005) flew over a selected
MODIS-detected fire repeatedly (Fig. 1b) and sampled fresh
plumes at different heights (~400-1500 m) during the plume
rise stage. The fresh plumes were sampled by positioning the
ARA directly over the active fires. We analysed the dens-
est plume transects, which are denoted as source emissions,
and the fresh plumes were assumed to be less than 0.5 h old.
The emitted plumes were transported by north-easterly pre-
vailing winds. Vertical profiles of measured horizontal winds
are shown in Fig. S1 in the Supplement. The aircraft also
sampled air immediately downwind from the fires, making
plume transects (Fig. 1b). The downwind plumes had under-
gone further ~ 1 h transport and are denoted as near-source.
The plume age was estimated by the distance from the fires
and the average wind speed measured by the aircraft. Later
the same day, flight CO06 sampled transported smoke as it
moved west over the Atlantic Ocean (Fig. 1c). On the fol-
lowing day (2 March 2017), flight C007 sampled transported
smoke over the Atlantic Ocean again (Fig. 1d). We selected
smoke plumes that were sampled over the Atlantic Ocean,
and NAME back trajectories showed that these plumes in
flights C006 and CO07 were mainly transported from a sim-
ilar fire region as that associated with sampling in flight
C005. The back trajectories and MODIS-detected fire indi-
cate that the transport times of selected smoke plumes over
the ocean were ~3—6h in C006 (Fig. 1c) and ~9-12h in
C007 (Fig. 1d).

Key information regarding the sampled smoke plumes is
provided in Table 1. Modified combustion efficiency (MCE)
is widely used to indicate the combustion condition of a fire.
An MCE > 0.9 is commonly used to indicate BB smoke
predominantly influenced by combustion during the flaming
phase, whereas MCE < 0.9 indicates that the BB smoke is
primarily emitted from smouldering-phase combustion (Reid
etal., 2005). Detailed calculation methods for MCE are listed
in Sect. S1.1 in the Supplement. In this study, the calculated
MCEs (Table 1) of selected smoke plumes at different trans-
port ages were in a small range of 0.94 to 0.96, suggest-
ing that all selected smoke plumes during MOYA-2017 were
consistently dominated by flaming-phase combustion emis-
sions. Although the selected smoke plumes are unlikely to be
emitted from the same fire at the same emission time, back
trajectories suggest that they originated from similar fire ar-
eas that likely have the same fuel type. The fire areas are
mainly a mixture of agricultural stubble (mostly millet crop)
and wooded savannah (deciduous forest matter and savannah
grasses) (Roberts et al., 2009; Fare et al., 2017; Barker et al.,
2020). Both the similar fuel and MCE indicate that the se-
lected smoke plumes are likely to be comparable in terms of
the initial aerosol properties at the source. Table 1 shows that
the sampled smoke plumes were warm and dry. The sam-
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Table 1. The fundamental information and modified combustion efficiency (MCE) of sampled smoke plumes.

Sample age <0.5h ~1h ~3-6h ~9-12h

Flight number C005 C005 C006 C007

Date 1 Mar 2017 1 Mar 2017 1 Mar 2017 2 Mar 2017

Time range 12:37:36 to 13:27:30UTC ~ 13:09:34 to 13:37:10UTC  17:47:00 to 17:55:00UTC  15:57:12 to 16:07:32 UTC
Aircraft altitude (ma.g.1.) 3801486 745-1980 1642-1728 1482-1780

Ambient temperature (°C) 29343 245+3 23.1+0.3 22.5+0.5

Ambient relative humidity (%) 162 18+2 19+1 25+3

Estimated source burn area <1 km? <1 km? <1 km? <1 km?

Estimated source burn time (UTC)  11:25to 13:17 11:25 to 13:17 11:51 to 13:17 03:09 to 07:32

MCE 0.94-0.96 0.94+0.01 0.94+0.01 0.94+0.08

pled smoke over the Atlantic Ocean was above the marine
boundary layer, mitigating interference between BB aerosols
and the marine environment during plume transport. Further-
more, there was no precipitation during the selected flights,
and thus wet removal of aerosols during the plume transport
is expected to be negligible. Overall, these selected smoke
plumes had a discrete range in plume age from about < 0.5 to
~ 12 h, which provided an opportunity to study the evolution
of BB aerosol properties during the first ~ 12 h of transport.
For the near-source (C005) and transported smoke with an
age of ~3-6h (C006), the smoke had undergone only day-
time (photochemical) ageing after emission. For the trans-
ported smoke with an age of ~9-12h (C007), the smoke
had undergone ~0-2h of night-time ageing, followed by
further daytime ageing. In the following sections, we analyse
the chemical properties, size distributions, BC core sizes and
mixing states, and light absorption properties of submicron
BB aerosols in these selected smoke plumes with different
ages.

3.2 Initial aerosol composition and chemical evolution

In this section, we study the chemical properties of submi-
cron BB aerosols in the fresh plumes and their evolution
with transport time. The submicron aerosol mass concen-
tration and chemical composition fractions were calculated
from the measured mass concentrations of species from the
AMS and SP2. For composition calculations, the 1 Hz SP2
data were averaged to the AMS sampling rates. We also in-
vestigate the fire emission conditions of OA and BC as well
as post-emission OA chemistry. Time series of the concen-
trations of different chemical components, coupled with CO
and CO» mixing ratios in each flight, are shown in Fig. 2.

3.2.1 Fresh biomass burning chemical properties

In the fresh plumes (< 0.5 h), the mean mass fractions (with
standard deviation) of submicron BB aerosols were esti-
mated to be 72 % (£ 5 %) for OA, 15 % (£ 6 %) for BC, 2 %
(£ 0.4 %) for nitrate, 0.3 % (4 0.3 %) for sulfate, 5 % (£ 1 %)
for ammonium and 6 % (&£ 2 %) for chloride (Fig. 3a). Com-
pared with previously observed fresh smoke aerosol from
flaming BB over southern Africa (Vakkari et al., 2014), OA
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and BC are consistently the two largest contributors to total
aerosol mass, making up over 85 % of the submicron mass
loading. A large fraction of non-refractory chloride was ob-
served in fresh BB aerosols in our sampling area, which is
possibly due to the usage of organochlorine pesticides in
Senegal (Diop et al., 2019).

Fire emission information for a species can be represented
in two forms: enhancement ratio (ER) and emission factor
(EF). In this study, the ERs of BC and OA with respect to
CO (ABC/ACO and AOA/ACO) were calculated for sam-
pled fresh plumes (< 0.5h), by dividing the excess BC or
OA by the excess concentration of CO. The background con-
centrations of different species for freshly emitted plumes
were determined immediately before entering and after ex-
iting the plume. The EF of a species is defined as the mass
of the species emitted (in grams) per kilogram of dry mat-
ter burnt (Andreae and Merlet, 2001). Details of the calcu-
lation methods for ER and EF in fresh plumes are provided
in Sect. S1.1. Although we sampled the fresh plumes over
the same fires repeatedly in 1 h and the MCEs of source fires
were similar (0.94-0.96), the ABC/ACO and AOA/ACO
ratios (ugem ™3 /ugem™3) in the fresh plumes varied over
the ranges of 0.012-0.021 and 0.045-0.101, with averages of
0.016 and 0.071, respectively. The EFs of BC (EFpc) were
also variable, with values recorded over the range of 0.25—
0.49 gkg~! and with an average value of 0.37 +0.07 gkg ™!,
which is within the range of 0.26-0.61 gkg™! reported by
previous studies for African savannah (Andreae, 2019). The
variations in emission factors indicate that there were tempo-
ral fluctuations in the source aerosol emission strength over
the same fires in this region.

We converted OA mass into OC mass using the OM/OC
ratios estimated from the AMS measurements. In sampled
fresh plumes, the linear Pearson’s correlation coefficients
between OA and BC (poa-Bc) and between OC and BC
(poc-Bc) were calculated as 0.87 and 0.88, respectively. The
OA and OC masses were found to have positive relationships
with BC at the source. Using the unconstrained linear orthog-
onal distance regression (ODR) fitting method for the regres-
sion of the mass concentrations of OA and BC as well as OC
and BC, we estimated the AOA/ABC and AOC/ABC ra-
tios as 7.2 (£ 0.9) and 5.0 (£ 0.6), respectively. Although the
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Figure 2. Time series of measured mass concentrations of non-refractory aerosol species from the AMS, BC from the SP2, and also measured
CO and CO, mixing ratios in each flight (a for C005, b for C006 and ¢ for C007). The shaded areas are selected smoke plumes at different
ages. AMS data for flight C006 are not available as the vacuum pump overheated during this flight. CO was measured using an AeroLaser
ALS5002 vacuum-UYV fast fluorescence instrument, and CO; was measured using a fast greenhouse gas analyser (FGGA).

previously estimated aerosol emission factors (ABC/ACO,
AOA/ACO and EFpc) showed temporal fluctuations at the
source, the AOA/ABC and AOC/ABC ratios demonstrated
less variance and are likely to be representative parameters
for describing aerosol emissions from fire sources during the
MOYA-2017 period.

3.2.2 The evolution of chemical properties

Figure 3a shows the chemically speciated mass fractions of
submicron BB aerosols at different plume ages. Some inor-
ganic (nitrate and sulfate) mass fractions of aerosols were
enhanced during the first ~ 12 h of transport. This observa-
tion is consistent with the secondary processing of NO, and
SO; emitted from BB (Pratt et al., 2011; Akagi et al., 2012).
The nitrate mass fraction was also observed to increase and
stabilize more rapidly than sulfate due to the faster transfor-
mation of NO, than SO, by reaction with OH radicals at typ-
ical atmospheric concentrations (Seinfeld and Pandis, 2016).
The non-refractory chloride mass fraction showed a decreas-
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ing trend with ageing, likely caused by replacement by other
anions such as nitrates (Akagi et al., 2012). During half-day
transport, ammonium and BC mass fractions were relatively
stable (within their measurement uncertainties) at different
ages. Meanwhile, OA constituted a similar fraction of total
aerosol mass at different ages but varied in organic composi-
tion.

Here, we use some important OA fragment markers
(m/z 43, 44, 57, 60) from the AMS to investigate the evo-
Iution of organic composition. The ion peak at m/z 60
(C2H4O§r) is attributed to levoglucosan-like species, which
has been accepted as a marker of BB pyrolysis products
(Schneider et al., 2006). The m/z 43 (C3H7) and 57 (C4Hy)
markers are from the fragments of saturated hydrocarbon
compounds and long alkyl chains and are good indicators of
fresh aerosols (Alfarra et al., 2007). The m/z 43 marker can
also come from oxidized functionalities such as aldehydes
and ketones (Alfarra et al., 2007). The m/z 44 is the sig-
nal of the CO;‘ ion from carboxylic acid groups and organo-
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Figure 3. (a) The average chemical compositions of sampled smoke submicron aerosols at different ages (left axis); the black solid circles
represent the average O : C ratios of OA in sampled smoke (right axis). The whiskers represent 1 standard deviation. (b) The fractional
signals f44 vs. f60 and f44 vs. f43 of sampled smoke aerosols in our study. The dashed vertical line represents the background of f60
(0.3 %) in environments not influenced by BB, as recommended by Cubison et al. (2011). The dashed-dot line passing through measurement

data indicates the general trend in f44 vs. f60 with aerosol age.

Table 2. The ERs of BC and OA as well as some chemical information in sampled smoke.

<0.5h ~1h ~3-6h ~9-12h

ABC/ACO (pgcm*3/pgcm*3) 0.016+0.003 0.018+0.004 0.017+0.003 0.013+£0.003
(min-max: 0.012-0.021)

AOA/ACO (ug cm_3/ug cm™3) 0.0714£0.032  0.079 £0.030 - 0.066+0.027
(min-max: 0.045-0.101)

OoM/0C 1.52£0.03 1.68 £0.05 - 2.11£0.04

AOA/ABC 7.24+0.9 5.6£0.5 - 59+04

AOC/ABC 5.0+0.6 3.5+0.3 - 29402

Note: OA information was lost in the transported smoke at an age of ~ 3—6h, as there were no AMS data for the period.

peroxides and suggests the presence of oxygenated organic
compounds (Aiken et al., 2008). Figure 3b shows the f44 vs.
f43 and f44 vs. £60 diagrams of sampled smoke aerosols at
different ages following the methods in Ng et al. (2010) and
Cubison et al. (2011). The f60 decreased rapidly in the first
1 h and was close to the background value (0.3 %; Cubison
etal., 2011) in environments not influenced by BB after half-
day transport. The f43 also decreased with transport time.
The m/z 57 marker represented 3.7 0.2 % of the total OA
mass in the fresh plumes and was below the detection limit
after half-day transport. The decreasing f43, f57 and f60
were associated with the substantial decay of levoglucosan-
like species and other related primary OA due to a combina-
tion of dilution-driven evaporation and oxidation processes
after emission. The f44 showed an increasing trend with
plume age and indicates an enhanced fraction of oxidized OA
or OA in a higher oxidation state in the aged BB aerosols;
the increased oxidation state and fraction of OA over parti-
cle lifetime are associated with the oxidation of primary OA
and secondary organic aerosol formation (Ng et al., 2010).
The increasing f44 has previously been shown to be corre-
lated with decreasing OA volatility, as oxygenated OA is less
volatile than primary BB OA (Cappa and Jimenez, 2010). Ng
et al. (2010) classified OA components into different volatil-
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ity types based on the f44 range, as indicated in Fig. 3b. By
their method, the OA was mainly semi-volatile oxidized or-
ganic aerosol in the first ~ 1 h and was entirely composed of
low-volatility oxidized organic aerosol after half-day trans-
port. We also calculated the O : C ratio, which is a proxy for
OA oxidation state (Aiken et al., 2008). As seen in Fig. 3a
(right-hand axis), the average O : C ratios (with standard de-
viation) increased from 0.26 (£ 0.02) in the fresh plumes to
0.74 (£0.03) at an aerosol age of ~9—12 h, further evidenc-
ing the more oxidized OA state of aged BB aerosols.
Previous studies employed ERs to remove dilution effects
and quantify post-emission processes within the plume, as-
suming similar emission conditions at the fire source (e.g.
Akagi et al., 2012; Jolleys et al., 2012). We calculated the
ABC/ACO and AOA/ACO ratios for near-source (~ 1h)
and transported smoke (~3-12h; ~9-12h) using the un-
constrained linear ODR fitting between two variables (BC
and CO, OA and CO) (Table 2), which is described in
more detail in Sect. S1.1. BC is a chemically stable species.
The average ABC/ACO ratios were estimated to be rela-
tively similar within measurement uncertainty at different
plume ages, indicating that there was negligible aerosol re-
moval during plume transport in this study. OA has under-
gone chemical processing after emission, as indicated by

Atmos. Chem. Phys., 21, 9417-9440, 2021
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Figure 4. (a) The mean number size distributions of sampled smoke aerosols measured from the SMPS. The lognormal fitted CMDs are
also specified (in nanometres) for aerosols at different ages. The shade areas represent 1 standard deviation. (b) The mean number (left) and
mass (right) distributions of the BC core as a function of the sphere-equivalent diameter for sampled smoke plumes at different ages. The
shaded areas represent 1 standard deviation. The grey dashed square regions show the range of BC core diameter used for calculating coating

properties.

the varying OA compositions described above. Here, we use
the features of AOA/ACO, AOA/ABC and AOC/ABC ra-
tios to study post-emission OA chemistry. The AOA/ABC
and AOC/ABC ratios for near-source (~ 1h) and trans-
ported smoke (~9-12h) were also estimated from the un-
constrained linear ODR fitting between the mass concentra-
tions for OA and BC as well as OC and BC, respectively
(Table 2). With negligible removal during transport, these
ratios would be mainly affected by OA transformation: the
dilution-driven evaporation of OA to the gas phase, followed
by subsequent oxidation and re-condensation, and also the
formation of secondary OA from directly emitted precursor
gases (Grieshop et al., 2009; Palm et al., 2020). The decreas-
ing AOC/ABC ratios with transport time suggests that there
was a continuous net loss of OC mass during the ageing pro-
cess, implying that the evaporation loss of OC dominated
over condensational growth. The average AOA/ACO and
AOA/ABC ratios showed small changes at different ages.
The relatively constant AOA/ACO and AOA/ABC ratios
during transport arise from the balance of dilution-driven
evaporation of OC and the increasing O : C ratios for OA, as
has been observed previously (e.g. Capes et al., 2008; Pratt
etal., 2011).

Atmos. Chem. Phys., 21, 9417-9440, 2021

3.3 The evolution of smoke aerosol size

Figure 4a shows the mean size distributions of sampled
smoke aerosols from the SMPS measurements and the cor-
responding best-fit lognormal distributions, providing deter-
minations of count median diameter (CMD). It was not pos-
sible to obtain a size distribution in the fresh plumes (< 0.5 h)
since there was not enough time for the SMPS to obtain a full
1 min scan in the plume transect (< 30 s). We mainly detected
single dominant modes during the transects at different ages,
transferring from the Aitken mode to the larger accumulation
mode. The CMD increased from 85 nm at ~ 1 h aerosol age
to 123 nm after half-day transport. A previous West African
BB study observed near-source aerosol size using a PCASP
(passive cavity aerosol spectrometer, optical sizing) and re-
ported a similar CMD of 110nm (Capes et al., 2008). Pre-
vious measurements of southern African BB aerosols using
a DMPS (differential mobility particle sizer) reported CMDs
of 69 nm at an aerosol age of < 0.5h that grew to 123 nm at
~ 3 h (Vakkari et al., 2018), which is similar to the growth of
mobility particle size measured in this study.

From the SP2 measurements, BC mass was converted to
spherical-equivalent BC core diameter (D¢) with an assumed
BC density of 1.8 gcm™3. Figure 4b shows the mean sphere-
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Figure 5. Distributions of measured coating thickness of BC-containing particles in sampled smoke plumes at different ages in terms of
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equivalent BC core size distributions in sampled smoke
plumes in terms of number and mass. The average BC core
mass and number size distributions were similar at different
aerosol ages. The BC core CMD and mass median diameter
(MMD) were relatively constant during half-day transport,
falling in the ranges (10 to 90 percentile) of 100-116 nm and
181-207 nm, respectively. The BC core sizes in this study are
also similar to the reported mean values (CMD = 121 nm and
MMD = 188 nm) for highly aged BB aerosols (> 7d) from
flaming burning in southern Africa (Taylor et al., 2020). The
relatively stable BC core size at different ages indicates that
BC-BC coagulation events are likely to be minor after emis-
sion.

Coating thicknesses on BC were also calculated for BC-
containing particles from the SP2 measurements in the D¢
range of 110-315nm. This range was determined using the
method outlined by Taylor et al. (2015). Figure 5 shows
the measured distributions of single-particle coating prop-
erties in selected smoke plumes at different ages expressed
in terms of shell/core ratios and absolute coating thickness.
In the fresh plumes (< 0.5h), ~40% of BC particles had
measurable coatings. BC was dominantly externally mixed
with other co-emitted particles at the source (< 0.5h). Af-
ter emission, BC gradually became internally mixed with
other species, which condensed materials onto the BC cores.
Nearly all BC particles had measured coatings after half-day
transport. During this process, BC showed enhanced coating
thickness with transport time. The median BC shell/core ra-
tios and absolute coating thickness increased from 1.1 and
13 nm in the fresh plumes (< 0.5h) to 1.7 and 50 nm, respec-
tively, after half-day transport.

We now summarize the evolving mixing state of BB
aerosols in the sampled wildfire plumes. The BB aerosols in
fresh plumes (< 0.5 h) exhibit a high level of external mix-
ing. The condensation processes between particles occurred
after emission; i.e. organic species repartition between par-
ticles over the particle lifetime. At early plume ages (fresh
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and near-source), the OA was consistent with that of semi-
volatile organic aerosol. There is a dynamic equilibrium of
the semi-volatile organic species in OA through evapora-
tion and re-condensation until OA is highly oxidized to form
low-volatility organic species. Given the higher O : C ratios
with transport time (Fig. 3a and as described in Sect. 3.2),
the OA was observed to be highly oxidized and was in the
low-volatility range after half-day transport. These lower-
volatility species would preferentially partition to the parti-
cle phase. Furthermore the inorganic species (nitrate and sul-
fate), formed from the oxidation of emitted gaseous NO, and
SO, after emission would also condense onto existing par-
ticles. The lower-volatility OA, as well as the formation of
inorganic species with transport, contributed to the increas-
ing bulk aerosol CMD and coating thickness on BC.

3.4 The evolution of aerosol absorption
3.4.1 Absorption parameters

The AAE is an important optical parameter for aerosol char-
acterization and apportionment. For the purposes of this pa-
per, BC absorption is considered independent of wavelength
and therefore represented by an AAE of ~ 1 (Bond et al.,
2013). It is generally assumed that an AAE significantly
greater than 1 indicates the presence of non-BC absorbing
particles like BrC or dust, which have higher AAEs than
fresh BC (Lack and Langridge, 2013). In this study, the
AAE4p5-658 and AAEs14_g58 (Fig. 6a) were ~ 1.1 and 0.9,
respectively, in the fresh plumes, and both showed increas-
ing trends during the ageing process, reaching up to > 2.1
and > 1.7, respectively, after half-day transport. As an im-
pactor upstream of the PAS removed particles with aero-
dynamic diameters > 1.3 um and because Saharan dust is
mainly in the coarse-mode size range (e.g. Ryder et al.,
2018), the impact of mineral dust on our AAE measure-
ments should be minor. The AAE may also be affected by
changes in BC size and coating thickness with ageing. Nu-
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(b) The measured MAC values (markers) with uncertainties (shades) at 405, 514 and 658 nm in sampled smoke with different ages; the black
dashed lines and shaded areas represent the MAC and uncertainties of uncoated BC reported by Bond and Bergstrom (2006).

merical optical simulations, employing a BC refractive index
of 1.8 + 0.61, show that the AAE300—1000nm) of fresh and un-
coated BC is approximately 1.05 and relatively insensitive to
particle size (Liu et al., 2018). For BC particles with core di-
ameters larger than 0.12 um, the AAE300—1000nm) becomes
smaller when BC particles are aged due to compaction of
structures and the addition of non-absorbing coating materi-
als (Liu et al., 2018). Zhang et al. (2020) also conducted nu-
merical studies of the AAE(350—700nm) of polydisperse BC
aggregates using a BC refractive index of 1.85+0.71i as
well as a range of BC core sizes (geometric mean radius: 50—
150nm) and coatings (shell/core ratios: 1.1-2.7). Calcula-
tions by Zhang et al. (2020) indicate that the AAE 350—700 nm)
of clear-coated BC is slightly sensitive to particle micro-
physics (e.g. BC core size and shell/core ratios), with values
mainly in the range of 0.7-1.4. However, when BC is coated
with absorbing material, such as BrC, numerical optical sim-
ulations show larger AAEs than clear-coated BC and also
show an increasing AAE with enhanced coating thickness
(Gyawali et al., 2009; Lack and Cappa, 2010; Zhang et al.,
2020). Some theoretical calculations suggest that a thresh-
old value of AAE > 1.6 is strongly indicative that BC coat-
ings contain light-absorbing materials (e.g. Gyawali et al.,
2009; Lack and Cappa, 2010). The evolution of BC size and
coatings with ageing, as described in Sect. 3.3, is unlikely
to dominate the change in observed AAE if there is no BrC.
The above discussion indicates that the observed increasing
AAE is most likely attributable to the formation of BrC. In
this study, BC was the dominant light-absorbing aerosol in
fresh BB plumes, while BrC was likely a minor component
at the source but was formed during transport.

The MAC (m?g~') is a key variable for characteriz-
ing the absorbing properties of aerosols. The measured
aerosol absorption normalized to BC mass, denoted as the
MACeas-BCc, Was determined by the unconstrained linear
ODR fitting between the measured absorption coefficient and
BC mass concentration for near-source (~ 1h) and trans-
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ported smoke (~ 3-6h; ~9-12h), as shown in Fig. 6b. The
measured 1 Hz absorption and BC mass concentration in
smoke were averaged to 10s sampling periods to lower the
uncertainty introduced by small differences in instrument re-
sponse time. Bond and Bergstrom (2006) reported a MAC
value of 7.5m? g~! at A = 550 nm and assumed an AAE of 1
for fresh and uncoated BC, which could be used to extrapo-
late the MAC of uncoated BC to different wavelengths. The
absorption enhancement (Eaps-Mac) Was then calculated by
the ratio of the MACeas-sc to the MAC of uncoated BC
derived from Bond and Bergstrom (2006). Eaps-MAC repre-
sents the additional absorption of light above that expected
from the bare BC cores and is attributed to the lensing effect
of coatings on BC cores and the absorption by BrC (Cappa
et al., 2012; Lack et al., 2013). Figure 7 shows the calcu-
lated MACeas-Bc and E aps-mac at 405, 514 and 658 nm for
aerosols in sampled smoke at different ages, demonstrating
consistent increases in these metrics with particle age. The
previous section has shown that coating thicknesses of BC-
containing particles increased with particle age. The absorp-
tion enhancement from the lensing effect of non-absorbing
coatings is expected to be nearly identical over a broad spec-
tral range (e.g. Cappa et al., 2012; Nakayama et al., 2014;
Pokhrel et al., 2017). However, the formation for BrC as in-
dicated by our measured AAE values resulted in higher ob-
served Eaps-Mac for progressively shorter wavelengths.

3.4.2 Absorption attribution to BrC

In this section, we attribute aerosol absorption to BrC using
different methods. The calculations were based on both the
measurements described in previous sections and simulated
absorption properties derived from optical models. We used
the measured MAC e45-Bc shown in Sect. 3.4.1 and the mod-
elled MAC of aged BC to attribute aerosol absorption. We
also used the AAE method in Lack and Langridge (2013),
as described in Sect. S1.2 in the Supplement, to estimate the
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BrC absorption contribution. The modelled AAEs of aged
BC were used in this AAE attribution method.

1) Modelled absorbing properties of aged BC with
non-absorbing coatings

In this section, we present the modelled mean MAC and AAE
of aged BC with non-absorbing coatings (clear-coated BC)
for selected smoke at different ages. Firstly, we determined
the size and mixing state of BC-containing particles follow-
ing the processes in Sect. 2.3. Figure S2 in the Supplement
shows the 2-D distribution of BC core mass (Mpc) and mix-
ing state (the mass ratio of non-BC to BC, MR) (MR vs.
Mpyc) at different aerosol ages. For BC-containing particles
in selected smoke at ~ 1 h and ~ 3-6 h ages, the distributions
were similar, with the MR centred around 2—4. After half-day
transport, the MR distribution was centred around 5-7 for a
BC core mass of ~ 1 fg (femtograms), and the MR decreased
for larger core sizes. These 2-D distributions of MR vs. Mpc
provided the required information for input to different op-
tical models to predict ensemble mean MAC and AAE for
clear-coated BC. Section S2 in the Supplement provides fur-
ther details on the different optical models and parameteri-
zations used here. The calculations based on the core—shell
Mie model were termed CS. We also calculated the absorp-
tion enhancement E aps from the core—shell Mie model; these
calculations were termed CS-FE ops. The CS-E,ps method de-
termines Eapgs as the ratio of the simulated bulk absorption
cross section for clear-coated BC to that for uncoated BC
from the CS method. The MAC of clear-coated BC was
then calculated by multiplying the modelled Eaps and the
MAC of uncoated BC (MACpc) from Bond and Bergstrom
(2006). This CS-Eaps method corrects the MAC for clear-
coated BC using MACpgc values (7.5 m?2 g’1 at A =550 nm,
with AAE = 1) that are summarized from previous literature
and are commonly accepted as best estimates. We also con-
sidered various values of the refractive index of BC (mpc)
in core—shell Mie models, as listed in Table S2 in the Sup-
plement. The calculations based on empirical fits to the Eaps
and MAC from Liu et al. (2017), Chakrabarty and Heinson
(2018), and Wu et al. (2018) were termed Liu-Epg, Chak-
MAC and Chak-E apg, and Wu-E pps, respectively.

Figure S3 in the Supplement shows the modelled mean
values of MAC at 405, 514 and 658 nm for clear-coated BC
as a function of the imaginary component of the mpc (kpc)
at different plume ages. Simulated MAC values varied be-
tween different optical models. It should be noted that the
modelled MACs at 405 and 514nm from the CS method
were not considered in the following analysis, as Taylor et al.
(2020) discussed the underprediction of MAC at short wave-
lengths from the core—shell Mie model. In Mie models, the
intensity of light decreases when penetrating an absorbing
sphere, since the surface of the sphere absorbs light and
shields the centre. For small particles, this shielding effect is
small, but for large particles, the centre of a spherical particle
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is effectively shielded from exposure to light. In reality, BC
is a non-spherical fractal aggregate with a porous structure
and a high surface-to-volume ratio. This high surface area
relative to the total BC mass allows light to fully interact
with the BC component, and the shielding effect is dimin-
ished (e.g. Chakrabarty and Heinson, 2018). Therefore, the
shielding effect in Mie models leads to an underestimation
of light absorption for the BC particles. Figure S5 in Taylor
et al. (2020) shows that this shielding effect underestimates
the MACs at A =405 and 514 nm but not at A =658 nm for
BC particles with core sizes in the range ~ 150-200 nm, and
we note that the MMDs of BC cores measured in this study
were also in this size range. In addition, the MACs from the
CS- E aAps method were neglected for particles at ages of ~ 1 h
and ~ 3-6h. At these early lifetimes when the MRs of BC-
containing particles are low, the core—shell Mie model over-
estimates the Eaps because non-BC components are unlikely
to form a shell surrounding the BC; they rather fill internal
voids in the porous soot structure (e.g. Liu et al., 2016; Kah-
nert, 2017; Pei et al., 2018). We also excluded the modelled
MAGC:s at 405 and 514 nm from CS-E aps and the modelled
MACs at 658 nm from CS and CS-Eaps using a complex
mpc of 2.26—1.26i, since these values exceeded the exper-
imental uncertainty of the measured MAC of coated BC in
Taylor et al. (2020).

Figure S4 in the Supplement summarizes the reasonable
ranges for modelled MACs for clear-coated BC in selected
smoke with different ages. Generally, the Wu-Eaps scheme
provided the lowest values in these modelled MACs, while
the CS-Eaps or Chak-Easps scheme gave the highest val-
ues. Liu-Eaps gave approximately middle estimates among
these schemes. The modelled MACs of clear-coated BC
at our three wavelengths demonstrated the same increasing
trends with transport time. For example, the modelled mean
MAC405 at ~ 1 h was in a range of 12.0-14.2 m?2 g_1 , which
slightly increased to 12.2-14.4m?g~! at ~3-6h and in-
creased further to 13.4-16.4m? g~ at ~9-12h.

Figure S5 in the Supplement shows the modelled mean
values of AAE405_¢58 and AAEs4_g58 for clear-coated BC
in selected smoke plumes. Simulated AAEs were similar be-
tween different optical models, except the values derived
from the CS method. The underprediction of absorption by
the core—shell Mie model at short wavelengths due to the
shielding effects leads to unrealistically low AAE values,
and thus the modelled AAEs derived from the CS method
were excluded in the following analysis. The Chak-MAC and
Chak-Eaps schemes fixed AAE at exactly 1. The CS-Eaps
and parameterizations from Liu-Eaps and Wu-Eaps used
modelled E aps multiplied by the MAC of uncoated BC from
Bond and Bergstrom (2006) to calculate the MAC of clear-
coated BC. Given that Bond and Bergstrom (2006) assumed
that the AAE for uncoated BC is 1 and that the Espg caused
by clear coatings is approximately constant over the visible
spectrum (e.g. Cappa et al., 2012; Nakayama et al., 2014;
Pokhrel et al., 2017), it is unsurprising (given the modelling
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Figure 7. The measured and modelled MAC values at 405, 514 and 658 nm in sampled smoke with different ages, including the measured
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details provided above) that the CS-E aps, Liu-Eaps and Wu-
E aps schemes all gave AAEs near 1. Moreover, these predic-
tions are in agreement with previous numerical studies that
also demonstrated the AAE of clear-coated BC as near 1.0
(e.g. Liu et al., 2018; Zhang et al., 2020). We summarize
by stating that our modelled AAEs (excluding CS) for clear-
coated BC at different ages are within the limited range of
1.0-1.1, and the modelled AAEs show minor changes with
transport time.

2) Absorption attribution

With the ranges of modelled MAC and AAE for clear-coated
BC derived from the previous section, we attributed ob-
served aerosol absorption to BrC using two methods. The
first method is using the measured MACeqs-c described
in Sect. 3.4.1 and the modelled MAC (MACodelled) Val-
ues. Figure 7 shows the measured MACeas-Bc and the
lowest, middle and highest MACpodelled at wavelengths of
405, 514, and 658 nm. The MAC of uncoated BC reported
by Bond and Bergstrom (2006) is also included in Fig. 7.
Here, differences between the MAC of uncoated and clear-
coated BC represent absorption enhancement due to the
lensing effect caused by non-absorbing coatings. Further
differences between the MACodelled Of clear-coated BC
and the measured MACeas-c are attributed to BrC ab-
sorption. We calculated the range of BrC contribution to
total aerosol absorption using MACppdelled and measured
MACheasBc [(MACeas-BC — MACmodelled)/MACmeas—BC]~
As seen in Fig. 8, the estimated BrC contribution using this
method varies considerably and is enhanced with ageing. The
fractional contribution of BrC at 405 nm was in a range of
7 %—-22 % at ~ 1 h and increased to 18 %—33 % after half-day
transport. The estimated BrC absorption fraction at 514 nm
was lower than that at 405 nm and was negligible at early
aerosol ages (~ 1 h; 0 %—15 %) but significant after ~9-12h
of aerosol ageing (10 %—26 %). The BrC absorption fraction
at 658 nm was estimated to be the smallest among the three
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wavelengths, increasing from a range of 0 %—14 % at ~1 h
to 5 %23 % at ~9-12h.

From the first method, the upper bounds of BrC contribu-
tion at 658 nm calculated using the lowest MACnodelled Were
~ 20 %. However, previous studies have observed that BrC
absorption decreases significantly from near-UV to visible
ranges and is negligible close to the wavelength of 700 nm
(e.g. Laskin et al., 2010; Liu et al., 2015). The contribution
of BrC to total aerosol absorption is therefore expected to be
negligible at 658 nm. In this method, the lowest MACodelled
calculated from the Wu-Esps scheme is likely to be under-
predicted and leads to overestimated upper bounds of the BrC
contribution fraction. The low bounds of the estimated con-
tribution fraction at 658 nm were minor throughout the trans-
port time and are therefore likely to be more representative
than the upper-bound estimate.

Figure 8 also shows our estimates of BrC fractional con-
tribution to total aerosol absorption predicted using the AAE
method described by Lack and Langridge (2013). In brief,
this method assumes no absorption contribution from non-
BC species at 658 nm and extrapolates BC absorption from
658 nm to shorter wavelengths using the AAE value of BC
(AAEpR(); it then calculates the BrC absorption by subtract-
ing BC absorption from the total aerosol absorption. More
details are described in Sect. S1.2. A key determinant of
predictions using this method is the choice of AAEgc. We
used the modelled AAEs (AAE4ps5_¢58 and AAEs 4_gsg) for
clear-coated BC determined in the last section that were in
the range of 1.0-1.1. The estimated BrC contribution frac-
tions from this method were in a small range, as the modelled
AAEs were all near 1. The fractional contribution of BrC to
total aerosol absorption at 405 nm was in the range of 15 %-—
18% at ~1h and increased to 28 %—31 % after half-day
transport. The uncertainty of this AAE attribution method is
significant when the fractional contribution of BrC to aerosol
absorption is low (Lack and Langridge, 2013). Thus, the es-
timated low BrC contribution at 514 nm is likely to be inac-
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Figure 8. The simulated fractional contribution of BrC to total aerosol absorption, including different wavelengths and sampled smoke with
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curate here. As we have assumed no absorption contribution
from non-BC species at 658 nm, the BrC contribution frac-
tion at 658 nm was constrained to 0.

The estimated BrC absorption contributions from the
above two methods both show wavelength dependence, with
higher contributions at shorter wavelengths. This is consis-
tent with the stronger BrC absorptivity at shorter wavelengths
from the visible to near-UV light range, as reported in the lit-
erature (e.g. Feng et al., 2013; Laskin et al., 2015). From the
two methods, we calculated similar BrC contribution frac-
tions at 405 nm, with the uncertainty in the calculated BrC
fraction from the AAE method largely within the uncertain-
ties from the attribution method of comparing MAC ydelled
and MAC eas-Bc. We combined the results from these two
calculations, considering that the upper bounds of the BrC
attribution from the MACnodelled VS- MACneas-BC are likely
overestimated, and the calculated BrC contribution fractions
at 405 nm were estimated to be in the range of 18 %-31 %
after half-day transport. The ranges of BrC contribution frac-
tions at 514 nm showed large variations between the two
methods, which are due to the large uncertainties when the
contribution is low. The fractions at 514 nm estimated from
the AAE method are close to the low bounds of the frac-
tion from the MACpodelled VS- MACneas-sc method. The BrC
contribution at 514 nm is likely small at early aerosol ages
but should be considered (attributed to at least 10 % of the
aerosol absorption) after half-day ageing.

We stress that the methods used here have drawbacks. In
our optical modelling, we simulated the aged BC with non-
absorbing coatings. However, the absorbing BrC, which is
found to be formed upon ageing in this study, will be in-
ternally mixed with other (clear) components of coatings on
BC. Previous simulations have demonstrated that the Eapg
due to the lensing of coatings on BC is reduced when the
coating is mildly absorbing (i.e. contains BrC) relative to the
enhancement induced by completely non-absorbing coatings
(e.g. Lack and Cappa, 2010). Using the assumptions of ab-
sorbing coatings and considering this reduction of Eapg in
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our optical models will lead to a higher bound on BrC at-
tribution from the method of comparing MACodelled and
MAC peas-Bc. This reduction of E aps is sensitive to both the
thickness and the imaginary refractive index of absorbing
coatings (Lack and Cappa, 2010). Some studies have used di-
rect measurements of E apg (from the ratio of ambient absorp-
tion to thermal-denuded absorption) as model constraints to
calculate the imaginary refractive index of BrC and also BrC
contribution (e.g. Lack et al., 2012b; Pokhrel et al., 2017).
However, such direct measurements of Eaps were not per-
formed in this study. As the BrC mass fraction and mixing
states of BC evolved with ageing time, the imaginary refrac-
tive index of the absorbing coating would also change during
the half-day transport. It is beyond the scope of this work
to ascertain a reasonable refractive index of absorbing coat-
ings. More explicit work could be done to investigate the BrC
refractive index and its contribution in future studies of West
African BB. Furthermore, a recent laboratory study proposed
unidentified absorbing particles from BB that do not corre-
spond to BC or BrC (Adler et al., 2019). This new class of
species strongly absorbs red light rather than at short wave-
lengths, possibly with MAC and AAE between that of BrC
and BC. Thus, the absorption may not be simply attributed
to BC and BrC. Limited information is known for this class
of species and more work is needed to identify how it may
affect absorption attribution.

4 Discussion

4.1 Correlation between evolution of optical and
chemical properties

Our results show increasing AAE trends during the half-
day transport of smoke aerosols emitted from West African
BB, indicating continuous formation of BrC and its increas-
ing role in total aerosol absorption. As the AAE and BrC
influence increased, the f44 and O : C ratio also showed
increasing trends, while the f60 decreased. This suggests
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that BrC in this study is poorly related to the primary OA,
but closely linked to the oxygenated and low-volatility OA
formed during ageing that is likely from the oxidation and
re-condensation of evaporated primary OA and subsequent
secondary OA formation. Laboratory studies have provided
evidence that secondary OA formed by photo-oxidation of
BB emissions can contain BrC. These aerosols containing
secondary BrC exhibit a stronger wavelength-dependent ab-
sorption than primary BrC, absorbing light less efficiently at
long visible wavelengths and being more absorptive at short
visible and near-UV wavelengths (Saleh et al., 2013). Li et al.
(2019) also reported that simulations under high-NO, condi-
tions can enhance the formation of BrC and light absorption
for tar-ball aerosols from BB relative to OH photo-oxidation
in the absence of NO,. These observations suggest that sec-
ondary BrC formation could counteract photobleaching to
eventually re-establish absorption enhancement of BrC. For
the transported smoke sampled at ~9-12h, the BB aerosol
is likely to have undergone ~ 0-2 h of night-time ageing first
and then daytime ageing. The night-time chemistry involv-
ing the NO3 radical reaction with BB OA can also increase
the BrC absorption efficiency over the UV-visible range (Li
et al., 2020). Some organic nitrates are reported to be im-
portant contributors to BrC. These can be formed from the
high-NO, photo-oxidation of polycyclic aromatic hydrocar-
bons (PAHs) and oxygenated aromatics (e.g. phenols) emit-
ted from BB (Laskin et al., 2015; Li et al., 2019; Ahern
et al., 2019). For example, BrC has been shown to be gen-
erated by the OH oxidation of naphthalene under high-NO,
conditions in chamber simulations (Lee et al., 2014). Field
studies observed that phenolic compounds and their OH ox-
idation products (nitrophenolic products) can contribute to
BB secondary OA formation and are substantial contributors
to total BrC absorption at 405 nm in wildfire plumes (Mohr
et al., 2013, Palm et al., 2020). Nitro-aromatics were also
identified as the products that contribute to secondary BrC
by night-time NOj3 reaction with BB OA (Li et al., 2020).
Although we cannot separate inorganic and organic nitrates
from the C-ToF-AMS explicitly, the relationship between
the ions NO™ (at m/z 30) and NO;r (at m/z 46) from the
AMS has previously been suggested to be an indicator of ni-
trate types (Rollins et al., 2010). The organic nitrates mea-
sured by the AMS are reported to have higher m/z 30 to
m/z 46 ratios compared to NH4NOs, since they decompose
further before ionization. The average m/z 30 to 46 ratios
were 3.1 £0.3 in the fresh plumes and became larger and
more variable (3—7) in aged smoke, which were several times
higher than the average ratio (1.3 +0.2) from the AMS cal-
ibration using NH4NO3 particles. This indicates a contribu-
tion from organic-linked nitrate in our reported total mea-
sured nitrate. We estimated the concentrations of organic-
linked nitrate following the methods proposed by Farmer
et al. (2010) and modified by Kiendler-Scharr et al. (2016).
The detailed methods are described in Sect. S1.3 in the Sup-
plement. The organic-linked nitrate to total OA mass ratios
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increased from 2.0 & 0.1 % in the fresh plumes to 4.4 = 1.7 %
after half-day ageing. Organic-linked nitrates are likely to
have an enhanced fraction in aged BB OA, which may con-
tribute to the BrC enhancement as the plume ages.

4.2 Comparison with highly aged African BB aerosols

Wu et al. (2020) and Taylor et al. (2020) characterized the
properties of highly aged BB aerosols from southern African
wildfires, which have undergone > 7 d transport after emis-
sion. Their derived MCE (~0.97) and ABC/ACO ratios
(0.0087-0.0134) are in a similar range as those obtained
during MOYA-2017, indicating the same flaming-controlled
burning at the source, and the biomass fuels (consisting of
savannah vegetation and agricultural waste) are broadly sim-
ilar. Pistone et al. (2019) also sampled southern African
BB aerosols over the Atlantic Ocean and reported optical
properties (e.g. AAE) at an aerosol age of ~4d. If the re-
sults from these studies are combined, a full picture of BB
aerosols emitted from flaming burning of agricultural waste
and savannah can be considered. The f44 (18 %-23 %), bulk
aerosol CMD (232 nm) and BC shell/core ratios (2.2-2.6) of
highly aged BB aerosols in Wu et al. (2020) and Taylor et al.
(2020) are all greater than those in this study, indicating the
continued chemical ageing of OA and development of parti-
cle mixing after half-day transport.

MOYA-2017 suggests that BrC from flaming burning of
agricultural waste and savannah initially contributes a minor
fraction of total aerosol absorption but undergoes a net en-
hancement by photochemical processing within the first 12 h.
The AAE470-660 of BB aerosols (~ 4 d) measured by a three-
wavelength PSAP (particle soot absorption photometer) and
reported by Pistone et al. (2019) was in a range of ~ 1-1.5.
The average AAE405-¢58 and AAEs14_¢s58 of highly aged
BB aerosols (> 7d) measured by the PAS were reported to
be 1.16 and 0.94, respectively (Taylor et al., 2020). The re-
sults of these studies on highly aged BB aerosols indicate
that BrC becomes a minor contributor to aerosol absorption
again after long-range transport. After the initial stage of
BrC enhancement (the first ~ 12 h) observed during MOYA-
2017, as aerosols continue to age, BrC net loss is expected
to occur, coupled with decreasing AAE. A similar evolu-
tion was reported in laboratory studies by Wong et al. (2017,
2019). They photolytically aged solution-extracted aerosols
generated by wood burning and observed an initial stage of
absorption enhancement (~ 10-20h) at short visible wave-
lengths, followed by a subsequent decrease in BrC absorp-
tion over a longer period (~20-40h) to below the initial
values. A recent chamber study quantified the evolution of
smoke generated by burning various biomass fuels (Cappa
et al., 2020). Under one set of test conditions, the BB smoke
had initial OA/BC ratios of 3.5-12, which is similar to the
initial OA/BC ratios of ~7 observed during MOYA-2017.
They measured an increase in AAE at the first stage (< 1d),
in agreement with our field observations. However, the AAE
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remained relatively constant after ~ 1 d during their labora-
tory studies. This difference may be due to the limited light
intensity and hence lower photolysis rates when using sim-
ulated light in laboratory studies compared to natural sun-
light. Both field and laboratory studies consistently suggest
an initial stage of BrC enhancement after BB emission under
certain combustion conditions.

4.3 Comparison with BB evolution in other field studies

BB over the northern hemispheric part of Africa has regional
patterns and characteristics. Every year, areas of cropland
mixed with wooded savannah in the sub-Sahelian region ex-
perience a short fire season mainly between November and
February (Roberts et al., 2009). As the agricultural residue
(stubble) is generally dried after harvest, one feature is that
the BB in this area is highly efficient, leading to the consis-
tently high MCE observed in this study. Furthermore, min-
eral dust is emitted from the northern Sahara throughout the
year and transported to the sub-Sahelian region, so the BB
aerosols are likely to be mixed with dust in different propor-
tions (Johnson et al., 2008). Although our aerosol measure-
ments in this study focused on submicron size, which ex-
cluded mineral dust, the dust may have impacts during trans-
port of BB aerosols after emission. For example, mineral dust
can play arole as a condensation sink for BB aerosols. In this
section, we compare this study with previous field observa-
tions to investigate the region-specific characteristics of BB
aerosol evolution in this area.

In this study, the characterization of chemical (chemical
components, OA composition and oxidation state), physical
(bulk aerosol size, BC core size and coating thickness) and
optical (AAE and MAC) properties in selected smoke plumes
at different ages reveals continuous evolution of submicron
BB aerosols during the first half-day of transport after emis-
sion. Freshly emitted plumes mix with background air dur-
ing transport and are diluted. Nearby background air out of
the plume, which probably consisted of regional haze and
aged BB emissions, was also characterized (Table S3 in the
Supplement). The mass concentrations of different aerosol
species and the aerosol absorption in transported smoke at
~ 1h and ~3-6h were up to ~ 20 times greater than nearby
background conditions, suggesting a negligible effect of mix-
ing with background air on aerosol properties in transported
smoke at ~ 1 h and ~ 3—-6 h. Aerosol concentrations and light
absorption coefficients in smoke sampled at ~9-12h were
both elevated by a factor of ~5 compared to nearby back-
ground levels. Based on the method of Murphy et al. (2009),
background air contributed ~ 20 % of the observed aerosol
in the plume due to the mixing. As the aerosol properties in
nearby background air (Table S3) were similar to the smoke
aerosols at ~9-12h, this mixing would not affect smoke
aerosol properties significantly. Above all, the evolution of
BB aerosol properties reported in this study is dominated by
chemical and physical processing during transport.

https://doi.org/10.5194/acp-21-9417-2021

9433

Compared to previous field measurements of BB, this
study reports similar chemical and size evolution after emis-
sion, regardless of the combustion phase and emission con-
ditions. There are enhanced compositions of some inorganic
species and OA oxidation state (Capes et al., 2008; Pratt
et al., 2011; Akagi et al., 2012; Kleinman et al., 2020), de-
creasing proportions of levoglucosan-like species (Cubison
et al., 2011; Forrister et al., 2015; Kleinman et al., 2020),
and growing bulk aerosol size (Vakkari et al., 2018). This
study demonstrates increasing coatings on BC with trans-
port time, consistent with previous field measurements of
higher BC coating thickness as they experienced a longer
transport period (e.g. Akagi et al., 2012; Perring et al., 2017;
Cheng et al., 2018). However, the BC mixing rates with other
aerosol components show differences between field studies.
In this study, the median BC coating thickness experienced a
continuous increase from ~ 13 nm at the source (< 0.5h) to
~ 50 nm after ~ 12 h. Some observations have indicated that
the majority (> 80 %) of measured BC particles are thickly
coated after ~ 1h since emission (Akagi et al., 2012) and
that BC has a constant thick coating (~ 100nm) over an
ageing time of ~ 1-50h (Forrister et al., 2015). These stud-
ies were of smoke from mostly smouldering-controlled fires
at the source. Compared with these observations, our study
with flaming-controlled burning presented a much slower
and weaker process of BC mixing with other aerosol compo-
nents after emission. The differences between studies imply
that fire conditions can play an important role in determin-
ing the initial coating thickness and evolution of BC parti-
cles. Laboratory experiments have provided some evidence
for this, suggesting that BB comprised of higher smoulder-
ing combustion fractions generates higher OA/BC ratios and
thicker-coated BC (Pan et al., 2017; McClure et al., 2020).
Furthermore, the co-existing mineral dust in this region may
also affect the condensation rate of non-BC material on BC
surfaces, as it may preferentially condense on larger-sized
dust than the BC, which would reduce the process of BC
mixing.

The AAE and BrC during MOYA-2017 behaved differ-
ently than in many previous field studies. Lack et al. (2013)
sampled near-source smoke emitted from a large ponderosa
pine forest fire near Boulder, Colorado. They found that the
AAE404-658 and non-BC absorption at 404 nm were posi-
tively correlated with the f60/f44 ratio, indicating that their
measured BrC was linked to primary OA and photobleach-
ing (through photolysis and photo-oxidation) played a major
role during ageing. Forrister et al. (2015) reported the evo-
lution of BrC from western US wildfire emissions, which
presented a reduction of AAEs35 479 from ~4.0 near the
fire (~1h) to ~ 1.5 after 2d of transport and a net BrC
loss with ageing. The decreasing BrC signal correlated well
with the increasing O : C ratios and the decreasing f60. This
case study also indicates a major contribution of primary
OA to BrC and suggests that photobleaching loss (through
photolysis and photo-oxidation) dominated BrC evolution.

Atmos. Chem. Phys., 21, 9417-9440, 2021



9434 H. Wu et al.: Rapid transformation of ambient absorbing aerosols

Wang et al. (2016) investigated the BrC absorptivity in BB
plumes emitted from Manaus (Amazon) forest wildfires and
found that the MAC of OA decreased with photochemical
ageing. Forrister et al. (2015) and Wang et al. (2016) pre-
dicted a similar half-life of BrC of ~9-15 and ~ 14h, re-
spectively. The case study by Forrister et al. (2015) inves-
tigated smouldering-controlled burning at the source, which
yielded much higher initial OA/BC ratios (> 100) than the
flaming-controlled burning in this study (~7) and gave a
larger initial AAE. Smouldering burning is generally more
efficient in primary BrC emissions than flaming burning, as
the smouldering phase favours the formation of OA rather
than BC, and BB emissions with primary compositions dom-
inated by organic matter are more likely to contain higher
fractional concentrations of BrC than those dominated by
BC (e.g. McClure et al., 2020). The forest wildfires in Col-
orado and Manaus also have different emission conditions
compared to MOYA-2017. It is suggested that the opposite
behaviours of BrC between these case studies and MOYA-
2017 are likely due to the different combustion and emis-
sion conditions at the fire sources, which gives different ini-
tial AAE and BrC contributions between the studies. The
varying evolution between studies also implies differences
in the dominant processes driving BrC chemical and phys-
ical transformation after emission. For BB studies by For-
rister et al. (2015) and Wang et al. (2016), the loss of BrC
from evaporation and photobleaching by both direct photol-
ysis and OH oxidation is likely to rapidly dominate over any
formation process, leading to the decreasing AAE through-
out the plume lifetime. For flaming-controlled BB, especially
with very high BC emissions like in this study, the BrC for-
mation is likely to exceed co-existing loss during at least the
first half-day of transport, leading to net BrC enhancement
and increasing AAE, after which photobleaching loss is pre-
dicted to be the dominant process.

Recent model studies generally use assumptions of the
BrC fractional contribution to OA and optical properties
based on laboratory measurements (Feng et al., 2013) and
sometimes consider an ageing scheme with the photochem-
ical “whitening” of BrC (Wang et al., 2018; Brown et al.,
2018). However, the MOYA-2017 results show that BrC was
a small fractional component at the source and was enhanced
with transport. BrC loss is not always the dominant pro-
cess during ageing in the ambient atmosphere. The formation
of BrC cannot be neglected under similar BB conditions as
those measured during MOYA-2017.

Overall, comparisons between this study and previous
field observations show consistency in the evolution trends
of some properties with ageing. However, the comparisons
also imply that the life cycles of BC and BrC can vary with
burn conditions. Different treatments of BC and BrC proper-
ties as well as their evolution under diverse BB conditions are
necessary when modelling regional radiative forcing. Model
assumptions constrained by the field data reported here will
be useful for improving predictions of BC and BrC as well
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as estimating their radiative effects in BB regions controlled
by flaming burning of agricultural waste and savannah-like
biomass fuels, i.e. southern and central Africa as well as West
Africa.

5 Conclusions

In the MOYA-2017 campaign, we investigated the evolu-
tion of smoke aerosols emitted from flaming-controlled BB
in West Africa over the first half-day following emission.
Aerosol ageing in plumes from such fires, which are rich in
BC emissions, have rarely been reported. These data provide
unique and novel field results of absorbing aerosol proper-
ties over this important seasonal BB region using instruments
that enable accurate and direct measurements of BC prop-
erties and absorption coefficients. Model simulations con-
strained by these ambient data will be useful for predict-
ing regional radiative effects, specifically in regions affected
by flaming-controlled combustion of agricultural waste and
savannah-like fuels, such as those in southern and West
Africa.

During half-day ageing, rapid evolution in chemical and
physical properties occurred concurrently with substantial
changes in aerosol optical properties (e.g. AAE, MAC). The
evolution trends of some properties with age, e.g. enhanced
mass fractions of some inorganic species, increasing OA ox-
idation state and increasing bulk aerosol size, are similar
to those observed in previous BB studies. The BC demon-
strated increasing internal mixing with other species, which
is quantified using BC shell/core ratios. The effect of age-
ing on MACeas-Bc (the total aerosol absorption normalized
to BC mass), represented by the absorption enhancement
(Eabs-MAC), Was also estimated. Eaps-mac dramatically in-
creased upon half-day ageing due to the lensing effect of in-
creasingly thick coatings on BC and the absorption of BrC.
In this study, BrC contributed only a minor fraction to total
aerosol absorption in the fresh plumes (< 0.5h). An initial
stage of BrC net enhancement was observed within the first
12 h after emission, as indicated by the increasing AAE with
ageing. The generated BrC was found to be positively corre-
lated with oxygenated and low-volatility OA, likely from the
oxidation of evaporated primary OA and secondary OA for-
mation. Using different methods, the estimated BrC contri-
bution to total aerosol absorption showed an increasing trend
with ageing and was ~ 18 %-31 % at 405 nm after half-day
transport. From comparison to recent field studies reporting
African BB aerosol properties over long timescales (> 12 h),
we expect the initial BrC enhancement observed in this work
to be followed by a BrC loss-dominant process commensu-
rate with a decreasing AAE. In this region, we observed a
different temporal evolution of BrC compared with previous
BB studies that mainly focused on emissions from smoulder-
ing fires, which have shown a high contribution from BrC at
the source and BrC net loss upon ageing (e.g. Forrister et al.,
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2015; Wang et al., 2016). This study demonstrates the impor-
tance of BrC formation from secondary processing in West
Africa wildfires rather than the primary emissions reported
in other BB studies. The varying BrC behaviours between
different types of fires indicate that different treatments of
smoke aerosol properties and their evolution should be con-
sidered when modelling regional radiative forcing.
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Supplementary
S1 Calculation methods
S1.1 Fire combustion and emission information

The modified combustion efficiency (MCE) is defined as the excess mixing ratio of carbon dioxide (CO,) over the
background to the sum of the excess mixing ratios of carbon monoxide (CO) and COz: MCE = ACO2/(ACO+ACOy)
(Yokelson et al., 2009). For an identified smoke plume, MCE can be also calculated by determining the slope between CO
and CO; using an unconstrained linear orthogonal distance regression (ODR) and subsequently solved for MCE =
1/(1+3CO/3CO2). Emission information can be represented in two basic forms: enhancement ratio (ER) and emission factor
(EF). The ER of a species (X) can be calculated by dividing the excess X by the excess concentration of a reference species
Y (AX/AY), which can be also calculated by determining the slope between X and Y using from unconstrained linear ODR
fitting (Yokelson et al., 2013). The reference species chosen for this work was CO, as it is relatively inert in the timescale of
these measurements and had a relatively stable regional background concentration during the campaign. The EF of X is
defined as the mass of X emitted (in grams) with per kilogram of dry matter burnt (Andreae and Merlet, 2001). Using the ER

calculated for each species, the EF of X is given by equation (S1) as below:

EFy=F,-1000(g kg'l)'& Cx
X Mc Ctotal

where F¢ is the fraction of carbon in the fuel source. In this study, a value of 0.475 is used for F¢ to represent African

(S1)

biomass burning (Andreae and Merlet, 2001). My and M, are the molecular weights of species X and carbon respectively.
The term C,./C;o:a: 1S the molar ratio of species X to total carbon in the plume, which is calculated using equation (S2):
ER
Cx _ 0 (S2)
Ctotal 1+&+%
ACO ' ACO

In Eq. (S2), total carbon in the fire plume was assumed to be the sum of CO, CO, and CH4 emitted. However, as all carbon

containing species could not be measured in this study, the total carbon present in the plume may be underestimated by 1-2%
(Yokelson et al. 1999).

The calculation methods of MCE and emission information follows the work by Barker et al., (2020). For freshly
emitted plumes (< 0.5 h), the background concentrations were determined immediately before entry into and after exiting out
of the plume. The same background periods were chosen for all species in each fresh plume, to ensure that calculations were

comparable and not influenced by inconsistent background criteria. The area under the plume was determined by integrating

1
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the peak in the concentration versus time data series (Fig. S2a) and the background areas were removed, which gave the
ACO, ACO;, AX and ACHg. These values were then used to determine the MCE and ER and EF of X in each fresh plume.
When calculating the ER of OA to CO, the 1-Hz CO data were averaged into the AMS time base. The analysis uncertainty
includes the 1-sigma standard deviation and the instruments uncertainty. For transported smoke over continent and ocean (~1
h; ~3-6 h; ~9-12 h), an unconstrained linear ODR fitting between all in-plume points of CO; and in-plume points of CO is
used to determine MCE. The fitting between all in-plume points of X and in-plume points of CO is used to determine the ER
and EF. When calculating the ER of OA to CO in transported smoke, the 1-Hz CO data were also averaged into the AMS
time base. The analysis uncertainty includes the fit error and the instruments uncertainty.

S1.2 Absorption attribution using the AAE methods

BrC absorption at a short wavelength A1 (Babs-Brc,21) €an be derived by subtracting BC absorption (Bass-sc, 21) from the
total aerosol absorption (Lack and Langridge, 2013) via
Babs-Brc, 11 = Babs, 11 — Babs-Bc, a1
where absorption Baps, a1 is the measured absorption at the short wavelength A;. BC absorption at A1 (Bass-sc, A1) can be
obtained using the AAE value of BC (AAEgc) via
Bas-Bc, 11= Bapsaz * (Aa/hg)AAEeC
where Babs, 22 IS the total aerosol absorption measured at a longer wavelength A, (658 nm), which is assumed to have no
contributions from BrC or dust (Lack and Langridge, 2013). The uncertainty involved in attributing BrC and BC absorption
at short wavelengths has been explored explicitly by Lack and Langridge (2013). This uncertainty is primarily from the
uncertainty in the assumed AAEgc. The AAEgc used in this study includes the AAES (AAE.os.es8 and AAEsiaesg) from

optical modelling. More details about the AAEs from optical modelling are described in the main text, Sect. 2.3 and 3.4.

S1.3 Estimation of organic-linked nitrate

In AMS measurements, the nitrate is detected at m/z 30 and m/z 46, representing the ions of NO* and NO;*
respectively. Inorganic (i.e. ammonium nitrate, NH4NO3 and mineral nitrate) and organic nitrates both contribute to the two
peaks. Mineral nitrate salts, i.e. NaNO3z and KNOs, are unlikely to be measured by the AMS in this study, due to their low
vaporization efficiency and large size. Here, we determined the fractional contribution of NH4NOs and organic-linked nitrate
to the total observed signals at these two peaks, following the methods proposed by Farmer et al. (2010) and modified by
Kiendler-Scharr et al. (2016). The fraction of organic-linked nitrate in the measured nitrate (Xorg-nos) is estimated using the
equation (S3):

Norgno,~ ((11 ‘: II:ON) x ()f{:eé‘;red : Reaiib)
measured ON Rcalib)
The Rmeasured 1S the measured intensity ratio of m/z 46 and m/z 30. Rcaib is the ratios measured during NH4sNOs calibrations.

(83)

Ron is the m/z 46 over 30 ratios from organic nitrogen. Ron is set to 0.1 following considerations presented by Kiendler-

Scharr et al. (2016), which is the minimum NO,"/NO" ratio observed in field datasets and gives the lower limits of Xo,y.no,-

The Ron value of 0.1 has been used in many previous studies (e.g. Tiitta et al., 2016; Reyes-Villegas et al., 2018). The mass
concentration of organic-linked nitrate is then calculated by multiplying the total nitrate measured by the AMS with
Xorg-No, - The method proposed by Farmer et al. (2010) is based on the high-resolution-ToF AMS (HR-ToF AMS)

measurements, where Rmeasured 1S the measured NO,*/NO™ ratio rather than the ratio of m/z 46 and m/z 30 used in this study.
With the C-ToF AMS used in this study, the interference of some ions from organics (i.e. CH.O*, CH4sN* and C,H¢* at m/z =
30 and CH20;" and C;HsO* at m/z = 46) cannot be separated at these two peaks, which would add uncertainties in the

ambient ratios for nitrate. However, previous laboratory and ambient BB studies using HR-ToF AMS indicate that the
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interference of these ions may be small (e.g. Reyes-Villegas et al., 2018). In this study, the ratios of organic-linked nitrate

over total OA mass are investigated with ageing process.

S2 Optical modelling
S2.1 Determination of the size and mixing state of BC-containing particles

In this study, we simulated the MAC and AAE of coated BC with non-absorbing coatings, using a variety of optical
models. Firstly, we determined the size and mixing state of BC-containing particles from the single-particle measurements of
BC mass and scattering cross-section from the SP2. This process is based on previous works of Taylor et al. (2015, 2020)
and Liu et al., (2017). Taylor et al. (2015) described the steps to calculate physical parameters of BC-containing particles,
with the SP2 measurements and a scattering model using core/shell Mie theory. The main steps based on Taylor et al. (2015)
include: 1) A 2-D lookup Mie table was produced containing scattering cross-sections at A = 1064 nm, for core diameter of
80 < D¢ < 600 nm and coated diameter of 80 < Dp < 1500 nm, with 1 nm resolution. 2) The single-particle BC core mass
(Mgc) was converted to the spherical-equivalent Dc, using a BC density of 1.8 g cm™. 3) Then, the single-particle data of Dc
and scattering cross-section was processed to calculate the single-particle spherical-equivalent Dy through the generated Mie
table. In this study, an empirical correction from Liu et al. (2017) was also implemented into these processes from Taylor et
al. (2015). Liu et al. (2017) introduced the mass ratio of non-BC to BC (MR), to the core/shell Mie simulations and
compared with laboratory and field measurements. Liu et al. (2017) found that, for MR > 3, the measured scattering cross-
section at 1064 nm is best reproduced by the core/shell Mie model, for MR < 3, particles do not scatter light exactly at 1064
nm as described by the model. An empirical correction to the core/shell Mie model was then designed for particles with MR
< 3, to fit the measurements. Thus, we corrected the 2-D lookup Mie table using this empirical correction, by calculating the
equivalent MR with the diameters and assumed densities of the core and coating. The single-particle spherical-equivalent Dp
was also re-calculated through the corrected Mie table. We converted the single-particle Dp/Dc ratio derived from above
processes to MR and generated a 2-D distribution of MR vs. Mgc. For SP2 measurements, not all detected particles have a
successful LEO fitting to measure the scattering cross-section of BC-containing particles at 1064 nm, as most particles in the
small size range do not scatter enough light to be detected and the detected signal of particles at large sizes is noisy due to
limited number concentration (Liu, D. et al., 2014; Taylor et al., 2015). Due to this limited efficiency in the detection range
for the scattering channel, the MR vs. Mgc distribution was corrected for the size-dependent detection efficiency of the SP2

instrument, following the methods described by Taylor et al. (2015, 2020).

S2.2 Optical models and parametrisations
Core/shell Mie model

For BC-containing particles, we assumed a concentric sphere core/shell configuration, and used Mie theory to calculate
the absorption cross-sections. Here, we used the Scattnlay Mie code (Pena and Pal, 2009), these algorithms were compiled as
an external operation (XOP) for Igor Pro (Wavemetrics). Using this package, we generated a 2-D table of absorption cross-
section following core/shell Mie theory, which is corresponding to the same grid of the 2-D distribution of MR vs. Mgc from
measurement data. We used a full 2-D bin scheme as bulk absorption calculations. The MAC of coated BC was calculated
by dividing the integrated bulk absorption cross-section of coated BC by the BC mass. These calculations were termed “CS”.

In Mie models, the intensity of light decreases when penetrating through an absorbing sphere, shielding the centre. Thus,
for large particles, the centre of a spherical particle is effectively shielded from exposure to light. In reality, BC is a non-
spherical fractal aggregate with a porous structure and a high surface-to-volume ratio. This high surface area relative to the
total BC mass allows light to fully interact with the BC component and the shielding effect is diminished (e.g. Chakrabarty
and Heinson, 2018). Therefore, the shielding effect in Mie models leads to an underestimation of light absorption for the BC
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particles. Taylor et al. (2020) has discussed the underprediction of MAC at short wavelengths from the core/shell Mie model.
To explicitly demonstrate the effect of this skin-depth shielding, we also used another implementation in the core-shell Mie
model, termed “CS-Eaps”, where the core/shell Mie model is used to calculate Eaps. The modelled Eaps is determined as the
ratio of the simulated bulk absorption cross-section for coated BC to that for uncoated BC from the “CS” method. The MAC
of coated BC was then calculated by multiplying the modelled Eaps and the MAC of uncoated BC (MACgc) from Bond and
Bergstrom (2006). This CS-Eaps method corrects the MAC for clear-coated BC using MACsc values (7.5 m? g~! at A = 550
nm, with AAE = 1) that are summarised from previous literatures and are commonly accepted as best estimates. In addition,

we considered different refractive index of BC (msc) assumed in the core/shell Mie model, as listed in Table S2.

Parameterisations

1) Liu-Eabs

Liu et al. (2017) introduced an empirical correction to the core/shell Mie models based on laboratory and atmospheric
observations. They conducted ambient measurements of aerosols from different combustion sources, and a laboratory
chamber study of fresh and aged diesel soot. The mixing state of BC particles was quantified using morphology-independent
factor of mass ratio, MR, which was measured by a novel coupling of a Centrifugal Particle Mass Analyser (CPMA,
Cambustion) and a single-particle soot photometer (SP2). The CPMA can select particles of known and quantifiable mass.
The SP2 can provide the measurements of single-particle BC mass and scattering cross-section of BC-particles at 1064 nm.
The wavelength-dependent absorption coefficient was measured by a photoacoustic soot spectrometer (PASS, Droplet
Measurement Technologies, Boulder, Co). A thermal denuder heated the sample to 400°C in order to remove non-BC
material. The measured Eaps and scattering enhancement (Esca) were determined by comparing these thermally-denuded
measurements to measurements of the unheated sample. Liu et al. (2017) compared the SP2-measured Esc, of BC at 1064 nm
to the simulated Esc. at 1064 nm using different optical models. They found that, for particles with MR<1.5, the measured
Esca shows agreement with the optical model assuming externally mixed BC and non-BC components, i.e. Esca of 0. For
particles with MR>3, the measured scattering cross-section and Esc, are best reproduced by the core/shell Mie model (“CS”).
There also exists a transition zone for particles with MR between these two regimes. It is assumed that Eaps behaves in a
similar manner to Esca. Based on the comparison between “CS”-modelled and measured Esc. at 1064 nm, Liu et al. (2017)
corrected the “CS” by deriving an empirical fit to Eass and Esca, which uses an internally mixed fraction parameter (Fin). The
corrections are expressed as:
Eabs = Eaps,cs X Fin + (1 — Fip) X 1
Esca = Escacs XFin+ (1 — Fin) x 1
where Fin = 0 (when MR <1.5); Fin = 0.57 x MR — 0.74 (when 1.5 < MR <3); Fi, = 1 (when MR >3).
The modelled bulk Eaps values using this approach are shown to be in good agreement with the measured Eqps in Liu et al.
(2017). In this work, the mgc for calculating core/shell Mie model is 1.85-0.71i, as used by Liu et al. (2017). To calculate the
coated MAC from “Liu-Eaps”, we multiplied the modelled “Liu-Eass” by the MAC of uncoated BC from Bond and
Bergstrom (2006).

2) Wu-Eabs

Wu et al. (2018) introduced an empirical correction to core/shell Mie models based on model results which were
constrained by BC micromorphology. In their study, different mixing states of BC-containing particles were constructed and
modelled by a novel aggregate model, including the states of bare, partly coated, partially encapsulated, and heavily coated.
These morphologies of BC-containing particles were based on the scanning electron microscope images. For bare BC, they
were generated by the diffusion limited aggregation method, the aggregations of BC monomers were constructed with the
given fractal parameters. Non-BC material was then added to the surface of these aggregates for their partly coated states. To

generate partially encapsulated BC, part of the aggregation was all inside the non-BC material, while the remaining outer
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aggregation was all outside the non-BC material. Further ageing gave heavily coated BC with BC monomers inside a non-
BC particle. Wu et al. (2018) also used the MR measured from the CPMA and SP2, the ranges of MR were assumed for
different mixing states of BC-containing particles. Optical properties of these constructed BC-containing particles were
calculated using the superposition T-matrix method and were averaged for different orientations of the particles. The
simulated MAC values from the aggregate model showed good agreement with the measured MAC derived from the PASS
and SP2. By comparing the core/shell Mie model and Aggregate model results, a correction coefficient is suggested to
improve the core/shell Mie model predictions of Eas by applying an exponential fitting function:

Epps =0.92 +0.11¢Eas 10707055,

In this calculation, we calculated bulk absorption cross-section of coated BC using the core/shell Mie theory and the
wavelength-dependent me: from Chang and Charalampopoulos (1990), as well as the bulk absorption cross-section if the
coating thicknesses were zero. The ratio of coated BC absorption to uncoated BC absorption (as described under “CS-Eaps”)
was corrected using the equation above to derive “Wu-Eaps”. To calculate the coated MAC from “Wu-Eaps”, we multiplied

the modelled “Wu-Eaps” by the MAC of uncoated BC from Bond and Bergstrom (2006).

3) Chak-Eabs and Chak-MAC

Chakrabarty and Heinson (2018) integrated modelled results and observational findings to establish scaling
relationships for Eaps and MACegc as a function of coating and BC mass. They generated BC aggregates using a fractal
aerosol model and considered three morphologies of BC-containing particles, including bare, partly coated and partially
encapsulated. The parameter of (Mwt / Mgc) was defined as the ratio of total particle mass to the BC mass. The ranges of
(Mt / Mgc) were assumed for different mixing states of BC-containing particles. Chakrabarty and Heinson (2018)
generated internally mixed BC aggregates with different (Mww / Mgec) and applied dipole-dipole approximation
electromagnetic theory to compute the orientationally averaged MACgc and Eaps. They produced parameterisations

representing the power-law scaling relations between the modelled Eaps or MACgc With (Miotal / Mgc), Which are expressed

as:
1
MAC= (ﬁ) (Mtota1)3
A/ \Mpc
1
N[total)§
Ein=
Abs <MBC

In this calculation, we generated 2-D tables of MAC and E 5, using these equations, corresponding to the same grid of the 2-
D distribution of MR vs. Mgc generated from measurement data. A 2-D bin scheme was used for bulk calculations of
absorption cross-section and “Chak-Eaps”. The MAC of coated BC was calculated by dividing the integrated bulk absorption
cross-section of coated BC by the integrated BC mass, termed “Chak-MAC”. We also multiplied the modelled “Chak-Eaps”
by the MAC of uncoated BC from Bond and Bergstrom (2006) to calculate the MAC of coated BC.
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Figure S1: The vertical distributions of measured horizontal winds, in terms of u (left) and v (right) respectively. The

255 box-and-whisker plots represent the 10th percentile, 25th percentile, median, 75th percentile and 90th percentile in

every 200m bin. The dots are the mean values in every 200m bin.
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Figure S2: 2-D distribution of BC mass (Msc, bottom axes) and mixing state (MR, left axes) in sampled smoke plumes

260 with different ages, corrected for the size-dependent detection efficiency of the instrument. Equivalent values of core

diameter (Dc) are also shown on the top axis.
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Figure S3: The simulated MAC at 405 (top panels), 514 (middle panels) and 658 (bottom panels) nm wavelengths,
assuming the BC mass and mixing states measured in selected smoke plumes at different ages. These MACs were
simulated using different optical schemes, assuming non-absorbing coatings. The green and purple markers and lines
represent the simulated MACs from “CS” and “CS-Eabs”, as a function of the imaginary component of the BC
refractive index (ksc). The blue, red and pink markers represent the simulated MACs from different
parameterisations. The shades and error bars are simulation uncertainties from the Monte Carlo analysis as Taylor
et al. (2020).
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Figure S4: The reasonable modelled MAC values for clear-coated BC in selected smoke with different ages, which is
selected from the Fig. S3. The upper, middle and bottom panels represent MAC at 405, 514 and 658 nm wavelengths
respectively. The green and purple markers and lines represent the simulated MACs from “CS” and “CS-Eabs”, as a
function of the imaginary component of the BC refractive index (kec). The blue, red and pink markers represent the
simulated MACs from different parameterisations. The shades and error bars are simulation uncertainties from the
Monte Carlo analysis as Taylor et al. (2020).
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Figure S5: The simulated AAEuos-6s8 (top panels) and AAEsiass (bottom panels) values, assuming the BC mass and
mixing states measured in selected smoke plumes at different ages. These AAEs were simulated using different

280 optical schemes, assuming non-absorbing coatings. The green and purple markers and lines represent the simulated
AAEs from “CS” and “CS-Eans”, as a function of the imaginary component of the BC refractive index (ksc). The blue,
red and pink markers represent the simulated AAEs from different parameterisations.

Table S1. The fundamental information of the MOYA aircraft flights.

Flight Date Time Duration Obijectives
09:15:50 to 13:55:40 4:39:50 -
€003 27/02/2017 15:3511 to 19-15-37 3-40-26 Transit flight

Sampling fresh plume

C004 28/02/2017 11:51:13 to 15:36:15 3:45:02 (optical instrument issuies)
CO005 01/03/2017 10:57:57 to 14:56:53 3:58:56 Sampling fresh plume
CO006 01/03/2017 16:32:13 to0 20:10:33 3:38:20 Sampling transported plume
Co07 02/03/2017 12:48:55 to 16:54:58 4:06:03 Sampling transported plume
Co08 03/03/2017 %ggig :g igiggi gggig Transit flight

Table S2. The different values of mec used in this study.

Mac reference

1.75-0.63i Bond and Bergstrom ,2006

1.80 - 0.67i Bond and Bergstrom ,2006

1.85-0.71i Bond and Bergstrom ,2006

1.90 - 0.75i Bond and Bergstrom ,2006

1.95-0.79i Bond and Bergstrom ,2006

2.26 — 1.26i Moteki et al., 2010

285 Table S3. The background properties of aerosol sampled out of the plume
Out-of-plume (nearby background) Over continent Over Atlantic Over Atlantic
(C005) (C006) (C007)

CO mixing ratio (ppbv) 132+£3 132+£3 133+£2
BC mass (ug m™) 0.38£0.08 0.38 £0.08 0.36 £ 0.04
OA mass (ug m™) 1.8+05 - 1.6+0.3
nitrate mass (ug m~>) 0.18+0.1 - 0.15+0.06
sulfate mass (ug m=) 0.47 £ 0.04 - 0.45+0.1
ammonium mass (pg m™) 0.28+0.1 - 0.26 £0.1
chlorine mass (pug m™) 0.07 £0.05 - 0.04 +£0.02
O:C ratio 0.68 £ 0.08 - 0.85+0.08
omM/oC 20+0.1 - 22+0.1
43 0.06 £ 0.01 0.06 £ 0.01

9



fa4 0.16 +0.02

60 0.003 +0.002
BC CMD (nm) 106 £ 5
BC MMD (nm) 197 +23
Shell/core ratio 1.4+£0.1
Absolute coating thickness (nm) 305
Log-normal fitted bulk aerosol CMD (nm) 113
Babs-40s (Mm™) 10+£1
Babs-s14 (Mm™) 6+1

B abs-658 (M m*‘) 4+1
AAE 405653 22104
AAEs514 653 19+1

115+6
202+21
16+01
437
100
15+2
8x1
5*1
22+04
18+1

0.20 £ 0.02
0.004 £ 0.002
107 +4
191 + 17
1.7+0.1
49+6
124
12+2
71
5%1
21+04
1.8+0.6

Note: OA information was lost in the transported smoke at an age of ~ 3-6 h, as there was no AMS data for the period.
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Overview: This study firstly characterises the vertical distributions of highly aged
African biomass burning (BB) aerosols and their properties over the remote
southeast Atlantic, using the FAAM BAe-146 UK research aircraft during the
CLoud-Aerosol-Radiation Interactions and Forcing for Year 2017 (CLARIFY-2017)
campaign. Observational results highlight a persistent feature of vertical variation in
the relative chemical composition, size, mixing state and single scattering albedo of
measured African BB aerosols. BB aerosols in the marine boundary layer (MBL) are
suggested to be essentially separate from the free troposphere (FT) over the
southeast Atlantic. The processes dominating this vertical variability are discussed
in the FT and MBL separately. The observations also show strongly absorbing BB
aerosols transported over the wide southeast Atlantic region, which are more
absorbing than currently represented in climate models, implying that the absorption
from aged African BB aerosols is underestimated in current studies. These results
provide unique observational constraints on aerosol parameterisations used in
modelling regional radiation interactions over this important region.
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Abstract. Seasonal biomass burning (BB) from June to
October in central and southern Africa leads to absorbing
aerosols being transported over the South Atlantic Ocean ev-
ery year and contributes significantly to the regional climate
forcing. The vertical distribution of submicron aerosols and
their properties were characterized over the remote southeast
Atlantic, using airborne in situ measurements made during
the CLoud-Aerosol-Radiation Interactions and Forcing for
Year 2017 (CLARIFY-2017) campaign. BB aerosols emit-
ted from flaming-controlled fires were intensively observed
in the region surrounding Ascension Island, in the marine
boundary layer (MBL) and free troposphere (FT) up to 5 km.
We show that the aerosols had undergone a significant age-
ing process during > 7 d transit from source, as indicated by
the highly oxidized organic aerosol. The highly aged BB
aerosols in the far-field CLARIFY region were also espe-
cially rich in black carbon (BC), with relatively low single-
scattering albedos (SSAs), compared with those from other
BB transported regions.

The column-weighted dry SSAs during CLARIFY were
observed to be 0.85, 0.84 and 0.83 at 405, 550 and 658 nm re-
spectively. We also found significant vertical variation in the
dry SSA, as a function of relative chemical composition and
size. The lowest SSA in the column was generally in the low

FT layer around 2000 m altitude (averages: 0.82, 0.81 and
0.79 at 405, 550 and 658 nm). This finding is important since
it means that BB aerosols across the southeast Atlantic re-
gion are more absorbing than currently represented in climate
models, implying that the radiative forcing from BB may be
more strongly positive than previously thought. Furthermore,
in the FT, average SSAs at 405, 550 and 658 nm increased to
0.87, 0.86 and 0.85 with altitude up to 5 km. This was asso-
ciated with an enhanced inorganic nitrate mass fraction and
aerosol size, likely resulting from increased partitioning of
ammonium nitrate to the existing particles at higher altitude
with lower temperature and higher relative humidity. After
entrainment into the boundary layer (BL), aerosols were gen-
erally smaller in dry size than in the FT and had a larger frac-
tion of scattering material with resultant higher average dry
SSA, mostly due to marine emissions and aerosol removal by
drizzle. In the BL, the SSA decreased from the surface to the
BL top, with the highest SSA in the column observed near the
surface. Our results provide unique observational constraints
on aerosol parameterizations used in modelling regional radi-
ation interactions over this important region. We recommend
that future work should consider the impact of this vertical
variability on climate models.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Open biomass burning (BB) is a major source of global trace
gases and carbonaceous aerosol particles in the atmosphere.
The smoke aerosol emitted from BB is mainly comprised
of strongly absorbing black carbon (BC) and fine organic
aerosol (OA), whose proportions vary according to vegeta-
tion type, oxygen availability and combustion phase (An-
dreae and Merlet, 2001; Andreae, 2019). As controls con-
tinue to reduce aerosol emissions from fossil fuels and a
changing climate potentially leads to more fires, the rela-
tive impact of BB on climate forcing is expected to increase
(Fuzzi et al., 2015).

Seasonal burning of grasslands and agricultural residue
occurs between June and October across the central and
southern African savanna, contributing about one-third of the
global BB emissions (van der Werf et al., 2010). Previous
space-based observations showed that smoke aerosols pro-
duced by this burning are primarily transported westward for
thousands of kilometres over the South Atlantic region by
free tropospheric (FT) winds (Edwards et al., 2006; Adebiyi
and Zuidema, 2016). These smoke layers typically over-lie
vast stretches of marine stratocumulus clouds (Adebiyi et al.,
2015), where they can exert a warming effect by absorbing
both downwelling solar radiation and that scattered upwards
from the low-lying clouds (Samset et al., 2013). This direct
radiative effect is sensitive to the smoke’s single-scattering
albedo (SSA), which is a function of aerosol composition
and size and evolves with particle age (Abel et al., 2005).
Space-based and in situ field observations also suggested that
the smoke layers can be entrained into the marine bound-
ary layer (MBL) during its transport from land over ocean
(Painemal et al., 2014; Zuidema et al., 2018; Haslett et al.,
2019a). The entrained aerosols in the MBL can affect cloud
microphysics by acting as cloud condensation nuclei (CCN),
inducing indirect radiative effects over the southeast Atlantic
by increasing cloud droplet number and reducing precipi-
tation, thereby increasing cloud coverage and cloud albedo
(e.g. Costantino and Bréon, 2013). In addition, BC immersed
in cloud droplets absorbs light and may facilitate water evap-
oration. BC below clouds could enhance the formation of
convection by providing additional heating within the sub-
cloud layer. Zhang and Zuidema (2019) reported that short-
wave absorption within the smoky MBL reduces the sub-
cloud relative humidity due to raising the temperature and
so reduces daytime low-level cloud cover over the southeast
Atlantic, which is opposite to the mechanism of increased
aerosol increasing cloud droplet numbers. Furthermore, large
eddy model studies have shown that marine stratocumulus
clouds over the southeast Atlantic also adjust to the pres-
ence of overlying absorbing aerosol layers, depending on
their properties and distance with low-cloud deck (e.g. Her-
bert et al., 2020). The above-cloud shortwave absorption can
warm the FT, strengthening the temperature inversion and
reducing the entrainment of warm and dry air from the FT
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into the MBL, thus influencing MBL humidity, temperature
and dynamics. These effects described above, which perturb
the temperature structure of the atmosphere and influence
the cloud distribution, are collectively termed semi-direct ef-
fects.

BB emission in Africa has been shown to be relatively
stable on multi-annual timescales (Voulgarakis et al., 2015),
implying that transport of African BB aerosol (BBA) across
the Atlantic region has likely been a consistent phenomenon
over past decades. Although BB transport regions have lower
aerosol concentrations than areas closer to the source, the
large spatial coverage means that their contribution to the
regional/global-average forcing is important. Moreover, the
southeast Atlantic has persistent overlying semi-permanent
stratocumulus clouds, and therefore aerosol cloud interac-
tions in this specific transport region are strong. Gordon et
al. (2018) simulated the radiative effects of smoke aerosols
transported from Africa over the southeast Atlantic area
near Ascension Island in a regional model, reporting sub-
stantial regional direct radiative effects of +11Wm™2, a
semi-direct effect of —30.5 W m~2 and an indirect effect of
—10.1 Wm™2. This implies an overall cooling effect and
highlights the important climate effect of transported BBA
over the southeast Atlantic region. The extent to which
smoke layers over the Atlantic Ocean subside and entrain
into the MBL varies between different models (Peers et al.,
2016; Das et al., 2017). Some modelled BB smoke layers
quickly descend to lower levels just off the western coast of
the continent, whereas space-based observations suggest that
smoke layers continue their horizontal transport at elevated
levels above the MBL for thousands of kilometres (Das et
al., 2017). This is crucial because the simulated aerosol ef-
fects are dependent on the vertical distribution of aerosol (es-
pecially with respect to clouds) and whether the absorbing
aerosols is present within, below or above the cloud (Samset
et al., 2013). The uncertainty in simulated aerosol vertical
distribution would cause a significant diversity in modelled
climate forcing over the region. A recent study demonstrated
that models generally underestimate the smoke base height
over the southeast Atlantic and thus lead to an overestimation
of aerosol loading in the MBL (Shinozuka et al., 2020). Un-
certainty in SSA is also one of the largest sources of uncer-
tainty in estimating the aerosol direct effects (McComiskey
et al., 2008; Shinozuka et al., 2020). To improve simulations
of aerosol radiative effects, it is vital to constrain models us-
ing observational studies.

Satellite-based observations have been employed in this
region, but satellite retrievals often detect the bottom of the
aerosol layer too high and thereby overestimate the above-
cloud aerosol height (e.g. Rajapakshe et al., 2017). The abil-
ity of satellites to quantify BBA amount and its microphys-
ical and optical properties in the marine BL is also limited,
since the presence of intervening cloud layers brings signifi-
cant challenges to retrievals of aerosol properties. Due to the
persistent stratocumulus cloud deck over the South Atlantic,
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most of the region is affected by clouds, and so MBL proper-
ties are hard to obtain from satellites. Furthermore, satellite
retrievals provide column-integrated aerosol properties and
fail to provide information on the large vertical variabilities
in aerosol properties. The LASIC (Layered Atlantic Smoke
Interactions with Clouds) field campaign was conducted on
Ascension Island in the southeast Atlantic, delivering in situ
ground-based aerosol measurements (Zuidema et al., 2018)
and column information retrieved from surface-based remote
sensing. These measurements were limited to single-point or
column observations but provide a long and continuous time
series. The vertically resolved retrievals obtained during the
LASIC campaign using a co-located micropulse lidar also
have retrieval limitations (Delgadillo et al., 2018).

Previous key aircraft measurements focusing on the south-
ern African BB include the SAFARI 2000 (the Southern
African Regional Science Initiative) campaign in September
2000 (Haywood et al., 2003a, b). Fresh BB smoke in SA-
FARI 2000 was observed on a single flight directly over a
terrestrial large fire (on 13 September 2000), aged smoke was
observed from flights over the continent or near the Namib-
ian coast, and a single profile of BBA was analysed close
to Ascension Island. More recently, the NASA ORACLES
(ObseRvations of Aerosols above CLouds and their intEr-
actionS) campaigns in September 2016, August to Septem-
ber 2017, and October 2018 extended measurements over the
South Atlantic, mostly sampling westward of the SAFARI
region and eastward of 0° E (Zuidema et al., 2016; Pistone
et al., 2019). The AEROCLO-sA (Aerosols, Radiation and
Clouds in southern Africa) campaign in August to September
2017 also focused on BBA just before crossing the Namibian
coast (Formenti et al., 2019). The DACCIWA (Dynamics-
Aerosol-Chemistry-Cloud Interactions in West Africa) cam-
paign in June to July 2016 reported aged BBAs that were
transported from southern Africa to both the FT and MBL
near the southern coastal region of West Africa (Haslett et
al., 2019a, b). Although these aircraft measurements cov-
ered African BBA with different ages, they did not provide a
broad-scale picture of long-range transported BBA over the
remote southeast Atlantic. Observations of the vertical distri-
bution of transported BBA over the remote southeast Atlantic
are therefore essential to provide better constraints on future
climate model studies in this region.

This study uses data from the CLARIFY-2017 (CLoud-
Aerosol-Radiation Interactions and Forcing for Year 2017)
aircraft campaign, which was conducted in August—
September 2017, based from Ascension Island in the south-
east Atlantic Ocean. The spatial distribution of MODIS-
detected fires for August 2017 is shown in Fig. 1, with the
average wind fields at 925 and 700 hPa corresponding to lev-
els in the BL and FT separately. The burning mostly occurred
in central and southern Africa (0-20° S) during the campaign
period. Large quantities of BBA generally occur in a deep,
turbulent, surface-heating-driven layer extending to between
3 and 4.5km (Labonne et al., 2007). The smoke is then ad-
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vected westward over the Atlantic Ocean by the southerly
branch of the African easterly jet, as seen in the wind field at
around 700 hPa in Fig. 1. The typical atmospheric BL flow, as
indicated by the 925 hPa wind field in Fig. 1, follows the cli-
matological wind pattern of south-easterlies, advecting clean
Southern Hemisphere air around the southern Atlantic sub-
tropical anticyclone. When smoke is transported from Africa
over the South Atlantic it encounters the BL that has deep-
ened further offshore and north of 5°S (Das et al., 2017).
Subsiding smoke layers can be entrained into the BL and
mix with clean air masses that are transported from the south-
east to northwest over the Atlantic Ocean. Typically, smoke
plumes have undergone at least 7 d transport since emission
before arriving in the BL around Ascension Island (Gordon
et al., 2018; Zuidema et al., 2018). Haywood et al. (2020)
conducted back trajectories with particles released from As-
cension Island at different altitudes from the MBL to FT, and
they reported that air masses sampled in the CLARIFY op-
erating area were of African BB origin and also indicated
that the aerosol age was likely in a range of 4 to 10d. The
CLARIFY aircraft campaign provides the opportunity to ob-
serve vertical structures of African BBA transported to the
far-field region over the southeast Atlantic.

This paper presents a synthesis of in situ airborne mea-
surements, including the vertical distribution of submicron
aerosols; their chemical, physical, and optical properties; and
mixing state using the CLARIFY measurements. We use
this analysis to investigate the main factors influencing BBA
properties over the southeast Atlantic after long-range trans-
port.

2 Methodology
2.1 Airborne measurements

The measurements described here were made using the UK
Facility for Airborne Atmospheric Measurements (FAAM)
BAe-146 Atmospheric Research Aircraft (ARA), which was
based out of Ascension Island (7.93° S, 14.42° W) in the
southeast Atlantic, as part of the CLARIFY project. 28 scien-
tific flights (designated flight labels from C028 to C055) took
place between 16 August and 7 September 2017. A series of
straight and level runs (SLRs) and vertical profiles were per-
formed during each flight. The flight tracks during the cam-
paign are shown in Fig. la. Transit flights, C040-41, which
took place on 26 August are not included since the aircraft
was predominately in clean air at high altitude. A summary
of the flights and scientific deployment is provided by Hay-
wood et al. (2020), while relevant instruments used in this
study are discussed in more detail here.

The BAe-146 facility can provide aircraft position in-
formation and conducts routine measurements of standard
atmospheric variables, such as temperature, pressure and
winds. Humidity is measured by a CR-2 chilled mirror hy-
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Figure 1. (a, b) The integrated spatial distribution of MODIS-detected fire counts in August 2017, coupled with flight tracks (without transit
flights) during the CLARIFY-2017 aircraft campaign (16 August—7 September). (¢, d) Average wind speed and direction at 925 hPa (c) and
700 hPa (d) in ERA-Interim reanalysis for August 2017. The wind speed is shown in greyscale bars.

grometer. The inboard instruments used in this study drew
their sample via standard BAe-146 Rosemount inlets, which
have sampling efficiencies close to unity for submicron par-
ticles (Trembath et al., 2012).

The chemical composition of non-refractory submicron
aerosols was measured by a compact time-of-flight aerosol
mass spectrometer (C-ToF-AMS, Aerodyne Research Inc,
Billerica, MA, USA) (Drewnick et al., 2005), which pro-
vides chemical characterization across a range of ion mass-
to-charge (m/z) ratios from 10 to 500. The detailed opera-
tion of the AMS, including calibration and correction factors,
during aircraft deployment has been described previously
(Morgan et al., 2009). The AMS was calibrated using mono-
disperse ammonium nitrate and ammonium sulfate particles.
The AMS data were processed using the standard SQUIR-
REL (SeQUential Igor data RetRiEval., v.1.60N) ToF-AMS
software package. A time- and composition-dependent col-
lection efficiency (CE) was applied to the data based on the
algorithm by Middlebrook et al. (2012). The uncertainties
of mass concentrations from aircraft AMS are estimated in
Bahreini et al. (2009). In this study, the mass concentrations
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of organic aerosol (OA), sulfate, nitrate and ammonium are
determined, and markers (m/z 60, m/z 43 and m/z 44) were
used to provide information on the composition of the OA
fraction. Proportional contributions of OA fragment markers,
f60, f43 and f44, were calculated as the ratios of m/z 60,
m/z 43 and m/z 44 to the total OA mass concentration re-
spectively (Ng et al., 2011; Cubison et al., 2011; Ortega et
al., 2013). The AMS suffered from a blockage of the in-
let during some periods, and data collected from six flights
(C042—C044, C052, C054 and CO055) are not available.

The refractory black carbon (rBC; hereafter referred to
as BC) was characterized using a single particle soot pho-
tometer (SP2, Droplet Measurement Technologies, Boulder,
CO, USA). The instrument setup, operation and data in-
terpretation procedures can be found elsewhere (McMeek-
ing et al., 2010; Liu et al., 2010). The SP2 can measure
BC-containing particles equivalent to a spherical diameter
of 70-850nm (Liu et al., 2010; Adachi et al., 2016). The
SP2 incandescence signal is proportional to the mass of
refractory BC present in the particle, regardless of mix-
ing state. The SP2 incandescence signal was calibrated us-
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ing Aquadag black carbon particle standards (Aqueous De-
flocculated Acheson Graphite, manufactured by Acheson
Inc., USA), including the correction (0.75) recommended
by Laborde et al. (2012a). The overall uncertainty of the
BC mass concentration calibration is =20 % (Laborde et al.,
2012a, b).

Aerosol number size distribution was measured via two
wing-mounted passive cavity aerosol spectrometer probes
(PCASP) and an on-board scanning mobility particle sizer
(SMPS). The PCASP uses the intensity of scattered light
to measure the size of a particle at 1Hz, over a nomi-
nal diameter range of 0.1-3 um across 30 channels. Parti-
cle size is determined via calibrations using di-ethyl-hexyl-
sebacate (DEHS) and a polystyrene latex sphere (PSL) with
known size and refractive index (Rosenberg et al., 2012).
Mie scattering theory was used to determine the bin sizes
by assuming particles are spherical, with a refractive index
of 1.54 —0.027i. The refractive index was obtained by the
methods reported by Peers et al. (2019), where the aerosol
model best represents the PCASP measurement. The SMPS
sampled from the same inlet as the AMS measured distribu-
tions of particle mobility diameter divided into 26 or 31 log-
arithmically spaced bins in the range of 20-350nm. A low-
pressure water-based condensation particle counter (WCPC
model 3786-LP) was connected to a TSI 3081 differential
mobility analyser (DMA). The SMPS data were inverted
using the scheme developed by Zhou (2001), based on a
~ 1 min averaging time only during straight and level runs
when AMS and SP2 concentrations generally varied less than
20 %. The combination of SMPS and PCASP measurements
was used to determine size distributions from 20 nm to 3 um,
providing information on the sub-Aitken and accumulation
mode aerosol.

A comparison of the estimated volumes from the AMS and
SP2 with the PCASP was conducted, following the method
in Morgan et al. (2010). The total mass concentrations mea-
sured from the AMS and SP2 were converted to total volume
concentrations, using densities of 1.27 gcm™> for organics,
1.77 gem ™ for inorganics and 1.8 g cm™3 for BC (Morgan et
al., 2010; Liu et al., 2010). The submicron volume concentra-
tions from PCASP were estimated using bins with diameter
below 1 um, assuming particles are spherical. The estimated
volumes from the AMS and SP2 were 83 % and 77 % of the
estimated PCASP volumes in the BL and FT respectively.
These discrepancies are considered tolerable given the 30 %—
50 % uncertainty in PCASP volume estimates (e.g. Moore et
al., 2004) and the uncertainty in densities required to convert
the AMS mass to volume.

The aerosol dry extinction and absorption were measured
with the EXSCALABAR instrument (EXtinction, SCatter-
ing and Absorption of Light for AirBorne Aerosol Research)
which has been developed by the Met Office for use on
the ARA (Davies et al., 2018, 2019). It consists of an ar-
ray of spectrometers making use of photoacoustic spec-
troscopy (PAS) and cavity ring-down spectroscopy (CRDS)
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techniques. The dry (RH < 10 %) aerosol absorption coeffi-
cient is measured at wavelengths 405, 514 and 658 nm, and
the dry extinction coefficient is measured at wavelengths 405
and 658 nm. An impactor ensures any aerosol with aerody-
namic diameter greater than 1.3 pm is removed from the sam-
ple. The instrument, including the PAS calibration method,
is described in detail by Davies et al. (2018) and Cotterell
et al. (2019). The relative contributions of scattering and
absorption are given by the single-scattering albedo (SSA),
which is calculated as

Baps ()\)
BExt ()“) '

in which Bays is the light-absorption coefficient measured
by PAS, Bgx: is the light-extinction coefficient measured
by CRDS and X is the wavelength. The uncertainty in the
SSA calculations is related to the corresponding uncertainties
in the extinction and absorption coefficient measurements.
The mean SSA uncertainties are determined to be 0.013 and
0.018 at the wavelengths of 405 and 658 nm respectively
when only considering systematic errors (Peers et al., 2019).

Carbon monoxide (CO) was measured by a vacuum ultra-
violet florescence spectroscopy (AL5002, Aerolaser GmbH,
Germany), with an accuracy of £3 % and a precision of
1 ppbv (Gerbig et al., 1999). Calibration was performed us-
ing in-flight measurements of a single gas standard and the
background signal at zero CO mole fraction. Carbon diox-
ide (CO;) was measured using a Fast Greenhouse Gas An-
alyzer (FGGA; Los Gatos Research, USA). The instrument
setup, operation and performance on the ARA has been de-
scribed for several previous aircraft campaigns (O’Shea et
al., 2013). The FGGA was calibrated hourly in flight, us-
ing a calibration gas standard traceable to the WMO-X2007
scale for CO,. Liquid water content (LWC) was calculated
from 1 Hz measurements by the Cloud Droplet Probe (CDP),
with the operation and calibration of the CDP described in
Lance (2012). An LWC value of 0.01 g m~—3 was used to de-
fine the low threshold for the presence of cloud.

SSA(A) =1— (1)

2.2 Data analysis and classification

All measurements reported here were corrected to standard
temperature and pressure (STP, 273.15 K and 1013.25 hPa),
and in-cloud data were removed. SP2, PAS, CRDS, CO, CO,
and PCASP data were recorded at 1 Hz and were averaged
onto the AMS time base, which recorded data about every 8—
9s. SSA was calculated from the averaged PAS and CRDS
data. Submicron aerosol (PM|) number concentrations from
the PCASP were calculated using bins with diameter below
1 um. SMPS and PCASP size distributions were averaged
over each SLR. Flights with the AMS sampling problem
mentioned above (C042-C044, C052, C054 and C055), sam-
pling mainly in-cloud (C052-C054) or the transits (C040-
C041), are not considered in the following analysis. Flights
used in this study are listed in Table S1 in the Supplement.

Atmos. Chem. Phys., 20, 12697-12719, 2020



12702

Over the southeast Atlantic, there is typically a strong
thermodynamic inversion at the top of the BL (e.g. Lock et
al., 2000). The profiles of temperature and specific humidity
were derived from all the flights used in this study (C028-
C039, C045-CO051), as seen in Fig. S1. The lack of variabil-
ity shown by the bars demonstrates the ubiquitous nature of
this inversion. Here, we define the BL top to be coincident
with the base of the temperature inversion, typically at an
altitude around 1400-2000m. The inversion layer sits im-
mediately above the BL and is characterized by a sharp in-
crease in temperature and coincident steep decrease in spe-
cific humidity, typically in a thickness range of 100—400 m.
Above the inversion layer, the air is dry (specific humid-
ity <0.002kgkg™! compared to > 0.01 kgkg™! in the BL)
and is regarded as being in the FT. Using these thermody-
namic criteria, we divided the data from each flight into three
parts: the BL, the inversion layer and the FT. The inversion
layer data are in the transition between the BL below and FT
aloft, and since their characteristics cannot easily be classi-
fied, these data are not used in further analysis. In this study,
the air masses perturbed by BB pollutants were identified
when BC > 0.1 uygm™3 to prevent the noise at low aerosol
concentrations affecting our analysis. Clean BL air masses
were selected when CO < 66 ppbv (53 ug m~3), which corre-
sponds to the lowest 5th percentile of all CO data collected
in the BL.

3 Results

Figure 2 shows the average vertical distribution of submicron
(PM;, uygm™3) aerosol mass concentration for each flight.
PM, mass concentration was calculated from the AMS non-
refractory submicron species and BC mass from the SP2.
During the month-long campaign, there was significant vari-
ability in measured aerosol loadings at different layers. Three
distinct types of aerosol vertical structures were observed,
and consequently we divided the campaign into three peri-
ods. From 16 to 19 August (period 1, C028—-C032), BBA was
concentrated in the BL. During period 2 (from 22 to 25 Au-
gust, C033-C039), the FT was BB-polluted, and the BL was
mostly clean. During period 3 (from 29 August to 5 Septem-
ber, C045—-C051), the BB pollution was observed through-
out the BL and FT. The following aerosol characterizations
(chemical, physical and optical properties) were divided into
these periods and different vertical layers (the FT and the
BL).

3.1 Aerosol chemical properties

In this section, we consider the chemical composition of ob-
served PM; during CLARIFY and percentage contribution
of different components to the total mass. We also investi-
gate the vertical variability of the fractional chemical com-
position. The OA markers and elemental analysis are used to
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indicate the properties and ageing status of observed organ-
ics. The enhancement ratios of BC and OA were also calcu-
lated to obtain some information on the emission conditions
at source and the removal during transport (Yokelson et al.,
2013).

3.1.1 Submicron aerosol compositions

Average composition ratios of BL and FT aerosols for
each period are summarized in Table 1, with campaign-
average pie charts shown in Fig. 3. Detailed vertical distri-
butions of concentrations of different chemical components
in each flight are shown in Fig. S2 in the Supplement. In
the BB-polluted FT (periods 2 and 3), the relative chemical
composition was similar between flights and periods. The
composition fractions (average £ standard deviation) were
61£5)%, (13+3)%, (11£4)%, (8+£3)% and (7£2)%
for OA, BC, sulfate, nitrate and ammonium respectively. In
the BB-polluted BL (periods 1 and 3), chemical composi-
tion ratios showed temporal variations. The BL in period 1
had ~ 10 % higher average sulfate mass fraction and ~ 6 %
lower BC mass fraction than in period 3. The relative chemi-
cal compositions in the BB-polluted BL and FT also showed
differences. Sulfate average mass fractions in the BL were
(30£4)% in period 1 and (21 £5) % in period 3, which
were 2—3 times larger than those in the FT ((11 £4) %). BL
ammonium mass fraction was also slightly higher than in
the FT. The linear fitted NH] _ /NH/  ratios in the BL
were (0.86+0.01) and (0.99 + 0.02) for period 1 and 3 re-
spectively, indicating the possible presence of acidic aerosol
during the first period (NHj{mea is the measured ammonium
concentration from the AMS, and NHj{neu is the calculated
ammonium concentration if all acids in the aerosol were neu-
tralized) (Zhang et al., 2007). When sulfate is not fully neu-
tralized, nitrate aerosol formation is suppressed due to the
absence of excess of ammonia. OA and BC accounted for
smaller fractions of PM| in the BL than in the FT.

In the clean BL air masses encountered during period 2,
which were representative of a background marine envi-
ronment, the submicron particle mass (0.23 4 0.18 ugm™3)
was dominated by sulfate (0.14 £0.10 uyg m~3), with small
amounts of OA (0.0640.07 uygm~3) and negligible other
components (see chemical fractions in Table 1). Sulfate mass
loadings were significantly enhanced (1.940.5ugm™ in
period 1 and 0.7 £ 0.2 ugm—3 in period 3), and other aerosol
species were present when BB smoke was transported into
the BL. Contribution from the marine sulfate background
may explain the higher sulfate fraction reported for the BL
BBA than the FT. During the DACCIWA project, sampling
near the southern coastal region of West African, aircraft ob-
servations showed that the sulfate mass fraction was also
enhanced in BL BBA compared with the FT BB layer (see
Table 1), after long-range transport of southern African BB
smoke (Haslett et al., 2019b).
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Figure 2. The average vertical distribution of submicron aerosol (PM1) in flights used in this study. The mass concentration of PM; is cal-
culated from AMS non-refractory submicron species and SP2 BC. The grey shades represent standard deviation. The dashed lines represent
the low and upper level of the inversion layer. Period 1 is marked by the black dashed rectangle, which shows that BBA was concentrated
in the BL. Period 2 is marked by blue, which shows that the FT was BB-polluted and the BL was mostly clean. Period 3 is marked by red,
which shows that the BB pollution was observed throughout the BL and FT.

Table 1. The summary of CLARIFY aerosol composition and comparison with other studies of southern African BB.

Origination OA BC  Nitrate Ammonium  Sulfate Reference
mass mass mass mass mass
fraction fraction fraction fraction fraction
CLARIFY BB-polluted FT  Period 2  Transported 63+5 134+2 8§+3 T2 11+3  This study
Period 3  Transported 60+£5 15£3 8§+3 7+£3 124+4  This study
CLARIFY BB-polluted BL  Period 1  Transported 5045 8§+2 2+1 10+2 30+4  This study
Period 3  Transported 54+6 14+£2 3+2 8§+3 21£5 This study
CLARIFY clean BL! Period 2 ~24 - - ~16 ~60  This study
SAFARI 2000, fresh plume Near-source 85 5 3 3 4 Formenti et al. (2003)2
SAFARI 2000, aged plume (1-2 d) Near-source 71 6 6 5 12 Formenti et al. (2003)2
DACCIWA West Africa, FT aged BB Transported ~ 65 - ~10 ~10 ~15 Haslett et al. (2019b)°
DACCIWA West Africa, Transported ~58 - ~2 ~ 10 ~30 Haslett et al. (2019b)3

marine layer, aged BB

! The nitrate and BC mass concentrations were around zero, have large uncertainty and are therefore not provided here. 2 Formenti et al. (2003) used a factor of 2 to convert
measured organic carbon (OC) to organic mass. It should be noted that BC was not measured optically for blackness as SP2 in this study but instead for the elemental carbon (EC).
3 The fraction of BC is not provided by Haslett et al. (2019b); only data from the AMS are calculated, and hence the mass fractions of the non-BC components are likely elevated.
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Figure 3. (a) The average vertical distribution of PM; chemical composition ratios in the BB-polluted FT and BL separately in each period.
The width of colour bars represents the average mass ratio of different species in every 400 m bin. The error bars represent 1 standard
deviation. (b) Pie charts showing campaign-average chemical composition ratios in the BB-polluted FT and BL respectively.

Table 1 also compares the chemical composition of BBA
measured during CLARIFY and other studies focusing on
southern African BB of different ages. The chemical compo-
sition of FT non-refractory BBA in CLARIFY is similar to
the transported FT BBA in DACCIWA (Haslett et al., 2019b).
During SAFARI 2000, off-line methods using filter samples
were employed (Formenti et al., 2003). Concentration of wa-
ter extractable ions (NO3, SOi_, NHZ) was determined us-
ing ion chromatography (IC), and total carbon (TC = organic
carbon + elemental carbon) was determined using thermo-
optical analysis techniques. The comparison shows compo-
sition differences between the fresh and aged BBA (1-2d)
in SAFARI 2000 and more aged BBA sampled during the
CLARIFY and DACCIWA experiments. The lower OA frac-
tion of more aged BBA is likely due to the possible OA loss
after emission as a result of evaporation or oxidation (Hod-
shire et al., 2019), or the formation of the secondary inor-
ganic components (Pratt et al., 2011).

We also observed vertical variation in the fractional
chemical composition of the BB layers, as shown in
Fig. 3. In the BB-polluted FT, the linear fitted C-ToF-AMS
NHZ{mw/NHjneu ratios of aerosols in period 2 and 3 were
(1.06 £ 0.01) and (1.05 £ 0.02) respectively, indicating that
sulfate was fully neutralized and nitrate aerosol was formed
with the excess ammonia. Therefore, the amounts of mea-
sured nitrate, ammonium and sulfate reached ion balance in
the FT. When the observed nitrate mass fraction increased
with altitude (mean values ranged from 4 % to 13 % in pe-
riod 2 and from 6% to 11 % in period 3 respectively), the
sulfate mass fraction was relatively constant, and the ammo-
nium mass fraction consistently increased with altitude. The
BC mass fraction generally decreased with altitude in the FT;
mean values changed from 14 % to 9 % in period 2 and from
16 % to 12 % in period 3. In the BB-polluted BL, there was
no significant vertical variability in period 1. In period 3, the
sulfate mass fraction increased from 17 % at the top of the
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BL to 23 % when close to the surface, while other compo-
nent mass fractions showed slightly opposite trends (BC and
nitrate mass fractions) or were relatively stable (OA and am-
monium mass fractions).

3.1.2 Organic composition and elemental analysis

The OA fragment marker, {60, represents the prevalence of
anhydrous sugars such as levoglucosan that are known pyrol-
ysis products of wood burning. Hence, f60 is regarded as an
indicator of emitted primary aerosol during BB (Schneider et
al., 2006; Alfarra et al., 2007). Meanwhile, f44 is associated
with the CO;' ion and is a marker for oxidized OA (Aiken et
al., 2008). The method used by Cubison et al. (2011) that re-
lies on f44 vs. 60 to represent the ageing of BB OA in the
atmosphere is reproduced in this work. This approach com-
pares the increasing oxidation of the OA (increasing f44)
with the oxidative decay of the levoglucosan-like species (de-
creasing f60), allowing a simplified description of BB OA
ageing to be compared across different BB studies. Figure 4a
shows the f44 vs. f60 diagram of the average values in
each flight and compares these values with those obtained
by previous studies. During CLARIFY, average f60 were
calculated to be (0.6 £0.3) % and (0.5 £0.2) % in the BB-
polluted FT and BL respectively. Previous field studies have
sampled BBA from flaming fires at Lake McKay (Cubison et
al., 2011) and Amazonia fires (Morgan et al., 2020). These
previous studies observed much higher f60 at source and in
the near-source region than that observed in this study. Sub-
stantial oxidation and loss of levoglucosan-like species has
occurred in the CLARIFY region after > 7d transport. Cu-
bison et al. (2011) observed that f60 decayed to near back-
ground level (0.3 %, in air masses without BB influence) dur-
ing 1d transport. The f60 is currently thought to be a robust
BB tracer for ageing timescales within 1d from emission
(Cubison et al., 2011; Ortega et al., 2013). However, Jolleys
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et al. (2015) reported an average f60 of 1.2 % in aged BB
smoke that had been transported ~ 5 d in the FT after emis-
sion from boreal forest fires, which is well above the 0.3 %
background level, suggesting that the lofting of BB smoke
into the FT may lead to the retention of levoglucosan-like
species. The low values presented in this paper indicate f60
in the far-field region eventually decayed to near background
levels even when the smoke was transported into the FT. Av-
erage f44 values from each flight were mainly in a range of
18 %—23 % and 20 %-25 % in the BB-polluted FT and BL.
As shown in Fig. 4a, f44 and f60 values during CLAR-
IFY lie in the left top of the panel, and f44 values are at a
high level compared with other BB studies in source, near-
source or transport regions (Cubison et al., 2011; Haslett et
al., 2019b). These high f44 values indicate the large fraction
of oxidized OA (OOA) and/or highly oxidized OA state.

We also calculated the elemental composition ratios of
oxygen to carbon (O/C) and hydrogen to carbon (H/C)
based on the estimates proposed by Aiken et al. (2008) and
Ngetal. (2011). It should be noted that 44 in this study is at
the top end of the f44 range reported by Aiken et al. (2008),
and f43 is at the bottom end of the f43 range reported by
Ng et al. (2011), and the aerosols were sampled from dif-
ferent fire sources in these studies; thus the O/C and H/C
may have larger uncertainty than the reported error of 9 %
(Aiken et al., 2008) and 10 % (Ng et al., 2011). The average
carbon oxidation state (OSc) was estimated using O/C and
H/C (Kroll et al., 2011). Figure 4b shows the Van Krevelen
diagram (H/C vs. O/C), with average values in each flight
and the boundaries of OSc in the BL and FT respectively,
following the method in Ng et al. (2011). The elemental com-
position ratios and OSc are within the observed values of
low-volatility oxygenated OA (LV-OOA) (Kroll et al., 2011;
Ng et al., 2011). The organic-mass-to-organic-carbon ratios
(OM/OC) (Aiken et al., 2008) were calculated as 2.1-2.4 in
the FT and 2.2-2.5 in the BL, with the same median of 2.3. In
general, ageing increases the oxidation state of OA, associ-
ated with increasing 44, O/C and OM/OC ratios (Jimenez
et al., 2009). These high values consistently reflect the highly
oxidized and low-volatility nature of BB OA in the CLAR-
IFY region.

3.1.3 Enhancement ratios of BC and OA

The modified combustion efficiency (MCE) was calculated
to indicate the combustion conditions at source (Yokelson
et al., 2009). Details of the method of calculating MCE are
listed in Sect. S1 in the Supplement. The MCEs of FT smoke
were generally around 0.97 during CLARIFY, as shown in
Fig. 5. An MCE > 0.9 is commonly used to indicate BB
smoke predominantly influenced by combustion during the
flaming phase, whereas MCE < 0.9 represents the smoulder-
ing phase (Reid et al., 2005). By this definition, CLARIFY
smoke plumes transported from southern Africa are likely to
be mostly controlled by flaming-phase combustion at source.
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The emission of BC is usually high during flaming com-
bustion, while smouldering combustion tends to emit smoke
high in CO and organic mass (e.g. Christian et al., 2003).
The enhancement ratios of BC and OA with respect to CO
(BC/ACO and OA/ACO, uygm~—3 (ugm=3)~1) are generally
used to indicate the emission conditions of fire at source.
For example, BC/ACO values from 0.005 to 0.023 and
OA/ACO values from 0.037 to 0.066 were observed for BB
source in flaming combustion from previous measurements
(May et al., 2014; Pratt et al., 2011), while a lower range of
(0.0014-0.0072) for BC/ACO and a higher range of (0.080—
0.096) for OA/ACO were reported for BB source in smoul-
dering combustion (Capes et al., 2008; Kondo et al., 2011;
May et al., 2014).

For CLARIFY, the BC/ACO and OA/ACO ratios
(ugm~3 (ugm~3)~1) were calculated in the FT by the un-
constrained linear orthogonal distance regression (ODR) fit
(Yokelson et al., 2013) and were calculated in the BL by di-
viding BC and OA by the excess concentration of CO, after
background values had been removed (Lefer et al., 1994).
The detailed calculation method is listed in Sect. S1. The
calculated enhancement ratios in FT and BL smoke for each
flight are shown in Fig. 5. In the BB-polluted FT, the ODR
fitted BC/ACO ratios ranged from 0.0087 to 0.0114 in pe-
riod 2 and were higher (0.0103-0.0134) in period 3, while
OA/ACO values were comparable between the two peri-
ods (period 2: 0.042-0.067; period 3: 0.043-0.064). In the
BB-polluted BL, the average BC/ACO and OA/ACO ra-
tios in period 1 (0.0103-0.0111; 0.062-0.079) were higher
than in period 3 (0.006-0.0085; 0.024-0.041). Particles are
unlikely to have been subject to significant wet removal af-
ter being lofted into the FT, due to the low water contents
and low probability of encountering clouds in the FT over
the southeast Atlantic. Hence the FT aerosols are likely to be
long-lived. It is also acknowledged that CO has a lifetime of
around a month by gas-phase oxidation; this lifetime is much
longer than the transport timescales in this study. Previous
studies have observed the transatlantic transport of BB pollu-
tants from Africa to the Amazon basin, reporting a BC/ACO
value of 0.0117 in FT transported smoke, which is within
the observed range in this study (Baars et al., 2011; Holanda
et al., 2020). For CLARIFY, it is likely that BC/ACO val-
ues in FT smoke are similar to values at source. However,
OA/ACO may be more complex due to ageing of primary
organics (POA) and secondary organic aerosol (SOA) for-
mation after emission (Yokelson et al., 2009; Cubison et al.,
2011; Vakkari et al., 2018). During CLARIFY, BC/ACO ra-
tios in FT smoke were in the reported range of BB sources
controlled by flaming combustion. The slight variations be-
tween flights may be due to differences in emission if there
is no significant removal process. Back trajectories initiated
from Ascension Island (Zuidema et al., 2018; Haywood et
al., 2020) and climate model simulations made by Gordon et
al. (2018) indicated that the BB smoke from south African
fires had entrained into the marine BL over the southeast At-
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lantic. BC/ACO and OA/ACO ratios in the BL were gen-
erally lower than that in the FT, clearly seen throughout pe-
riod 3, indicating that a fraction of particles may be removed
by cloud activation or scavenging and subsequent precipita-
tion after FT aerosols mix into the BL. However, the ratios
were not considerably lower than those in the FT, suggesting
that the removal processes were inefficient. During period 3,
the difference between BL and FT BC/ACO varied from
20 % to 45 %, suggesting different scavenging fractions. In
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the BL, both the differences due to emission and the extent
of aerosol removal may cause the variation in the ratios.

3.2 Aerosol size distribution

We determined dry number size distributions from both
PCASP and SMPS, during SLRs in the FT and BL separately.
The mean size distributions of observed BBA from SLRs
for each period are shown in Fig. 6a. During CLARIFY, we
mainly detected a single dominant accumulation mode for

https://doi.org/10.5194/acp-20-12697-2020



H. Wu et al.: Vertical variability of the properties of highly aged biomass burning aerosol

both FT and BL BBA. The lognormal fitted count median di-
ameters (CMDs) of mean size distributions derived from the
PCASP were 232 and 202 nm for the BB-polluted FT and BL
respectively. Figure 6b shows the mean number size distri-
bution for SLRs in the clean BL air masses in period 2. This
indicates that new particle formation and growth was occur-
ring in the background marine environment, with a CMD of
~30nm in the Aitken mode and a CMD of ~ 160 nm in the
accumulation mode.

Recent ground-based measurements of southern African
savanna and grassland fires found a CMD of 69 nm in fresh
smoke (age < 0.5h), which grew to 123 nm in the next 3h
(Vakkari et al., 2018). CLARIFY-observed BBAs are much
larger than those reported for fresh African smoke; this may
be due to substantial coagulation and condensation during
transport. However, Haywood et al. (2003a) reported a CMD
of ~240nm for aged BBA (1-2d) off the Namibian coast
and ~ 200 nm for fresh BBA (~ 5h) during SAFARI 2000.
There is size similarity between SAFARI aged BBA (1-2d)
and more aged BBA (> 7d) in this study, despite the differ-
ent ages of aerosols. This consistency validates a priori size
distribution assumptions for the aerosol model recently used
in SEVIRI satellite retrievals of aerosols (CMD =238 nm)
made by Peers et al. (2019).

Vertical profiles of lognormal fitted CMDs calculated from
the PCASP data are shown in Fig. 6¢. There is a slightly in-
creasing trend of CMDs with altitude (by ~ 5 %) in the BB-
polluted FT and no significant vertical variability in the BL.
CMDs in the BL were generally smaller than that in the FT,
which is consistent with the lower BC/ACO and OA/ACO
ratios in the BL than in the FT presented in the previous sec-
tion and likely a result of more efficient removal of larger
particles.

3.3 Aerosol single-scattering albedo

During CLARIFY, the column-weighted dry SSAs derived
from EXSCALABAR measurements were 0.85, 0.84 and
0.83 at 405, 550 and 658 nm respectively. Vertical profiles
of SSA were also calculated for each 400 m altitude bin. The
profile for 658 nm is shown in Fig. 7 as an example; the same
trends were observed at all reported wavelengths. In the BB-
polluted FT, average SSAs at 405, 550 and 658 nm increased
from 0.82, 0.81 and 0.79 in the low FT to 0.87, 0.86 and 0.85
at an altitude up to 5km. In the BB-polluted BL, the SSAs
decreased from the surface to the BL top. During period 3,
average SSAs at 405, 550 and 658 nm were 0.85, 0.85 and
0.84 in the lowermost bin of 0—400 m, decreasing to 0.83,
0.81 and 0.80 at the BL top. The BL SSAs in period 1 showed
a weak vertical change and were higher than in period 3.
Figure 8 shows the CLARIFY average SSAs at different
wavelengths in the BL and FT separately, compared with pre-
vious observation studies of southern African BB at different
ages and covering various relevant regions. In the source re-
gion, the average SSAs of fresh BBA measured during SA-
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FARI 2000 were 0.86, 0.84, and 0.80 at 450, 550 and 700 nm;
aged BBA (1-2d) usually had higher SSAs (Haywood et al.,
2003a, b; Johnson et al., 2008). However, SSAs of more aged
BBA (> 4d, mainly in the FT) during ORACLES 2016 were
observed to be lower than the SAFARI aged BBA (1-2d)
(Pistone et al., 2019). The CLARIFY observations presented
in this study were made further west than the ORACLES
region and had undergone additional days of ageing (> 7d
since emission). The average SSAs of CLARIFY FT BBA
were (0.85£0.02), (0.83+0.03) and (0.82 £ 0.03) at 405,
550 and 658 nm respectively, falling within the lowest level
of the above-reported range. The average SSAs of CLARIFY
BL BBA were (0.86 % 0.02), (0.85 £ 0.03) and (0.84 £ 0.03)
at 405, 550 and 658 nm respectively, which is higher than FT
values. Ground-based in situ SSA measurements made on
Ascension Island in 2017 (Zuidema et al., 2018) are lower
than CLARIFY BL SSA values and are the lowest values
compared to all previously reported observations of southern
African BBA.

These previous observations employed filter-based mea-
surements, using the particle soot absorption photometer
(PSAP) and nephelometer, in contrast to the PAS/CRDS
methods employed during CLARIFY. CLARIFY FT SSA
values are similar to those measured from the FT during the
ORACLES mission. It is also interesting to note that the ra-
diometrically retrieved SSA from nine above-cloud flights
performed during ORACLES in 2016 and 2017 (Cochrane
et al., 2020; their Fig. 4), which do not depend on in
situ measurements, yielded average SSAs of (0.85+£0.02),
(0.83 +0.03) and (0.82 +0.04) at wavelengths of 380, 550
and 660 nm respectively for FT BBA. These values are also
in good agreement with our FT SSAs within the expected
variability. However, CLARIFY BL SSA values do not agree
with those from LASIC ground-based measurements. Al-
though limitations with filter-based measurements of aerosol
light absorption are known to introduce systematic mea-
surement biases (Lack et al., 2008; Davies et al., 2019),
the LASIC-derived aerosol absorption is comparable with
those from the CLARIFY campaign. The difference between
CLARIFY and LASIC BL SSAs is possibly due to differ-
ences in the extinction measurements, which may be caused
by the different inlet cut-offs (aerosol dynamic diameter of
1 pm for LASIC and 1.3 um for CLARIFY).

Despite the systematic variability between different mea-
surement methods, the datasets mentioned above imply some
important information on SSA evolution from the African
BB source to the remote region. Abel et al. (2003) showed
that SSA increased in the first 5 h after emission during SA-
FARI 2000, which is likely due to the condensation of scat-
tering material and the change in BC morphology from a
chain agglomerate to a more spheroidal shape because the
particle collapses as it becomes coated. Despite this initial
increase, observations of SSA in regions where the aerosols
are highly aged (> 4 d since emission), like the ORACLES,
CLARIFY and ground-based measurements on Ascension
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Island, are close to or lower than those sampled closer to
source (< 2d). These observations show that BBA remains
strongly absorbing from near the coast of southern Africa to
the far-field region around Ascension Island, suggesting that
models with too little absorption for aged BBA will under-
estimate the warming effect of BBA over the southeast At-
lantic.
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4 Discussion
4.1 Factors influencing vertical variability
41.1 IntheFT

CLARIFY OA was highly oxidized, which is characteris-
tic of aged, low-volatility organic aerosol. Aerosol prop-
erties will be relatively insensitive to further ageing pro-
cesses of OA. The main feature in the vertical variability
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Figure 8. Wavelength dependence of the average SSA of FT and BL BBA for all flights used in this study. The markers and lines represent
the mean value and standard deviation. The average SSAs from previous studies in this region are shown for comparison. (Note that the
PSAP only measured absorption at 567 nm in SAFARI 2000; assumptions about the wavelength dependence of absorption coefficient were
made to estimate absorption at 450 and 700 nm, which was then used to calculate the SSA.)

of aerosol properties in the CLARIFY region is the nitrate
aerosol which makes a greater fractional contribution to PM|
at higher altitudes.

Individual aerosol layers at different altitudes may have
different source or transport history, as evidenced by the
back-trajectory studies in Haywood et al. (2020), very prob-
ably leading to variation in the fractional chemical composi-
tion. CLARIFY measurements show that the nitrate aerosol
was largely inorganic and existed in the form of ammo-
nium nitrate (NH4NO3) in the FT (see Sect. S2), which is
a semi-volatile and hygroscopic inorganic salt. The increas-
ing nitrate mass fraction with altitude could also be rea-
sonably explained by the chemical thermodynamics of the
HNO3;-NH3-NH4NOj3 system across large temperature gra-
dients (temperature could drop over 20K from the low FT
to the top of the aerosol layer, as seen in Fig. 9). During
some flights, individual layers were well mixed, indicated
by a constant potential temperature throughout their depth.
In these smoke layers, increasing mass concentrations of ni-
trate and ammonium with increasing altitude were observed,
while other species were relatively invariant with altitude. An
example of a well-mixed smoke layer from flight C036 is
shown in Fig. 10a and b. We conducted a simulation of the
chemical thermodynamics in this example smoke layer, using
a temperature-dependent thermodynamic model described in
Friese and Ebel (2010). The inputs of ambient conditions
(temperature and water content) and inorganic compositions
(sulfate, nitrate and ammonium) were set to measured values
in flight C036, and the ammonia value was assumed based on
previous savanna wildfire studies in Andreae (2019). With
the same initial compositions, the nitrate and ammonium
concentrations were simulated over a measured temperature
range (at different altitudes) from 281 to 269 K. The mod-
elled nitrate and ammonium showed an increasing trend with
height, in a similar way to that of the measurements (see
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Fig. 10c), suggesting lower temperatures at higher altitudes
would shift the gas—particle partitioning of the HNO3—NH3—
NH4NOj3 system toward the aerosol phase and significantly
increase the amount of NH4NO3. The intrusion of BB smoke
in the FT during periods 2 and 3 increased specific humidity
compared with the cleaner FT in period 1 (see Fig. 9), since
the FT smoke tends to coexist with enhanced water vapour
as discussed in Adebiyi et al. (2015). With relatively con-
stant specific humidity in BB smoke over the vertical profile,
the measured and simulated RH (Figs. 9 and 10c) were both
shown to increase at higher altitudes, consistent with colder
temperatures aloft. As RH values reach 70 %, i.e. at the top
of the aerosol layers around 5 km, aerosols are likely to be-
come liquid particles and allow NH4NOj3 to dissolve in the
aqueous aerosol phase. In summary, there is a greater chance
for nitrate to be present in the aerosol phase in the colder and
higher RH atmosphere encountered towards the top of the
aerosol layers.

With higher nitrate mass fraction at higher altitudes, BC
constituted a smaller mass fraction, while the BC number
fraction remained relatively constant in the FT (see Fig. 11).
This indicates that the additional nitrate is likely to be mostly
internally mixed with existing particles. From the low FT up
to 5Skm, the mass was observed to increase by ~ 15 % due
to the additional NH4NO3. The average aerosol composition
fractions in the low FT were observed to be 64 %, 14 %, 6 %,
12% and 4 % for OA, BC, ammonium, sulfate and nitrate.
The average density of a particle in the low FT was esti-
mated to be 1.356 gcm™> following the method in Haslett et
al. (2019a), assuming all particles are internally mixed. The
density of NH4NO3 is assumed to be 1.725 gcm_3 (Haslett
et al., 2019a). When the additional NH4NO3 is internally
mixed, it is estimated to lead to a ~4 % increase in aerosol
radius, assuming the particles are spherical. This is consis-
tent with the slight vertical change of CMDs of bulk aerosols
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in the FT. It is likely that this internal mixing did not signif-
icantly alter the overall dry aerosol size distributions. SSA is
closely related to the particle size and chemical composition.
The slightly increased particle size and the larger fraction of
scattering material at higher levels would consistently con-
tribute to the increasing SSA with altitude observed during
CLARIFY.

In this study, the calculated SSAs from the PAS and CRDS
instruments are for dry aerosols. It is well known that an in-
crease in RH can result in an increase in aerosol scattering,
since particle size and refractive index vary with particle wa-
ter content (e.g. Zieger et al., 2013; Burgos et al., 2019). In
the CLARIFY region, increasing RH with altitude in the FT
is likely to result in an increase in aerosol size and scattering,
when aerosol particles are most likely to acquire water near
the top of the aerosol layers. Previous studies have reported
that aerosol absorption can be also affected by humidifica-
tion. However, it is noted that most of studies considering the
effect of humidification on aerosol absorption observed little
or no increase in absorption for RH < 85 % (e.g. Brem et al.,
2012). The RH of observed smoke in the FT during CLAR-
IFY was rarely over 80 %. If there is little effect of humidity
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on absorption, we would expect that the impact of humidifi-
cation is likely to increase SSA at higher levels, indicating a
substantially larger vertical variation in SSA in the FT.

4.1.2 In the BL

The entrainment of FT smoke is a recognized source for
BL BBA over the southeast Atlantic (Gordon et al., 2018;
Zuidema et al., 2018; Haslett et al., 2019b). There are two im-
portant factors that are likely to alter aerosol properties after
FT BBA mix into the BL. The first factor is marine emissions
in the BL, and the second is removal processes as evidenced
by lower BC/ACO and OA/ACO ratios in the BL than in
the FT.

Dimethyl sulfide (DMS) from oceanic biogenic emission
is an important source of sulfate precursor, SO, and sul-
fate aerosol (Perraud et al., 2015). The clean BL described
in Sect. 3 suggests new particle formation and growth and
a marine sulfate background. Some of these marine sulfates
would become internally mixed with BBA either by conden-
sation of H>SO4 or by cloud processing, thus driving nitrate
to evaporate into the gas phase and causing the loss of nitrate
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Figure 11. The vertical distributions of BC mass fraction and number fraction in the BB-polluted FT (blue) and BL (black) respectively. The
box-and-whisker plots represent the 10th percentile, 25th percentile, median, 75th percentile and 90th percentile in every 400 m.

aerosol in the BL. Taylor et al. (2020) did not observe thicker
BC coatings in the BL than those in the low FT, while in this
study the sulfate mass fraction in the BL was significantly
enhanced, suggesting that some of the marine sulfate would
be also externally mixed with BBA. Sea salt particles from
sea spray can also provide submicron particles which exhibit
an SSA close to 1. The mixing of more scattering material
from marine emissions can result in a higher SSA in the BL
than in the FT.

The wet removal events usually occur via aerosol acti-
vation to form cloud droplets during in-cloud processing
and subsequent removal of those droplets by precipitation,
which would also facilitate below-cloud aerosol scavenging
(Moteki et al., 2012; Taylor et al., 2014). In this study, OA
dominated the aerosol composition and was characterised
by high f44, which is closely associated with carboxylic
acid content (Heald et al., 2010; Duplissy et al., 2011). The
aerosols with a large proportion of inorganic species and OA
are likely to be hygroscopic. Larger aerosol particles which
are hygroscopic were preferentially activated and scavenged
during removal events in the BL; thus the dry CMDs of re-
maining bulk aerosols in the BL were smaller than those in
the FT. However, the removal rates were not as significant
as previous studies of BBA removal affected by strong pre-
cipitation events which show a scavenging fraction of over
80 % (Taylor et al., 2014). This suggests that the scavenging
efficiency of removal by drizzle in the marine BL was not
large in the CLARIFY region. Our measurements show that
the extent of this removal process is sufficient to reduce the
dry CMD by ~ 10 % (Fig. 6).

The BC mass and number fractions in the BL were both
lower when close to the surface (see Fig. 11). This may sug-
gest variations in the extent of external mixing between BBA
and marine particles throughout the BL. In the CLARIFY re-
gion, the widespread stratocumulus clouds commonly lead
to a decoupled BL (Lock et al., 2000; Gordon et al., 2018).
Abel et al. (2020) showed an example structure of decou-
pled BL during period 3, with an unstable layer from the sea
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surface up to an altitude of about 600 to 700 m and then an-
other layer up to the main BL inversion. The surface layer is
likely to have a significant source of marine sulfate from sec-
ondary formation as well as submicron sea salt aerosol from
sea spray. This could explain the higher sulfate mass fraction
and higher SSA close to the sea surface.

These properties (chemical, size and optical) and varia-
tions that we have reported are all for dry aerosols in the BL.
The RH in the BB-polluted BL was mostly over 80 % and
up to 95 % at the BL top (Fig. 9), which would result in sig-
nificant aerosol growth and scattering enhancement. Based
on a scattering enhancement factor of ~ 1.4 at RH of 80 %
reported for ORACLES (Pistone et al., 2019) and SAFARI
(Magi et al., 2003) aged BBA, there will be an increase in
SSA by 0.03-0.05 in the BL, without considering absorption
change. However, in reality, this value will be lower since ab-
sorption enhancement is suggested to be significant at high
humidity (RH > 85 %) (e.g. Brem et al., 2012), which would
have the opposite effect of lowering SSA. Due to high un-
certainties surrounding these competing effects, more quan-
tification studies of humidification impacts on aerosol optical
properties are needed to determine BL biomass burning SSA
in detail in this region.

4.2 Drivers of the low SSA

Previous measurements of fresh or transported BBA from
forest fires in the Amazon, Siberia and North America re-
ported a range of (2 %—9 %) for the average BC mass frac-
tions of BBA (Kondo et al., 2011; Sahu et al., 2012; Artaxo
et al., 2013; Allan et al., 2014; Morgan et al., 2020). Corre-
sponding average dry SSA (at ~550nm) ranged from 0.88
to 0.97, using in situ measurements with the PSAP and neph-
elometer (Corr et al., 2012; Johnson et al., 2016; Laing et al.,
2016). Compared with other BB-type regions, BBA during
CLARIFY was richer in BC, with larger BC mass fraction
and lower SSA. Many factors contribute to the larger BC
mass fraction. Burning sources of the CLARIFY transported
BB smoke were controlled by flaming combustion with very
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high MCE, indicating that the emission of BC is likely to be
proportionally high. The burning fuel of the southern Africa
savanna is also suggested to have higher BC emission factors
than forests or peat (Andreae, 2019). Both high MCE and the
fuel type would lead to BC-rich smoke plumes at sources.
OA loss induced by the ageing process and volatilization of
semi-volatile material during dilution are likely to further en-
hance the BC mass fraction. This is consistent with the chem-
ical composition comparison between BBA of different ages
from other relevant studies, detailed in Table 1. In the ab-
sence of significant removal over the South Atlantic, these
BC-rich smoke plumes from the southern Africa fires lead to
the high BC contents far offshore, even after > 7 d transport.
The high BC fraction leads to a large fraction of absorbing
material in the sampled BBA and therefore contributes to the
low observed SSA during CLARIFY.

The mass absorption cross section (MAC = Baps /BC
mass concentration) describes the absorption efficiency of
BC particles. In the CLARIFY region, MAC was found
to be much higher than the MAC of fresh, uncoated BC
(MAC=7.5m?*g~! at 550nm) suggested by Bond and
Bergstrom (2006). Average MAC values from ground-based
measurements at Ascension Island were reported as 15.1,
13.3 and 10.7m? g~ ! at 464, 529 and 648 nm respectively
(Zuidema et al., 2018). Higher MAC values (20.3, 14.6 and
11.8m? g~ ! at 405, 514 and 658 nm respectively) were also
observed from aircraft observations during CLARIFY (Tay-
lor et al., 2020). The absorption Angstrom exponent (AAE)
of CLARIFY BBA was reported to be close to 1 (Taylor et
al., 2020). It is assumed that an AAE over 1 indicates absorp-
tion from particles like brown carbon (BrC) or dust which
have higher AAEs than BC (Lack and Langridge, 2013).
There was only a minor non-BC material contribution to the
total aerosol absorption in the CLARIFY region (Taylor et
al., 2020). The enhanced absorption is therefore likely to be
mostly due to the observed thick coatings on BC (Taylor et
al., 2020), causing a lensing effect and additional absorption
of sunlight (Lack et al., 2009). The high MAC values of BC
would also contribute to the relatively low observed SSA.

The relatively low dry SSA measured during CLARIFY, as
determined by highly sensitive and accurate measurements
that are not subject to the artefacts of filter-based methods, is
an important result. The SSA of aged BBA used in climate
models is generally higher than the SSA in this study (e.g.
Randles and Ramaswamy, 2010; Johnson et al., 2016; Her-
bert et al., 2020). Furthermore, the vertical profiles of SSA
show that the lowest values (averages: 0.82, 0.81 and 0.79 at
405, 550 and 658 nm) occur at low FT layers around 2000 m
altitude, immediately above the stratiform cloud. The air is
also relatively dry within these low FT layers, meaning that
the measured dry SSA is analogous to ambient condition.
This is important as the positive radiative feedback associ-
ated with the aerosol direct effects may be underestimated
in current models, especially for the cases with low and thin
smoke layers above clouds. Herbert et al. (2020) also found
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that both the cloud response and semi-direct radiative effects
increase for thinner and denser overlying aerosol layers with
lower SSA. The bias in modelled SSA values is likely to lead
to misrepresentation of semi-direct effects as may neglect-
ing the vertical variation in SSA. These findings suggest that
modelled climate effects of BBA in this region need reassess-
ment in future studies, and the variation in SSA values in
different BB regions should be considered.

5 Conclusions

We have presented a detailed study of BBA chemical, phys-
ical and optical properties from the CLARIFY aircraft cam-
paign, based from Ascension Island in the southeast Atlantic
Ocean. These are the first accurate in situ airborne measure-
ments providing aerosol vertical information in this area,
which is affected by long-range transport of southern African
BBA every year and is important climatically. Our dataset
complements previous observations of the southern African
BBA and extends previous studies to a wider geographical
range and to a greater age of smoke. It provides unique pa-
rameterizations with which to constrain global and regional
climate models and predict radiative effects across this re-
gion.

BB smoke plumes during CLARIFY have been shown to
be mostly controlled by flaming combustion at their sources,
and BBA has not undergone significant removal processes
before arrival in the CLARIFY region, since enhancement
ratios of BC remain relatively high. Transported submicron
BBA was mainly composed of OA (50 %—60 % by mass) and
BC (8 %— 15 % by mass), over the southeast Atlantic. The
particles have undergone a significant ageing process during
> 7 d transit from source, as indicated by highly oxidized and
low-volatility OA in this study and thickly coated BC in Tay-
lor et al. (2020). CLARIFY data provide a good representa-
tion of highly aged aerosols from the southern African BB.

The highly aged BBA in the CLARIFY region has rela-
tively low dry SSA as the BBAs are rich in BC and the MAC
of the sampled BC is high. The column-weighted dry SSAs
were observed to be 0.85, 0.84 and 0.83 at 405, 550 and
658 nm respectively. We also observed vertical variability of
the dry SSA: the lowest SSA (averages: 0.82, 0.81 and 0.79
at 405, 550 and 658 nm) in the column was generally in the
low FT layer around 2000 m altitude, and the SSA increased
with altitude in the FT. In the BL, the SSA decreased from
the surface to the BL top, with the highest SSA in the column
observed in the near-surface layer. The measured BBA in the
CLARIFY region is generally more absorbing than currently
represented in climate models. Considering these BBAs have
a long lifetime and their spatial range spans thousands of
kilometres, and the direct and semi-direct radiative effects of
smoke layers in the southeast Atlantic area are highly sensi-
tive to the absorbing properties of BBA (Mallet et al., 2020),
modelled climate effects need reassessment over this region.
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In the CLARIFY region, the observed vertical variation in
SSA is likely to be a persistent feature, which is a function
of vertical variations in relative chemical composition, size
and mixing state of these aerosols. In the FT, the main driver
for vertical variability is the thermodynamic processing of in-
organic nitrate driven by lower temperatures and higher RH
at the top of the BBA layer. The increasing fraction of con-
densed nitrates is likely to be internally mixed with existing
particles, which alters the relative chemical composition but
does not significantly change the aerosol size distributions.
Increases in the dry SSA with altitude are associated with the
larger fractions of scattering material and slightly increased
particle size at higher levels. These effects describe the vari-
ation in the dry aerosol properties. However, considering the
effect of elevated RH on aerosol scattering at higher altitudes,
the vertical variation in SSA is likely to be more significant
when adjusted to ambient conditions.

The aerosols in the BL are essentially separate from the
FT. Once aerosols are entrained into the BL, the BBA cir-
culates independently of the aerosol above it owing to the
strong inversion. There are two important factors affecting
aerosol properties in the BL. One is marine emissions pro-
viding marine sulfate and sea salt, which can be internally
or externally mixed with BBA. Another one is the possible
aerosol removal by drizzle, resulting in smaller bulk aerosol
size distributions. A larger fraction of scattering material may
lead to a higher average dry SSA in the BL than in the FT.
Vertical variability of aerosol properties exists since the BL
is commonly decoupled over the southeast Atlantic. A larger
concentration of marine sulfate or submicron sea salt is more
likely to be present in the surface layer than above, leading
to more scattering material and therefore higher SSA.

These observations provide new information in a climati-
cally important region and demonstrate that the persistence
of strongly absorbing aerosol from southern African BB
across wide regions of the South Atlantic is prevalent and
must be taken into account when considering regional radi-
ation interactions. The observed vertical variation in aerosol
properties throughout the BL and FT, especially SSA, should
be also considered as part of any future studies which rely on
prescribed aerosol composition and optical properties.
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Supplementary
S1 The calculation of enhancement ratios and MCE

The enhancement ratios (ER) of BC and OA can be calculated by dividing them by the excess concentration of CO,
after backgrounds have been removed (Lefer et al., 1994). The modified combustion efficiency (MCE) is defined as the
excess mixing ratio of CO, over the background to the sum of the excess mixing ratio of CO and COj;: MCE =
ACO2/(ACO+ACO,) (Yokelson et al., 2009). For an identified smoke, MCE can be calculated by determining the slope
between CO and CO; using an unconstrained linear orthogonal distance regression (ODR) and subsequently solving for
MCE = 1/(1+3CO/3CO3). BC/ACO can be also calculated by determining the slope between BC and CO using the
unconstrained linear ODR, the same for OA/ACO. However, when plumes are mixed into different air masses background
values may change and this can significantly impact the MCE and ER calculation for BB smokes in transport region
(Yokelson et al., 2013).

In the FT, this issue may not significantly affect the calculation as the background variations of species are likely to be
small compared with the excess levels in plumes. FT CO background is calculated to be 78 ppbv (62 pug m=), which is
summarized from the clean FT data (BC < 0.1 pg sm™). The correlation between BC and CO is good (see Table S1) for most
of flights. The slopes were determined by the unconstrained ODR fit and are defined as the BC/ACO, similar calculation was
used for OA/ACO. For MCE, the slopes between CO and CO; were also determined by the unconstrained ODR fit. The
correlation between CO and CO; in the FT is good for most of flights (r> > 0.8, see Table S1). C036, C037 and C047 are
the flights with lower r? (~0.70).

In the BL where BB smoke plumes were diluted into a clean environment, the final concentrations were not much
greater than the backgrounds, especially for CO, which had a high background. It is not suitable for using ODR fit since
there is not enough variation in the concentrations to obtain a reliable result. For example, the correlation (r>= 0.28—0.88,
Table S1) between BC and CO are low for most of flights, and there is not enough variation in CO; to obtain a correlation
between CO and CO,. As a result, we did not consider the MCE calculation, since the derived slopes (6CO/6CO2) are
misleading and CO and CO; concentrations in plume were close to the BL background. In the BL, the background of BC and
OA is approximately zero. The lowest 5th percentile for all the BL CO data was 65.8 ppbv and the median of all the clean
BL CO data was 66.5 ppbv, BL CO background is calculated to be 66 ppbv (53 ug m=) by averaging the two results. The
background of BL CO was then used to calculate the excess CO (ACO), BC/ACO and OA/ACO ratios.
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Table S1. Summary of the flight plume characteristics in the FT and BL separately: flight ID, flight data and r?
correlation between CO and CO, BC and CO and OA and CO.

Flight Date COvsCO;r? BC vs CO r? OAvs COr?
FT FT BL FT BL

C028 16/08/2019 0.76 0.04

C029 17/08/2019 0.68 0.49

C030 17/08/2019 0.54 0.48

Co031 18/08/2019 0.85 0.83

C032 19/08/2019 0.68 0.70

C033 22/08/2019 0.85 0.89 0.89

C034 23/08/2019 0.89 0.94 0.93

C035 23/08/2019 0.94 0.95 0.93

C036 24/08/2019 0.72 0.88 0.84

C037 24/08/2019 0.71 0.85 0.83

C038 25/08/2019 0.86 0.94 0.75

C039 25/08/2019 0.85 0.94 0.80

C045 29/08/2019 0.87 0.93 0.27 0.90 0.01

C046  30/08/2019 0.85 0.98 0.74 0.93 0.38

Cco47 01/09/2019 0.70 0.89 0.49 0.83 0.68

C048 01/09/2019 0.98 0.98 0.53 0.99 0.38

C049 02/09/2019 0.97 0.99 0.71 0.98 0.63

C050  04/09/2019 0.98 0.99 0.61 0.90 0.64

C051 05/09/2019 0.94 0.96 0.88 0.93 0.88

S2 ldentification of mostly inorganic nitrate from the AMS

Nitrate is detected in the AMS using peaks at m/z = 30 and 46 (Allan et al., 2003), representing the ions NO* and NO,*
respectively. The AMS can detect nitrate species including inorganics like NHsNO3s;, NaNOz and KNOs, as well as organic
nitrates. When sampling different nitrate species, the ratio of these two peaks is determined by the heater temperature and the
volatility of nitrate species (Drewnick et al., 2015). Higher ratios were observed for less volatile nitrates, e.g. 28 for KNOs
and 29.2 for NaNOs, compared to NH4NOs, since they decompose further before ionization (Alfarra et al., 2004; Drewnick
et al., 2015). Rollins et al. (2010) measured ratios of 1.51 — 5.10 for various organic nitrates. During CLARIFY, the m/z 30
to m/z 46 ratios ranged from 1 to 1.4, from the AMS calibration using mono-disperse NHaNQs particles. The vertical profile
of ambient m/z 30 to m/z 46 ratios in CLARIFY FT was shown in Fig. S3. With the C-ToF AMS used in this study, the
interference of some ions from organics cannot be separated at these two peaks, such as CH,O*, CHsN* and C,Hg* at m/z =
30 and CH,0." and C,HsO" at m/z = 46, which would add uncertainties in the ambient m/z 30 to m/z 46 ratios for nitrate.
However, given the small difference between ambient and calibration values, there is likely a low potential interference from
large amounts of organic nitrates, and most of observed nitrates would be NHsNOs. Furthermore, the linear fitted
NH;,ea/NHipe, Fatios (in which NHy,., is the measured ammonium concentration, NH;,,., is the calculated ammonium
concentration if all acids in the aerosol were neutralized) of FT pollutants in period 2 and 3 were (1.06 £+ 0.01) and (1.05 +
0.02) respectively (Zhang et al., 2007). The ammonium in the FT was sufficient to nearly fully neutralize the aerosol, which
further supports our inference that the nitrate measured in the FT was mostly NHaNO:s.

When the air is sampled into the aircraft inlet, it undergoes a rapid temperature rise before entering the AMS inlet due
to ram heating as the air is accelerated on sampling. NHzNOs is a semi-volatile species, and the rapid change in temperature
will influence the thermodynamic equilibrium of HNOs-NH3-NHsNOj3 system, causing the evaporation of NHsNOs. On the
BAe-146 Atmospheric Research Aircraft (ARA), the transport time of sampled air between aircraft inlet and the AMS inlet
is ~1-2 s. The timescale for aerosol equilibrium between gas and particle phase is expected to be a few minutes or less under
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typical polluted conditions (Wexler and Seinfeld, 1992). Therefore, the 1-2 s timescale of heating in the aircraft sampling
inlet is sufficiently fast that the partitioning of NH4NOs is not influenced. The observed vertical variation of nitrate mass
fraction should reflect the influence of temperature change under ambient conditions, which we discussed in section 4.1.1 in

the manuscript.
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Figure S1: The vertical distribution of temperature (black) and specific humidity (blue) during the campaign.
The box and whisker plots represent 10%, 25%, median, 75% and 90% in every 400m bin.
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Figure S2: The average vertical distribution of different chemical composition concentrations for each flight. The
lines and shades represent the average and standard deviation.
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interactions from the CLARIFY-2017 (Cloud Aerosol-Radiation Interactions and
Forcing for Year 2017; August-September 2017) campaign, which was based
around Ascension Island in the remote southeast Atlantic. The vertical profiles of
aerosol and cloud properties were characterised to assess aerosol impacts on cloud
properties in the marine boundary layer (MBL) over Ascension Island. Backward
simulations were conducted using the Numerical Atmospheric Modelling
Environment (NAME) with high-resolution meteorological fields, to investigate the
sources of air parcels arriving at Ascension Island and the entrainment history of
African BB aerosols over the southeast Atlantic. The analysis shows that the region
of efficient entrainment is considerably further west than that previously predicted.
By coupling the transport analysis and satellite retrievals, the impacts of this BB
aerosol entrainment on cloud properties were further investigated along the air
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The transport history of African biomass burning aerosols arriving
in the marine boundary layer over the Southeast Atlantic and their
Impacts on cloud properties
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Abstract. The transport of African biomass burning aerosols (BBASs) and their influence on reflectivity in both clear and
cloudy skies over the southeast Atlantic remain one of the largest sources of uncertainty in our understanding of climate
effects across this region. In this study, the vertical profiles of aerosol and cloud properties were characterized around
Ascension Island using data from the CLARIFY-2017 (CLoud-Aerosol-Radiation Interactions and Forcing for Year 2017;
August-September 2017) aircraft campaign, which provides detailed information on the relationship between transported
African BBAs and clouds in the marine boundary layer (MBL) over the remote southeast Atlantic. The aircraft
measurements around Ascension Island show that enhanced aerosol concentrations in the polluted MBL tend to
simultaneously increase cloud droplet number concentration (Ng) but decrease cloud effective radius (Re), compared to the
clean MBL. The Ng and R. values were observed to be strongly related to aerosol properties below cloud, whereas they were
weakly associated with the smoke immediately above cloud at the time of observation. We also explored possible
simplifications to establish relationships between Ng or Re. and aerosol concentrations below cloud from in-situ
measurements.

Backward simulations were conducted using UK Met Office’s Numerical Atmospheric Modelling Environment
(NAME), to track the sources and pathways of air parcels arriving at Ascension Island under different aerosol distribution
conditions. NAME results suggest that air parcels arriving at Ascension Island can originate from both the free troposphere
(FT) and MBL and there should be mixing between FT and BL air parcels over the southeast Atlantic. When FT air parcels
are transported from the African continent (22°S — 0°N), they commonly carry biomass burning (BB) smoke and can entrain
into the MBL, leading to the observed polluted MBL over Ascension Island. The efficient entrainment of elevated air
parcels, transported from Africa into the MBL over the southeast Atlantic, is suggested to happen multiple days before
arrival at Ascension Island and occur mainly in the region to the west of 0°E for the cases in this study. By coupling NAME
air parcel analysis to SEVIRI satellite-retrieved aerosol properties in polluted cases, we show that the efficient entrainment
regions in the model are co-located with aerosol layers in the above-cloud column, reinforcing the entrainment history
determined by NAME simulations. We also examined the response of cloud properties to entrained BBAs as air parcels
move across the southeast Atlantic before arrival at Ascension Island, by tracking SEVIRI satellite-retrieved cloud properties
(Ng and Re) along simulated MBL air parcel footprints. We observed increases in Ng in the SEVIRI cloud fields when the
above-cloud aerosol layer is co-located with the efficient entrainment region. The cloud droplet size (Re) is found to be not
only related to the entrained BBASs but also other factors, such as the cloud top height. The results of transport history and
aerosol-cloud interactions in this study identify that the main region of BBAs entrainment is further west than previously
predicted in models and provide important constraints, which will improve the representation of transport process of African

BBA smoke in global and regional models and will ultimately also benefit assessments of their regional radiative forcing.
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1 Introduction

Clouds cover roughly two thirds of the Earth surface on an annual basis. They can modify Earth’s top of the atmosphere
(TOA) radiation budget by reflecting incoming shortwave radiation and thus enhancing the planetary albedo (shortwave
cloud radiative effect) and also by contributing to the greenhouse effect (longwave cloud radiative effect) (Loeb et al., 2009;
Stubenrauch et al., 2013). The dominant cloud type by area globally is stratocumulus cloud (Sc), which has been extensively
studied (e.g. Wood, 2012). These clouds are climatically important, as their shortwave cloud radiative effect is larger than
their longwave cloud radiative effect, which can lead to a net cooling over the regions they cover (e.g. Chen et al., 2000).
Previous simulations have reported that a small variation in their microphysical properties can lead to a large impact on
Earth's energy balance with subsequent impacts on large-scale atmospheric teleconnections, demonstrating the important role
of these clouds in Earth's radiation budget and climate (e.g. Jones et al., 2009).

The southeast Atlantic Ocean region is home to one of the largest Sc decks in the world, due to the low sea-surface
temperatures and high low-tropospheric stability resulting from the prevailing subsidence (Seager et al., 2003). Clouds over
the southeast Atlantic are impacted by African wildfires annually, with the prevalence and severity of fire events expected to
increase in coming years (Painemal et al., 2014; Fuzzi et al., 2015). Every year from June to October, wildfires across central
and southern Africa produce about one-third of global carbon emissions from biomass burning (BB) (Roberts et al., 2009).
The resulting smoke is frequently transported westward over the southeast Atlantic by the easterly jet which is associated
with the northern branch of the deep anticyclone over southern Africa (Adebiyi and Zuidema, 2016). Previous observations
and model studies also indicate that the subsiding smoke layer in the free troposphere (FT) can be entrained into the Sc cloud
top during its transport from land over the ocean (e.g. Painemal et al., 2014; Das et al., 2017; Zuidema et al., 2018). Thus,
the general transport pattern of BB smoke from central and southern Africa wildfires can result in BB aerosols (BBAS) both
above and within the marine boundary layer (MBL) over the southeast Atlantic.

These BBAS can induce direct radiative effects by absorbing and scattering solar radiation. They also have quite large
effects on cloud microphysical properties over the southeast Atlantic (e.g. Gordon et al., 2018). Firstly, the BBAs entrained
into the MBL can serve as cloud condensation nuclei (CCNs), which leads to enhanced cloud droplet number concentrations
(Nq) and decreased cloud effective radii (Re) for a given liquid water path (LWP). This “Twomey effect” or “indirect effect”
increases the cloud albedo, suppresses drizzle formation, and thus produces a negative radiative forcing (Twomey, 1977;
Albrecht, 1989). A small variation in cloud microphysical properties and coverage induced by BBAs (indirect effect) can
lead to a large impact on regional energy balance (e.g. Jones et al., 2009). Furthermore, depending on the relative vertical
locations of the BB layer and cloud deck, cloud coverage may increase or decrease in response to aerosol absorption and
subsequent changes in atmospheric thermodynamic structure, which is termed the “semi-direct effect” (Boucher et al., 2013).
Absorbing particles within cloud droplets can absorb light and dry out the clouds, the smaller droplets under BB-impacted
conditions may evaporate more rapidly than in pristine conditions (Wood, 2007; Bond et al., 2013). In the smoky MBL, the
warming of the atmospheric layer due to aerosol absorption also tends to reduce the sub-cloud relative humidity and the
liquid water content, thus decreasing the Sc cloud cover (Hill et al., 2008; Zhang and Zuidema, 2019). When BB layers are
located above clouds, the presence of absorbing aerosols leads to a heating in the lower troposphere that strengthens
temperature inversion and stabilizes the atmosphere. This stabilization will weaken the entrainment rate, inducing a
moistening of the MBL and preservation of cloud cover over the southeast Atlantic (Wilcox, 2010; Deaconu et al., 2019;
Herbert et al., 2020). A previous study by Gordon et al. (2018) simulated these radiative effects of transported African BBAs
in a 1200 x 1200 km? area over the southeast Atlantic Ocean centred near Ascension Island, reporting a substantial negative
semi-direct effect of =30.5 W/m? and an indirect effect of —10.1 W/m?, largely offsetting a positive direct radiative effect of
+11.4 W/m?2. This implies a strong potential climate effect of these transported BBAs by modifying cloud properties and
distributions over the southeast Atlantic, which has motivated multi-national aircraft deployments and aerosol-cloud

interaction studies over this area (e.g. Haywood et al., 2021; Redemann et al., 2021).
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Quantifying the response of clouds to aerosol changes is vital for model assessments of BBA-cloud-radiation
interactions over the southeast Atlantic region. Satellite-based observations have been employed in this region to
characterize aerosol and cloud spatial and temporal variations, and to statistically evaluate cloud responses to BBAs (e.g.
Costantino and Bréon, 2010, 2013; Painemal et al., 2014; Jiang et al., 2018). Passive sensor data (i.e. aerosol and cloud
properties) from A-Train satellites coupled with CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) estimates of
aerosol and cloud altitudes from CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) satellite, are
commonly used. These Satellite-based observations have examined that the vertical distance between smoke layer base and
the cloud top plays a vital role in BB layer impact on Sc radiative properties. When cloud and aerosol layers nearly overlap,
empirical relationships between Ng or Re and CCN (or aerosol number concentration) were estimated to quantify the cloud
response to BBAs. In contrast, Ng or Re and aerosols are generally uncorrelated when smoke and clouds are vertically well
separated. However, passive satellite sensors provide vertically integrated quantities, which are unable to resolve the aerosol
properties in the MBL where the aerosol-droplet activation typically occurs. Satellites are also likely to miss the geometrical
thin aerosol layers and thus overestimate the distance between the aerosol plume base and the cloud top under this condition.
A recent study reported that the CALIOP algorithm probably overestimates the base of the aerosol layer, as absorbing smoke
particles attenuate the lidar beam (Rajapakshe et al., 2017). Surface measurements can provide detailed in-situ
characterization of physical and chemical properties of aerosol in the lower boundary layer (BL), as well as additional
upward-looking remote sensing from below the cloud deck. The LASIC (Layered Atlantic Smoke Interactions with Clouds;
1 June 2016 to 31 October 2017) field campaign was conducted on Ascension Island in the southeast Atlantic, which is
located 2,000 km offshore of Africa (Zuidema et al., 2018). LASIC includes a suite of both aerosol in-situ measurements and
aerosol and cloud remote sensing instruments. Diurnal and seasonal characterizations provide tests for smoke-cloud
interaction hypotheses and are useful for climate model assessments of low cloud representation. However, vertically
resolved retrievals obtained using the remote sensors also have limitations (Delgadillo et al., 2018).

Another important factor pertinent to simulating aerosol-cloud-radiation interactions for these long-range transported
BBAs is their vertical distribution, as the simulated aerosol effects are dependent on the vertical distribution of aerosol and
aerosol locations with respect to clouds (Samset et al., 2013). The uncertainty in simulated aerosol vertical distribution
would cause a significant diversity in modelled climate forcing (e.g. Mallet et al., 2021). However, recent models tend to
show aerosol layers descending rapidly when off the western coast of the African continent, resulting in aerosol layers that
are too low in altitude over the southeast Atlantic (Das et al., 2017; Gordon et al., 2018). This too rapid descent is likely due
to an overestimation of subsidence over the southeast Atlantic in the model-simulated large-scale vertical velocities. Thus,
the efficient entrainment region of elevated FT smoke into the MBL is poorly represented but is important in determining the
MBL smoke layer in transport regions over the southeast Atlantic. The underestimated smoke layer height in a model can
lead to an overestimation of aerosol loadings in the MBL, and the effects on clouds may be exaggerated (Gordon et al., 2018;
Shinozuka et al., 2020). Nudging models to horizontal winds may also artificially affect the vertical transport of the smoke
layer (Gordon et al., 2018). The resolution of models is assumed to affect the simulation of vertical processes as well
(Protonotariou et al., 2010). The difficulty of tuning these parameters in models to reliably determine the efficient
entrainment region and vertical profiles of BB plume is a large source of uncertainty regarding the simulation of BBAs semi-
direct and indirect effects over the southeast Atlantic. A test of high-resolution meteorological fields in models is also
needed to study the plume transport history.

Aircraft in-situ observations with continuous vertical sampling are arguably the most reliable source for accurately
characterizing the vertical relationship between aerosols and clouds. Aircraft in-situ measurements are also essential to
provide better constraints on the vertical distribution of long-range transported African BBAs for climate model studies over
the remote southeast Atlantic. Recent aircraft observations from the ORACLES (ObseRvations of Aerosols above CLouds

and their intEractionS; September 2016, August to September 2017, and October 2018) campaign were conducted over the
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southeast Atlantic, mostly within westward of the Africa continent and eastward of 0° E (Redemann et al., 2021), which
characterized the distributions of African BB plume and clouds, as well as the distinctive MBL cloud responses to BBAs
below cloud (e.g. Diamond et al., 2018; Kacarab et al., 2020; Gupta et al., 2021). However, aircraft observations over the
more remote southeast Atlantic are needed to provide a broader-scale picture of BBA-cloud interactions in this region.

In this study, we present updated aircraft observations of clouds and BBAs from the CLARIFY-2017 (CLoudAerosol-
Radiation Interactions and Forcing for Year 2017; August-September 2017) campaign, which was based around Ascension
Island in the remote southeast Atlantic (Haywood et al., 2021). We characterize the vertical profiles of aerosol and cloud
properties and to assess aerosol impacts on MBL clouds over Ascension Island. We also conduct backward simulations of air
parcel history to investigate the sources of air parcels arriving at Ascension Island, and the long-range transport history of air
parcels from Africa to the remote southeast Atlantic. We use the air parcel analysis to assess the efficient regions of
entrainment where the FT air parcels from Africa are likely to enter the MBL over the southeast Atlantic. We then combine
this analysis with retrievals of aerosol and cloud properties from the SEVIRI satellite instrument (Spinning Enhanced Visible
and Infrared Imager) to further identify the efficient entrainment regions and demonstrate evidence of the impacts on cloud

properties resulting from BBAs entrainment along transport history.

2 Methodology

The CLARIFY campaign was operated using the UK FAAM (Facility for Airborne Atmospheric Measurements) BAe-
146 Atmospheric Research Aircraft and characterized the aerosol-cloud system centred around Ascension Island (7.93° S,
14.42° W) in the remote southeast Atlantic. A total of 28 scientific flights (designated flight labels from C028 to C055) took
place between 16th August and 7th September 2017. Each flight included a series of straight and level runs (SLRs) at
varying altitudes and vertical profiles. The aircraft was equipped with a range of instruments to measure aerosol and cloud
properties, as well as meteorological variables. A complete description and overview of the project is provided by Haywood
et al. (2021). Flight tracks for all data used in this work are shown in Fig. 1. The precise timings of these flights are provided
in Table 1. Transit flights, C040-41, which took place on 26th August are not included since the aircraft was predominately
at high altitude. Flights with mainly cloud-free MBL (C035, C043 and C055) or focusing on specific events such as pocket
of open cell (POC) (C052-C054) are also not included in this study. The main aerosol and cloud measurements used in this

study are described below.

2.1 Aerosol measurements

Aerosol size distributions were measured at 1-Hz resolution via two wing-mounted passive cavity aerosol spectrometer
probes (PCASP1 and PCASP2), which resolved number concentrations in 30 diameter bins between 0.1 and 3 um. The two
PCASPs were size-calibrated using di-ethyl-hexylsebacate (DEHS) and polystyrene latex sphere (PSL) with known size and
refractive index (Rosenberg et al., 2012). A refractive index of 1.54 — 0.027i was assumed for ambient aerosol to determine
the bin sizes by using Mie scattering theory. The refractive index was obtained by the method reported by Peers et al. (2019),
where the aerosol model is tuned using the refractive index to best represent the PCASP measurements. Aerosol number
concentration in the accumulation mode (Na, 0.1 — 2.5 pm) was obtained by integrating the PCASP distribution. The
lognormal fitted count median diameter (CMD) was also calculated from the PCASP aerosol size distribution. Barrett et al.
(2022) reported that the N, and particle size distributions of submicron aerosols from the two PCASPs on FAAM are
comparable. In this study, we used the aerosol size distribution measurements from the PCASP2.

A model 3786-LP water-filled condensation particle counter (CPC) on board can detect aerosol particles larger than 3
nm (Hering et al., 2005) at 1-Hz resolution, and it can provide condensation nuclei number concentration (CNs, > 3 nm) at

an accuracy of +12 %. Cloud Condensation Nuclei (CCN) number concentrations were measured at 1-Hz resolution by a
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Droplet Measurement Technologies (DMT) dual-column CCN counter (Roberts and Nenes, 2005). The CCN data was
analyzed when measured at a supersaturation of ~0.2 %. The relative uncertainty in the supersaturation measurements is +10
% (Roberts et al., 2010; Trembath, 2013), and the uncertainty associated with the flow calibration and counting efficiency of
the particle counter is typically ~6 % (Trembath, 2013). The aerosol measurements reported here were corrected to standard
temperature and pressure (STP, 273.15 K and 1013.25 hPa). Note that the PCASP, CPC and CCN measurements inside
clouds can be unreliable and thus in-cloud (criteria see Sect. 2.2) data was removed. We also obtained the above-cloud
aerosol optical thickness (AOT) across the southeast Atlantic region (20° W — 15° W; 30° S — 0° N), which was retrieved
from the SEVIRI sensor aboard the geostationary Meteosat-10 satellite. The retrieval methods and corrections are described
in Peers et al. (2019, 2021).

2.2 Cloud measurements

Measurements of the cloud droplet number size distribution were made by a Cloud Droplet Probe (CDP) at 1-Hz
resolution, with the operation and calibration of the CDP described in Lance et al. (2010). In brief, the CDP is a forward-
scattering optical particle counter which can detect particles in 30 diameter bins between 2 and 52 um. When a cloud droplet
passes through the laser beam, the forward scattered light is collected over a 1.7 to 14° solid angle. Then, the light is equally
distributed by an optical beam splitter, where one beam is sampled by a qualifier photodetector which recognizes a countable
particle, and the other by the size detector. A 10-point glass bead calibration spanning the instrument’s detection range was
performed before each flight day. The nominal bead size was corrected for the differences between the refractive indices of
glass and water, and the water-corrected size was used to calibrate the instrument’s sizing response. Several methods, e.g.
smoothed Mie curves and linear fit, have been trialled to calibrate the CDP sizing response. A linear fit to the bead
calibrations is suggested to be used for the CLARIFY campaign, which has been shown to perform adequately across the
full-size range of the CDP.

The CDP measurements were corrected to STP (273.15 K and 1013.25 hPa). We calculated Ng, Re, and liquid water
content (LWC) from the CDP’s cloud droplet spectrum as follows:

Ng :f n(r) dr = Z:nn )

_ S n(r)dr 2T r n(r;)
¢ [ 2 n(r) dr - Yir? n(r)

47 ; 47 m
LWC= 3 Pater J r’ n(r) dr = 3 Prater 21 r° n(r;)

where n(r) is the number of cloud droplets in a particular size bin, r; is the middle radius value for each of the size bins, and

is the density of liquid water. An LWC value over 0.01 g m= for 1 Hz measurements was used to define the low

P water

threshold for the presence of cloud. To eliminate the inclusion of optically thinner clouds, a threshold of Ng > 10 cm™ and
bulk LWC > 0.05 g m~ was used to perform statistical cloud sample analysis (e.g. Lance et al., 2010; Bretherton et al.,
2010). The duration of the cloud sampling in each flight using these criteria is listed in Table 1 and the tracks during the in-
cloud periods are also highlighted in Fig. 1. From the vertical profile of clouds in each flight, the cloud base height (Zg) was
determined as the lowest altitude with Ng > 10 cm™= and bulk LWC > 0.05 g m~ above which a continuous cloud layer was
sampled. The cloud-top height (Zr) was identified as the highest altitude satisfying the criteria used to define cloud sample
(Ng > 10 cm™ and bulk LWC > 0.05 g m). The analyzed Zg and Zr are shown in Fig. S1.

We also obtained remotely sensed cloud optical thickness (COT), Re and cloud-top height (COT) across the southeast
Atlantic region (20° W — 15° W; 30° S — 0° N), which was also retrieved from the SEVIRI sensor aboard the geostationary
Meteosat-10 satellite, following Peers et al., (2019, 2021). The Ng was calculated assuming an adiabatic-like vertical

stratification (Painemal et al., 2012):
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Only data from liquid clouds in the MBL (cloud top height less than 3000 m) are included in this analysis. For each flight,

analyzed SEVIRI cloud quantities were averaged over a 0.25° by 0.25° grid box centred at the aircraft location every 15 min.

The flight average quantity is then the average of all the 15 min values.

2.3 NAME description

In this study, we used the UK Met Office Numerical Atmospheric Modelling Environment (NAME) (Jones et al., 2007)
to conduct backward air parcel simulations. A certain number (100,000) of hypothetical particles (hereafter referred to as
“air parcels”) were released from Ascension Island (14.42°W, 7.93°S, 330 m) and their pathways were tracked backwards
for 7-days using the reanalysis products of three-dimensional gridded (3D) meteorological fields derived from the UK Met
Office’s global Numerical Weather Prediction (NWP) model, the Unified Model (MetUM) (Brown et al., 2012). These fields
are updated every 3 hours and have a high resolution of 0.14° longitude by 0.1° latitude. The meteorological fields have 59
vertical levels up to an approximate height of 29 km. NAME was chosen as an appropriate model for this study because it
uses high-resolution meteorological data of approximately 10 km x 10 km, it can predict dispersion over distances ranging
from a few kilometres to the whole globe, and it has been used successfully in similar NAME studies looking at the air
parcel pathways (e.g. Panagi et al., 2020). A recent study by Haywood et al (2021) also shows that the meteorological fields
from the NWP model do reasonably well in representing aerosol vertical profiles over Ascension Island during the
CLARIFY period.

NAME can output instantaneous footprints every 3 hours during a 7-days backward dispersion simulation, which is at a
3D resolution of 0.25° x 0.25° x 50 m. The instantaneous 3D footprints show the air parcels passing through each grid box
(0.25° x 0.25° x 50 m) at specified backward times. The footprint units are based on a release of a known quantity of air
parcels (hypothetical particles, as in number (#)). When integrating the vertical grids (50 m x 14 layers), the vertically
integrated instantaneous footprints represent all the air parcels passing through 0 — 7000 m (above ground level, a.g.l.) at
specified backward times. We further integrated all the 3-hourly vertically integrated instantaneous footprints during a 7-
days simulation to provide the spatial horizontal distribution of original air parcels arriving at Ascension Island (see results
in Sect. 4.1). When integrating the horizontal grids (22°S — 0°N, 15°W — 35°E) within each vertical layer, we calculated the
vertical distribution of air parcels passing through this horizontal area at specified backward times (see results in Sect. 4.1).
The meteorological parameters at a 3D resolution of 0.25° x 0.25° x 50 m, e.g. temperatures and wind fields, can be also
output every 3 hours during each 7-days backward simulation. The 7-days back-trajectories were also performed using the
NAME. The trajectory output is every 15-min and is in the form of air parcel location (latitude, longitude and altitude). The
corresponding meteorological fields (e.g. wind fields and temperatures) along the back trajectory were output.

It should be noted that the modelled BL depth from the MetUM is determined to be the height of the surface mixed
layer to which BL turbulence extends. The BL depth in NAME is the vertical region employing the BL turbulent mixing
mechanism. Over the southeast Atlantic, stratocumulus clouds play a role in producing a strong capping inversion, and the
presence of a strong capping inversion inhibits turbulent mixing between the cool BL air and warmer and drier overlying FT
air. The capping inversion layer is not included in the BL depth defined from the MetUM (Lock et al., 2020). Here, we
calculated the inversion top over the South Atlantic, using the outputs of vertical gradients of meteorological fields. The
inversion top (z;) is quantified as the height at which the vertical gradient of potential temperature (0) is the largest, and there
is also a steep decrease in humidity (Zheng et al., 2011). The calculated inversion layer top was employed to analyze FT and
BL products of NAME outputs separately.
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3 Observational results
3.1 Vertical profiles of thermodynamics, aerosol and cloud properties

Over the southeast Atlantic, there is typically a strong thermodynamic inversion at the top of the BL (e.g. Lock et al.,
2000). In the analysis of in-situ measurement data, inversion top (z;) is estimated as the height at which the measured vertical
gradient of 0 is the largest (Zheng et al., 2011). Here, we calculated vertical profiles of meteorological variables, aerosol and
cloud properties for the 20 flights used in this study. The vertical altitude was normalized by the z;, to exclude the variation
of ziand compare the MBL structure on different days.

During CLARIFY, we observed similar vertical structures of thermodynamic parameters (T, RH, water vapor mixing
ratio (gi) and 6 between flights. As shown in Fig. 2, within the MBL, the RH increased with altitude from the sea surface to
z/zi = ~ 0.9, due to the adiabatic decrease in T and the internal BL structure in g.. The strong inversion layer generally
occurred near the top of the MBL (0.9 < z/z; < 1.0), with the average T increase of approximately 3—7 °C across BL top and
a sharp decrease in humidity (RH and g:). The BL decoupling parameters aq and as, which represent the relative differences
of the g: and 6 between the surface and the upper part of the BL respectively, were calculated from the respective profiles
following the method in Zheng et al. (2011). If these values are close to zero, the BL tends to be completely well-mixed.
However, the BL is not always well-mixed due to the processes such as BL deepening and drizzle. If the value of aq is over
~0.3, the upper part of the BL is considered to be clearly drier than the lower BL, indicating a decoupled BL. In this study,
values of aq (0.19 — 0.56) and ay (0.16 — 0.48) indicate a generally decoupled MBL during CLARIFY, with an unstable
surface layer and then another layer up to the main BL inversion. The unstable surface layer was fairly well-mixed, mostly
rising from the sea surface up to an altitude of about 600 to 800 m (z/zi = ~ 0.3 — 0.5). Occasionally, the surface layer was
shallower (~ 300 m, z/z; = ~ 0.15) during some flights (e.g. C044 — C046). Above the inversion layer, the air was dry (q: <5
g kg! compared to >10 g kg ™! in the BL) and is regarded as being in the FT.

Fig. 3 shows complex vertical structures of aerosol loadings during CLARIFY-2017, with aerosols observed
predominantly in the MBL (C028 — C032, Scenario-1), or predominantly in the FT (C033 — C037 and C039, Scenario-2), or
in both the MBL and FT (C038 and C042 — C051, Scenario-3). The pollution condition in each flight is listed in Table 1. The
source of pollution in this region is suggested to be the transported BBAs from African wildfires in previous studies (e.g.
Haywood et al., 2021), which is also further investigated in Sect.4. Here, we analyzed aerosol and cloud properties under the
three scenarios separately. Fig. 4 shows vertical profiles of cloud and aerosol properties from all individual flights, using a
height scale normalized by zi. As the cloud top and base heights were different between flights, average of normalized
profiles (z/z;) is insufficient for investigating the vertical variation in cloud properties, thus the averages of normalized
profiles are not shown in Fig. 4a, b, and c. Single cloud profiles from each flight indicate similar vertical trends of cloud
properties in the MBL under the three scenarios. The LWC (Fig. 4a; and az) generally increased from the cloud base and
then decreased near the top of the MBL. The R. (Fig. 4b, and b,) presented enhanced values from the cloud base to the top.
The profile of Nq (Fig. 4c1 and c;) remained relatively constant.

For aerosol properties (CMD, CCN/CNs; and CCN/N, ratios), the vertical profiles were averaged under the three
scenarios separately (Fig. 4d, e and f). Under polluted conditions, the CMD of aerosol particles (Fig. 4d1) in the MBL was 10
— 15 % lower than that in the FT, which is probably attributable to some processes happened in the MBL such as aerosol
removal by drizzle (Wu et al., 2020). The corresponding profiles of CCN/CN3z and CCN/N, ratios (Fig. 4e; and f1) were
similar and relatively constant, suggesting that slight temporal and vertical variations of CMD did not significantly affect the
aerosol ability to become CCN. Under clean conditions, the MBL was impacted by the process of new particle formation and
growth from marine emissions (Wu et al., 2020). During CLARIFY, Wu et al. (2020) observed smaller aerosols in the clean
MBL than in the polluted MBL, with a CMD of ~30 nm in the Aitken mode and a CMD of ~160 nm in the accumulation

mode. In this study, we calculated the ratio of N./CNs in the clean MBL to be in the main range of 0.14 — 0.38, also
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suggesting that the majority of particles was in the Aitken mode (< 0.1 um). Aerosols with larger sizes are more likely to
become CCN (Dusek et al., 2006). Thus, the dominant small particles (< 0.1 pm) in the clean MBL are not sufficiently large
to act as CCN. The corresponding CCN/CN3 in the clean MBL (Fig. 4e;) was found to be much smaller (~ 20%) than in the
polluted MBL (Fig. 4e1).

Table 2 shows the comparison of CCN activation fractions of BBAs between this study and previous observations. The
CCN activation fractions in this study are close to BBAs sampled over the African continent (Ross et al., 2003) and the long-
range transported African BBAs sampled over the Amazon (Pohlker et al., 2018). The highly aged African BBAs were
observed to have higher CCN activation fractions than BBAs in Amazonia wildfire plumes, since the transported African
BBAs are sulfate-rich (Pohlker et al., 2018). The reported CCN activation fractions for fresh and aged BBAs from North
American boreal forest wildfires (Lathem et al., 2013; Zheng et al., 2020) are close to the African BBAs. However, some
studies reported low CCN activation fraction for aged BBAs from Siberia wildfires due to the removal of large particles
during transport (Lathem et al., 2013). Thus, the CCN activation of BBAs is complex as it is dependent on aerosol
composition, size distribution and further hygroscopic properties, which can be affected by many factors such as the various

burn conditions (biomass fuels and combustion conditions) in different BB regions and transport processes.

3.2 Relationship between aerosol and cloud properties

The correlations between aerosol and cloud properties are vital for evaluating the aerosol-cloud interactions. In this
section, we examine the aerosol and CCN number concentrations both below (sub-CCN; sub-N,) and above cloud (above-
CCN; above-N,) under the three scenarios to investigate the impacts of transported BBAs on cloud microphysical properties

(Ng and Re) over the remote southeast Atlantic.

3.2.1 Aerosol-Ng Relationship

Previous studies suggest several mechanisms for the activation of CCN into cloud droplets that typically occur: 1) via
updrafts carrying aerosols to the cloud base (so-called primary activation) or 2) via entrainment through turbulent mixing at
the cloud top (so-called secondary activation) (e.g. Hoffmann et al., 2015; Slawinska et al., 2012). Here, we analyzed the
cloud-layer mean Ng, sub-CCN and above-CCN, to examine the relative importance for both activation mechanisms. We
averaged the CCN number concentrations within 200m above the cloud top to obtain the above-CCN, and within 200m
below the cloud base to obtain the sub-CCN. Fig. 5a; and 5b; show the relationships between cloud-layer mean Ng and CCN
concentrations for 20 individual flights, in terms of sub-CCN and above-CCN. The polluted MBL (Scenario-1 and 3) had
substantially enhanced sub-CCN and Ng (Fig. 5a;, blue and green markers) than the clean MBL (Scenario-2) (Fig. 5as, red
markers). The Ng (Fig. 5a1) exhibited a significantly positive correlation with sub-CCN, with a correlation coefficient of
0.88. We derived a linear regression fit of Ng to sub-CCN, with a slope of 0.83 £ 0.07. Compared to sub-CCN, the Nq (Fig.
5b1) was not necessarily correlated with the above-CCN, especially for the Scenario-1 with mainly clean FT but polluted
MBL. The influence of above-CCN on cloud properties was much weaker than sub-CCN at the time of observation. These
results indicate that primary activation of CCN near cloud base played a greater role as compared to secondary activation of
CCN entrained at cloud top during CLARIFY. Previous studies similarly reported a higher correlation between Ny and sub-
CCN than above-CCN, e.g. over the southeast Atlantic region (Diamond et al., 2018) and the Pacific region (Jia et al., 2019;
Mardi et al., 2019). The disconnectedness between Ny and above-CCN is partly due to the extremely strong capping
inversion over the cloud top in this region, which likely separates the above-cloud aerosol from the cloud layer and hence
weakens the effects of above-CCN on Ng. Furthermore, the increase in amount of MBL aerosols in this region is suggested
to be from the entrainment of FT plumes from cloud top to below the cloud before arriving at Ascension Island (e.g. Wood et
al., 2012; Diamond et al., 2018; Haywood et al., 2021). Thus, the primary activation of sub-CCN into cloud droplets in this

region is not limited to aerosols from ocean emissions within the MBL or local FT aerosols at the place of observation, but
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rather the previously entrained BBAs. The disconnectedness between Ng and above-CCN is also likely due to factors related
to entrainment process such as the time dependence of entrainment and the gap between bottom of the aerosol layer and
cloud top. (e.g. Wood et al., 2012; Diamond et al., 2018).

Numerous studies have explored possible simplifications to establish a Ns-Ng relationship instead of using CCN
concentrations for applications in remote retrieval and climate models, as N, is not dependent on cloud supersaturations.
Parameterizations of Ny based on N, have been suggested in various schemes, e.g. linear regression or exponential power
law, depending on in-situ measurements (e.g. Hegg et al., 2012; Terai et al., 2012; Twohy et al., 2013). Here, we averaged
the Na (> 0.1 um) within 200m above the cloud top to obtain the above-N,, and within 200m below the cloud base to obtain
the sub-Na.. Fig. 5a; and 5b, show the relationships between cloud-layer mean Ng and Na (> 0.1 um) for 20 individual flights,
in terms of sub-N, and above-N,. Similar to the Ng-CCN relationships, the Ng also presented a significant positive correlation
with sub-N, but a weak correlation with above-N.. This positive correlation between Nq and sub-N, or the activation of sub-
cloud aerosols into cloud droplets is similar to the observation of transported African BBAs near offshore (Fig. 3b in
Kacarab et al., 2020). We quantified the Ng response to sub-N, by a frequently used power law relationship (Ng ~ aNgP),
yielding an exponent value () of 0.71 and an o of 2.7. The exponent 3 can be thought of as the fractional increase in Ng in
response to the fractional increase in Na (> 0.1 um) (McComiskey and Feingold, 2008). The B value in this study is higher
than the values reported for BBAs off the California coast of North America (f = 0.15 — 0.42) (Mardi et al., 2019). Cecchini
et al. (2017) reported that an increase of 100 % in aerosol concentration resulted in an ~84 % increase in Ngover the Amazon
Basin. A factor explaining the differences in droplet activation between these studies is the variability in aerosol properties,
where the CCN activation ability of BBAs are different in different BB regions (as described in the end of Sect. 3.1).
Furthermore, some studies have shown that vertical updraft velocity can also affect the droplet activation in the MBL
environment. It is suggested that vertical velocity plays a more important role in driving droplet formation in a more polluted
MBL regime (e.g. Kacarab et al., 2020). The observed differences in the Na-Ng relationship between these studies suggest
that the droplet formation sensitivity to aerosol concentration is varying in different BB regions, thus, different
parameterizations of Ng based on Na should be applied to different environments. Importing same assumptions of Ng

parameterization for different BB regions is unlikely to be effective for simulating regional radiative forcing.

3.2.2 Re Relationship with Na and Ng

The Re is one of the key variables that determine the radiative properties of clouds, and the parameterization of R in
climate models is critical for assessing global radiative forcing. This section examines the effects of transported aerosols on
Re in the MBL over the southeast Atlantic. Fig. 6a shows the relationship between average Re at cloud top layer (highest 50
m) and sub-N, for 20 individual flights, including the three scenarios. With the intrusion of aerosols in the MBL (Scenario-1
and 3), the R. was observed to be significantly smaller as compared to the clean MBL (Scenario-2), and the R. exhibited a
negative correlation with sub-Na.. Although the LWP in the MBL generally increased with pollution levels during the
CLARIFY period (Haywood et al., 2021), the increase in aerosol concentration resulted in smaller cloud droplets. We
quantified the average Re at cloud top layer and sub-N, relationship using a power law fitting (Re ~ aiN4%) as in previous
studies (e.g. Twohy et al., 2005; Lu et al., 2008), deriving an exponent value (b1) of — 0.23 and an a; of 38.5. The exponent
b; can be thought of as the fractional decrease in Re in response to the fractional increase in Na (> 0.1 um). Various studies
have also generated parameterizations between R. and specific cloud water content (the ratio of LWC/Ng), for the
applications in climate models (e.g. Liu and Hallet et al., 1997). Fig. 6b shows the relationship between cloud-layer mean Re
versus the ratio of LWC/Ny for 20 individual flights, including the three scenarios. A power law correlation (Re ~ az
(LWC/Ng) *?) exists between Re and LWC/Ng, with an exponent (b2) of 0.32 and an a; of 60.8.

Cecchini et al. (2017) reported that the R. decreased 25% with an increase of 100 % in aerosol concentration for

Amazonia BBAs, close to the sensitivity of Re to Na in this study. In a study by Reid et al. (1999) for cloud embedded in
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smoky haze over the Amazon Basin, a power law relationship was calculated between R, and LWC/Ngy with an exponent of
0.31, which is also close to the b, in this study. A power law scheme with the “~1/3” or “1/3” dependence is generally
expected for the relationship between R. and N or LWC/Ng, based on empirical and theoretical calculations (e.g. Liu and
Daum et al., 2000; Brenguier et al., 2003). Field observations from this and previous work (e.g. Twohy et al., 2005; Lu et al.,
2008; Mardi et al., 2019) have tested similar power law schemes, suggesting that the parametrizations of R. can exhibit

consistent skill for varying degree of pollution influence.

4 Transport history and aerosol-effect along transport

As discussed in the previous section, CLARIFY measurements (Fig. 3) show complex aerosol vertical structures and
different MBL conditions with polluted (Scenario-1 and 3) and clean (Scenario-2) environments. Simultaneous field
observations on Ascension Island by Zuidema et al. (2018) are consistent with the dates when the aerosol vertical profiles
and MBL pollution conditions changed during CLARIFY: from 16th to 20th Aug, aerosols were observed to exist
predominantly in the MBL and the FT was mainly clean; from 21st to 25th Aug, the MBL changed to be clean and the
pollution existed predominantly in the FT; from 26th to 31st Aug, the MBL was polluted again, and the aerosols were
observed in both the MBL and FT.

In this section, we modelled 7-days backward dispersion and trajectories using the UK Met Office NAME, to
investigate sources of air parcels arriving at Ascension Island and to examine entrainment history over the southeast Atlantic.
Three case studies under different conditions were chosen in this study and are marked in Fig. 3: Case 1 released particles
from 18 August 2017 at 12:00 UTC (Coordinated Universal Time), which represents the Scenario-1; Case 2 released
particles from 21 August 2017 at 12:00 UTC, which represents the Scenario-2; Case 3 released particles from 26 August
2017 at 12:00 UTC, which represents the Scenario-3. These three cases cover different aerosol vertical structures and the
MBL pollution conditions. We also combined cloud and above-cloud aerosol observations from SEVIRI retrievals to link the

transport history shown by the NAME results to the effects of aerosols on cloud properties along simulated transport routes.

4.1 Analysis of air parcel history

We integrated the vertical layers for each instantaneous 3D footprint from NAME simulations, deriving the horizontal
positions of dispersed air parcels at each 3 hour backward step. The 3-hourly vertically integrated instantaneous footprints
were then integrated over the entire 7-days backward NAME simulations. The integrated backward-dispersion plots for the
three cases are in Fig. 7a1, a2 and as, showing the horizontal footprint of original air parcels reaching the release point over
Ascension Island (at a height of 330 m). Using the BL height, we divided the integrated dispersion into the FT (Fig. 7ba, b2
and bs) and BL (Fig. 7c1, c2 and c3) separately. The instantaneous horizontal fields at each 3 hour backward step were also
divided into the FT and BL separately. Fig. S2, S3 and S4 show the example instantaneous air parcel fields at each mid-day
during 5 days prior to the NAME start time for Cases 1, 2 and 3 respectively, including both the FT and BL. These
instantaneous fields indicate the movement of air parcels horizontally before arriving at Ascension Island.

The dispersion fields in these cases show that BL air parcels (Fig. 7c, S2, S3 and S4) generally transported from the
southeast to northwest over the ocean and arose from a clean source region. In Case 2, which is characterized by a clean
MBL at Ascension Island, the backward dispersion fields (Fig. 7b,) show that FT air parcels also arose from clean oceanic
regions and hence were free from BBAs. When air parcels originating in the FT are mostly from the African continent (22°S
—0°N), which would be influenced by BBAs from seasonal wildfires (see Fig. 1, the spatial distribution of MODIS-detected
fires for August 2017), such as those in Cases 1 and 3 (Fig. 7b: and 7bs), the MBL was observed to be polluted over
Ascension Island. The dispersion results indicate that air parcels arriving at Ascension Island can originate from both the BL

and FT, and there should be air parcel mixing between the FT and BL over the southeast Atlantic. For polluted cases in this
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study, FT BB plumes from African wildfires moved west from the African continent to over the southeast Atlantic (Fig. S2
and S4) and would entrain into the MBL. Once BBAS can entrain into the MBL, they would be rapidly mixed throughout the
MBL, perturbing the clean air parcels present while at the same time being diluted. The sources of MBL pollution indicated
by NAME simulations, which is from African BB, are consistent with previous studies (Gordon et al., 2018; Zuidema et al.,
2018; Haywood et al., 2021).

The Cases 1 and 3 are shown to be clearly influenced by air parcels from the continental FT, which can carry African
BBAs (Fig. 7b1 and bs). To further investigate the transport history or entrainment of FT air parcels that transported from the
African region, for polluted cases (Cases 1 and 3), we integrated the horizontal grids (covering the area of 22°S — 0°N, 15°W
— 35°E) within each vertical layer for each instantaneous footprint from NAME simulations, deriving the vertical distribution
of dispersed air parcels at each 3 hour backward step. Fig. 8 shows the 3-hourly time series of vertical distribution of air
parcels dispersed into the FT region for the two cases, in terms of backward time from 3 to 120 h. The corresponding 3-
hourly exchange rates of air parcels dispersed between the FT and MBL were calculated by dividing the increase in
dispersed FT air parcels by the dispersion time along backward simulations (Fig. 8). This simulation indicates the process of
FT air parcels mixing into the MBL as air parcels from the African continent (22°S — 0°N) that bring BBAs move across the
southeast Atlantic in the easterly flow. Due to the widespread subsidence across the region, FT plumes are suggested to
descend over the southeast Atlantic. The MBL deepens further offshore in this region as can be suggested in Fig. 8 and also
has been identified previously (e.g. Das et al., 2017). When FT plume layers meet the BL top, they can be entrained into the
MBL. In Case 1 (Fig. 8a), NAME simulations show a rapid dispersion of BL air parcels backward into the FT on a timescale
of the first ~2 days, indicating that for this case, FT air parcels were mostly being mixed into the MBL in the last ~2 days
before arriving at Ascension Island. In Case 3 (Fig. 8b), NAME simulations suggest that FT air parcels mostly mixed into
the MBL in the last 3 days prior to arrival at Ascension Island. NAME results from both polluted cases indicate that efficient
mixing of FT air parcels into the MBL would happen multiple days over the southeast Atlantic before arrival at Ascension
Island. The instantaneous fields (Fig. S2 and S4) show that the movement of air parcels in Case 1 was quicker than Case 3
horizontally. Although NAME simulations for the two cases suggest different efficient mixing time periods of FT air parcels
into the BL before arriving at Ascension Island (in the last ~2 days for Case 1 and in the last ~3 days for Case 3), the main
area where the efficient and continuous entrainment occurs is similarly in the west region of 0°E.

There is a marked maximum in the change rate of FT air parcels in the backward-dispersion simulation for Case 1,
whereas Case 3 shows a much continuous entrainment over a longer period (Fig. 8). Thus, the mixing rates of FT air parcels
into the MBL are suggest to vary between Cases 1 and 3. We calculated the entrainment rate following the simulated back
trajectories shown in Fig 7a, which is the sum of subsidence rate at zi (ws at z;) and the rate of change of the MBL height
(Wood and Bretherton, 2004). The subsidence rate is regarded as the average downward vertical wind at z;. Fig. S5 shows
the estimated entrainment rate at z; along the simulated back trajectory, coupled with the air parcel altitude and z;. These
meteorological data are from the UM. For a given zi and FT particle concentration, the rate of increase in MBL particle
concentration is dependent on the entrainment rate (we) (Wood and Bretherton, 2004; Diamond et al., 2018). In Fig. S5,
when the trajectory height is mainly within or close to z, the entrainment rates in Case 1 are generally higher than Case 3,
which likely accounts for the stronger mixing in Case 1 than Case 3.

In this section, we have shown that the pollution conditions observed over Ascension Island are consistent with our air
parcel analysis using NAME backward simulations for the three different cases. NAME backward analysis demonstrates that
the MBL pollution over Ascension Island is due to transported air parcels from the African continent (22°S—0°N) which
host BBAs. For the polluted cases in this study, the efficient mixing of FT air parcels from the African continent into the
MBL can happen multiple days over the southeast Atlantic before arrival at Ascension Island and the efficient entrainment

region is suggested to be mainly in the west of 0°E.
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4.2 SEVIRI aerosol and cloud properties along simulated transport

Here, we present an analysis of SEVIRI-retrieved aerosol and cloud properties along the simulated transport routes
described in the previous section to confirm the co-location of BBAs above entrainment regions and to assess the impacts of
entrained aerosols on the cloud field. Fig. 9 shows the SEVIRI-retrieved above-cloud AOT (Fig. 9a) and COT (Fig. 9b)
across this region, at each mid-day during 5 days prior to the arrival of air parcels at Ascension Island for Case 3. The parts
of the scene that are co-located with the contemporaneous instanataneous BL horizontal footprints from NAME simulations
are highlighted. We also performed a statistical analysis of the correponding SEVIRI-retrieved above-cloud AOT and COT,
co-located with each NAME BL horizontal footprint, at every 3 hour backward step. The particle-weighted average above-
cloud AOT and COT were calculated every 3 hour in terms of backward time, which are shown in Fig. 10a and 10b.

For Case 3, the above-cloud AOT is low along the simulated transport pathway of air parcels at 5 and 4 days before
arrival at Ascension but becomes enhanced during the last ~3 days. While the presence of relatively higher AOT above cloud
does not necessarily mean BBAs will be entrained into the BL since the elevated BB layer may be well separated from the
cloud top, it does demonstrate that there will be negligible mixing of polluted air parcels between the FT and BL when the
above-cloud AOT is low during days 4 and 5 in Case 3. The trend of COT is similar, showing lower values at 5 and 4 days
before arriving at Ascension and enhanced values from the last ~3 days. The significant increases in the above-cloud AOT
and also COT are co-incident with the regions of efficient entrainment predicted from NAME simulations in Case 3, further
providing evidence that the BBAs entrainment from the FT into the MBL starts from the last ~3 days prior to arrival at
Ascension Island and is mainly in a region west of ~0°E over the southeast Atlantic. A similar analysis was carried out for
Case 1 (Fig. S6, Fig. 10a and 10b) and a similar location for the main region of BBAs entrainment was identifed. We also
performed the same analysis (Fig. S7, Fig. 10a and 10b) for Case 2. The above-cloud AOT and COT are continuously low
along the simulated BL footprints, indicating negligible mixing of polluted air parcels thoughout the whole BL transport
history. This is also consistent with the indication from NAME results for Case 2, that the source of MBL air parcels is
mainly from the oceanic region which likely brings clean air.

The averaged SEVIRI-retrieved Ng and Re along the CLARIFY flight tracks show relatively good agreement with the
in-situ measurements of Ng and Re in the uppermost cloud layer (highest 50m) (Fig. S8). The overall evolution trends of Ng
and R. compare well between SEVIRI-retrievals and in-situ measurements, while worse comparison of magtitudes on some
days. The CDP measures cloud droplets below 50 um, thus larger-sized particles out of the CDP detect range may lead to the
discrepancies in Re, especially for low Ny cases (Abel et al., 2020). We extend our analysis to the evolution of SEVIRI-
retrieved Ng and R, as the air parcels pass through the southeast Atlantic before arrival at Ascension, by co-locating the
satellite products and the contemporaneous instantaneous BL horizontal footprints from NAME simulations. We used the
same approach as our analysis of the above-cloud AOT and COT in the analysis of SEVIRI-retrieved Ng and Re. The
SEVIRI-retrieved cloud property fields (Ng and Re), at each mid-day during 5 days prior to the arrival of air parcels at
Ascension Island, are shown in Fig. 11, S9 and S10 for the 3 cases separately. The cloud property fields co-located with the
contemporaneous instanataneous BL horizontal footprints from NAME simulations are also highlighted. In addition, the
particle-weighted average Nq and Re were calculated for every 3 hour NAME BL instantaneous footprints along the transport
history, in terms of backward time (Fig. 10c and 10d). For Case 3 and Case 1, the polluted MBL cases, the Nq is enhanced
significantly when the air parcels from the African continent are shown to start entraining into the MBL during ~2-3 days
prior to arrival at Asciension Island. The Re is relatively similar along the simulated BL transport. For the clean MBL case
(Case 2), the Ny is consistently low in the air parcels throughout their passage over the southeast Atlantic, even reducing
when approaching Ascension Island, while the Re increases substantially during the last ~3 days. The cloud property fields
along the BL transport routes for the polluted cases (Cases 1 and 3, blue and black lines in Fig. 10c and 10d) suggest that the
entrained BBAs during the last ~2—-3 days would lead to enhanced Ny and smaller Re, compared to the clean case (Case 2,
red line in Fig. 10c and 10d).
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The evolution of clouds through the MBL over the southeast Atlantic is also related to other meteorological factors such
as the evolution of CTH. Previous studies suggest that Re, CTH, and LWP should correlate positively over a broad domain
south of 5°S in the southeast Atlantic region (e.g. Painemal et al., 2014). We calculated the average CTH for every 3 hour
NAME BL instantaneous footprints along the transport history, in terms of backward time. Fig. 10e shows the increasing
trend of CTH from the southeast to northwest over the ocean for both the polluted and clean cases. As the MBL deepens
together with enhanced CTH, condensational growth is likely to yield larger droplets with increased cloud water content
(Painemal et al., 2014). Furthermore, the deeper MBL is generally with a greater amount of turbulence decoupling, and the
decoupled MBL tends to increase drizzle occurance (Jones et al., 2011). These changes may contribute to the increasing Re
or slighty reduced Ng along BL transport history for the clean case. For the polluted cases, the Ng and COT increase along
the BL transport routes when the air parcels from the African continent are indicated to start entrainment into the MBL. The
response of Re is more complex, being influenced both by the enhanced Ng from entrained BBAs, which promotes reduction
in cloud droplet size, and also other factors such as the growth of BL depth, which promotes increasing R. along the BL
transport routes. The concurrent effects drive opposing changes in the R. and may be the reason for the relatively constant R
observed along the BL transport routes for the polluted cases. These effects lead to complex changes in the R as the clouds
evolve through the MBL over the southeast Atlantic.

This section couples the analysis of air parcel history which determines the main entrainment regions from the FT into
the MBL with SEVIRI-retrieved fields of the above-cloud aerosol column and cloud properties, evidencing that BB layers
that are transported from the African continent are co-located above the entrainment regions indicated by NAME
simulations. For the cases in this study, efficient BBAs entrainment from the FT into the MBL is suggest to start within the
~2-3 days prior to arrival at Ascension Island and mainly in a region of west of ~0°E over the southeast Atlantic. Recent
model studies reported that simulated aerosol plumes descend rapidly to unrealistically low levels over the southeast Atlantic,
when transported off the western coast of the African continent (Das et al., 2017; Gordon et al., 2018). The levels to which
the aerosol plumes subside, and the steepness of this descent vary amongst the models. This unrealistically rapid descent
may be attributed to an overestimated downward motion over the southeast Atlantic in models, causing the aerosol plumes to
experience a sudden subsidence during transition from land to the ocean. The misrepresentation of aerosol absorption, which
can lead to inadequate heating in the plume layer and thus underestimated impact of self-lofting of plumes, may also
contribute to the too rapid descent. With the high-resolution UM meteorological fields used in NAME, we have been able to
identify the locations of efficient entrainment region over the southeast Atlantic using backward dispersion simulations for a
number of case studies. NAME simulations are also supported by the indications of entrainment from SEVIRTI retrievals,
suggesting that high-resolution meteorological fields from UM models could simulate the plume descent reasonably. The
identification of this efficient entrainment region provides a constraint on model predictions of BB smoke transport
processes over the southeast Atlantic. Coupling the analysis of air parcel history with SEVIRI-retrieved fields of cloud
properties also provides a way of following the subsequent effects of entrained BBAs on the cloud field and also the

influence of changing BL structure.

5 Conclusions and implications

In this study, we have characterized the vertical structures of aerosol and cloud properties over Ascension Island in the
remote southeast Atlantic during the CLARIFY-2017 aircraft campaign and investigated the response of clouds to observed
aerosols in the MBL. We have studied the sources of air parcels arriving at Ascension Island and provided detailed transport
information revealing the entrainment history of African air parcels over the southeast Atlantic. The main results of this
study are as follows:
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Vertically resolved mean values of Ng from aircraft measurements exhibited relatively constant values with altitude,
while R. increased with altitude, under both polluted and clean conditions. The polluted MBL had substantially enhanced Na
and CCN compared to the clean MBL over Ascension Island, resulting in increased Ng but decreased Re. The Ng and Re
values were observed to be strongly related to sub-cloud aerosol properties (sub-CCN; sub-Ng), whereas they were weakly
associated with smoke immediately above cloud. This indicates that primary activation of sub-cloud CCN was more
important in governing Nq values than secondary activation of CCN entrained at cloud top at the time of observation. We
also quantified the Ng or Re response to sub-N, as in previous studies (Ng ~ 2.7N.""!; Re ~ 38.5N,°2%). The disconnectedness
between cloud properties and above-cloud aerosol layer indicates that satellite-based observations of aerosol-cloud
interaction in this region may be subject to large uncertainty, as they are unable to resolve the aerosol properties below the
cloud layer, or the vertical profile of aerosol properties. This further highlights the importance of airborne in-situ
measurements in this region to provide direct observations of aerosol-cloud interaction.

We conducted backward simulations using the UK Met Office’s Numerical Atmospheric Modelling Environment
(NAME) and used the above-cloud aerosol column and cloud properties from the SEVIRI retrievals. In NAME, the
dispersion of air parcels backwards in time provides a framework for assessing the sources and transport pathways of these
air parcels before arrival at Ascension Island. NAME simulations allow a discrimination of air parcels at different layers to
derive the entrainment periods and regions of elevated air parcels into the MBL over the southeast Atlantic. The NAME
analysis benefits from high-resolution meteorological fields compared to previous transport studies in this region and
entrainment events can be well captured by the model. NAME results suggest that air parcels arriving at Ascension Island
can originate from both the FT and BL, demonstrating that there should be mixing between FT and BL air parcels over the
southeast Atlantic. The air parcels in the clean MBL over Ascension Island are predominantly from the oceanic region south
of 30°S, transporting clean air from the southeast to northwest over the southeast Atlantic. When FT air parcels are
transported from the African continent (22°S — 0°N), they can contain BB smoke and entrain into the MBL, which gives rise
to a BB-polluted MBL that is frequently observed over Ascension Island. By coupling the air parcel transport analysis to the
above-cloud aerosol and cloud properties from SEVIRI retrievals, we have been able to show that for clean cases there is
little evidence of entrainment of FT air parcels originating from the African continent whereas for polluted MBLs active
entrainment is co-located in space and time with aerosol layers in the above-cloud column, reinforcing the transport history
determined by NAME results. Our analysis suggests that efficient entrainment of elevated African BB smoke into the MBL
could happen multiple days before arrival at Ascension Island, mainly in the region to the west of 0°E during the CLARIFY
period. More case studies should be conducted to test this methodology and examine the entrainment patterns across
different months and years, to characterize a climatological area for entrainment over the southeast Atlantic.

We also determined the evolution of cloud properties as air parcels move through the southeast Atlantic before arrival at
Ascension Island in these case studies, using SEVIRI-retrieved Nq and R. co-located in space and time with the BL air parcel
instantaneous footprints from NAME simulations. We show that the increase in Ng can occur along the simulated air parcel
history when we have determined that effcient entrainment regions are co-located with above-cloud aerosol layer. The
evolution of Re is rather more complex, little overall change in Re occurs during the passge of air parcels through the
southeast Atlantic for the polluted cases whereas Re increases closer to Ascension Island for the clean case. It is suggested
that some other meterological factors such as the deepened CTH act to increase Re as the air parcels move through this
region, which is consistent with the changes in the clean case. This transition partly offsets expected reduction in R arising
from increased Nq due to BBAS entrainment in the polluted cases.

These results extend previous aerosol-cloud interaction studies to a wider region over the southeast Atlantic, which
provides important aerosol and cloud parameterizations in climate models to benefit the assessment of transported BBAs
effects on clouds and regional radiative forcing. It has been reported that models tend to overestimate the descent rate of FT

air parcels due to over-prediction of subsidence over the southeast Atlantic, causing BB layers to experience too rapid
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entrainment into the MBL during their transition from land to the ocean. This may lead to early entrainment of elevated
BBAs over the southeast Atlantic and an overestimation of MBL aerosol loadings in models, thus an overprediction of the
impacts of these BBAs in the eastern part of the region (e.g. Shinozuka et al., 2020). The cases in this study show that the
region of efficient entrainment is further west than that previously predicted in models, which offers an important constraint

to tune the transport processes of African BB smoke in models.
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Figure 1: Tracks of the CLARIFY flights used in this study, cloud sampling periods during tracks (Ng > 10 cm™3 and bulk LWC >
850 0.05 g m3) are marked in purple colour. The integrated spatial distribution of MODIS-detected fire counts in August 2017 are
also shown over Africa area.
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Figure 2: Vertical profiles of a) temperature (T, °C), b) relative humidity (RH, %), ¢) water vapor mixing ratio (q:, g kg™) and d)
theta (0, K) from all individual flights, using a height scale normalized by inversion height (zi).
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used single flights during CLARIFY. The red markers represent the release time for the three NAME cases.
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Figure 7: The 7-days back-dispersion of three cases from NAME simulations. Top horizontal panels are Case 1 released from 18
August 2017 at 12:00 UTC, middle horizontal panels are Case 2 released from 21 August 2017 at 12:00 UTC, bottom horizontal
panels are Case 3 released from 26 August 2017 at 12:00 UTC. Left panels represent the integrated air parcel dispersion results,
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dispersed air parcels in Fig. 8.
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Figure 9: SEVIRI-retrieved a) above-cloud AOT and b) COT across the region, at each mid-day during 5 days prior to, and also
including the start time of the NAME simulation for Case 3 (BB-polluted case). The SEVIRI-retrieved fields that are co-located
with the contemporaneous instanataneous BL horizontal footprints from NAME simulations are highlighted. From the left to
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before arrival at Ascension Island. The rightmost panels represent the data at arrival time of air parcels at Ascension Island.

24



900

905

0.4

0.2

AOT

0.0
30

20

COoT

10
600
400

Ny

200

30
20

Re

10

1.2
0.8

CTH (km)

o
A

N

16—

Hours from backward-analysis start

o /\
i AN /
-
1.(0) /
: / / )
] ~ NG g ~/
i e == A A =
1 () \ \
] NS N4 P o~
\// _/\/ — ST
i s o
—_— o o
J@ \/\ /-\
. h—*-./ /_“_\ \__’__'
_ == _ S —— il
1 (e) .
i D -T:_/ /\/ —
1 — S — o
24 48 72 96 120

—- Casel
0818 (polluted)

—8- Case2
0821 (clean)

—- Case 3
0826 (polluted)

Figure 10: The particle-weighted averaged SEVIRI a) above-cloud AOT, b) COT, c¢) Ng, d) Re and e) CTH for every 3 hour NAME
BL instantaneous footprints along the transport history, in terms of backward time, including three cases under the three senario

conditions.
05 5 = = =
(a) 0821 0822 0823 0824 0825
5 4 4 4 16
X 14
x x x x . x
] - 1rn | i
s B 50 .=
3 15 1 7 & 1 s 3
S 204 i 4 4 = 6
4
25 | - g e
-30 — E - :
T T T T T T T T T T T T
20 -10 0 2 -0 [ 10 20 -10 0 10 20 10 [ 10 -20 10 0 10
(b) °7Tos2i Tios22 ! ;0823 7 os24 0825
5] - 4 4 ? 600
x x x X ‘v Kty 500
=~ -0 - E g L 400
> LY i z
Y z
3 15 E - g *‘f _ 300
£ % 200
3 204 . 1 1 100
i)
-25 ‘h - . . i
30 X B e B !
T T T T T T T T T T T T T
20 10 [ 10 2 10 [ 10 20 -10 0 10 2 10 0 10 20 10 0 10

Longitude (°)

Longitude (°)

Longitude ()

Longitude (°)

Longitude ()

Longitude ()
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Table 1. CLARIFY aircraft flights used in this study.

Pollution

Flight Date Tal_<e-0ff Duration layer Time in_-
time (hours) (MBL/ET) cloud (min)

C028 16/08/2017 09:07 3:46 MBL 2:00
C029 17/08/2017 08:56 3:23 MBL 5:38
€030 17/08/2017 14:13 3:33 MBL 2:29
Co031 18/08/2017 11:59 3:43 MBL 4:00
C032 19/08/2017 10:01 3:43 MBL 33:24
€033 22/08/2017 08:54 3:45 FT 7:44
C034 23/08/2017 09:02 3:29 FT 1:20
C036 24/08/2017 09:03 3:02 FT 23:40
CO037 24/08/2017 13:46 3:07 FT 1:58
C038 25/08/2017 09:00 3:49 MBL&FT 14: 24
C039 25/08/2017 14:17 3:06 FT 7:43
C042 28/08/2017 08:55 3:28 MBL&FT 14: 18
C044 29/08/2017 08:54 3:50 MBL&FT 36: 34
C045 29/08/2017 14:10 3:06 MBL&FT 33:12
C046 30/08/2017 08:45 4:06 MBL&FT 11:46
Cco47 01/09/2017 08:56 2:50 MBL&FT 2:21
C048 01/09/2017 13:26 3:57 MBL&FT 26:02
C049 02/09/2017 08:56 3:43 MBL&FT 11:11
C050 04/09/2017 13:28 3:46 MBL&FT 29:47
C051 05/09/2017 08:58 3:14 MBL&FT 38:41

Table 2. The comparison of CCN activation ratios of BBAs in this and previous study

CCN

Region aerosol supersaturation CCN/aerosol reference
g range (um) P (%) ratio (%)
Transported African BBAs 0.1-3 0.2 5319 This stud
over Southeast Atlantic > 0.003 0.2 42 +10 y
African Wildfires over 01-3 0.36 68 Ross et al., 2003
continent
Transatlantic of African >0.01 0.2 57 Pohlker et al., 2018
BBAs over Amazon
Amazonia wildfires >0.01 0.2 39 Pohlker et al., 2018
Fresh BBA, North America >0.01 0.26 57+17  Lathemetal., 2013
boreal wildfire
Highly aged BBA, North >0.01 0.2 62 Zheng et al., 2020
America boreal wildfire
Transported aged BBA, >0.01 0.5 35 Lathem et al., 2013

Siberia boreal wildfire
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Figure S1: The cloud top height (Zt) and cloud base height (Zs) in each flight.
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Figure S2: The instantaneous horizontal air parcel fields at each mid-day during 4 days prior to the NAME start time for Cases 1
(released from 18 August 2017 at 12:00 UTC). Top panels represent air parcel dispersion results attributed to the FT; bottom
panel represent air parcel dispersion results attributed to the BL. From the left to right, the panels indicate the movement of air
parcels before arrival at Ascension Island. The black cross markers represent the release locations of Ascension Island. All plots

are shown in same colour scale.
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Figure S3: The instantaneous horizontal air parcel fields at each mid-day during 5 days prior to the NAME start time for Cases 2
(released from 21 August 2017 at 12:00 UTC). Top panels represent air parcel dispersion results attributed to the FT; bottom
panel represent air parcel dispersion results attributed to the BL. From the left to right, the panels indicate the movement of air
parcels before arrival at Ascension Island. The black cross markers represent the release locations of Ascension Island. All plots
are shown in same colour scale.
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Figure S4: The instantaneous horizontal air parcel fields at each mid-day during 5 days prior to the NAME start time for Cases 3
(released from 26 August 2017 at 12:00 UTC). Top panels represent air parcel dispersion results attributed to the FT; bottom
panel represent air parcel dispersion results attributed to the BL. From the left to right, the panels indicate the movement of air
parcels before arrival at Ascension Island. The black cross markers represent the release locations of Ascension Island. All plots
are shown in same colour scale.
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Figure S6: SEVIRI-retrieved a) above-cloud AOT and b) COT across the region, at each mid-day during 5 days prior to, and also
including the start time of the NAME simulation for Case 1 (BB-polluted case). The SEVIRI-retrieved fields that are co-located
with the contemporaneous instanataneous BL horizontal footprints from NAME simulations are highlighted. From the left to
right, the panels are presented chronologically to show the movement of air parcels through the SEVIRI aerosol and cloud fields
before arrival at Ascension Island. The rightmost panels represent the SEVIRI data at arrival time of air parcels at Ascension
Island.
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Figure S7: SEVIRI-retrieved a) above-cloud AOT and b) COT across the region, at each mid-day during 5 days prior to, and also
including the start time of the NAME simulation for Case 2 (clean case). The SEVIRI-retrieved fields that are co-located with the
contemporaneous instanataneous BL horizontal footprints from NAME simulations are highlighted. From the left to right, the
panels are presented chronologically to show the movement of air parcels through the SEVIRI aerosol and cloud fields before
arrival at Ascension Island. The rightmost panels represent the SEVIRI data at arrival time of air parcels at Ascension Island.
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Figure S8: The comparison between averaged SEVIRI-retrieved Na and Re along CLARIFY flight tracks and the top-layer
50 (highest 50 m layer) Na and Re calculated from CDP measurementss during CLARIFY, the box and wiskers represent 10, 25, 50,
75 and 90 percentile, the markers represent average values.
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Figure S9: SEVIRI retrieved a) Re and b) Nq across the region, at each mid-day during 5 days prior to, and also including the start
time of the NAME simulation for Case 1 (BB-polluted case). The SEVIRI-retrieved fields that are co-located with the

55 contemporaneous instanataneous BL horizontal footprints from NAME simulations are highlighted. From the left to right, the
panels are presented chronologically to show the movement of air parcels through the SEVIRI cloud fields before arrival at
Ascension Island. The rightmost panels represent the data at arrival time of air parcels at Ascension Island.
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Figure S10: SEVIRI retrieved a) Re and b) Na across the region, at each mid-day during 5 days prior to, and also including the

60 start time of the NAME simulation for Case 2 (clean case). The SEVIRI-retrieved fields that are co-located with the
contemporaneous instanataneous BL horizontal footprints from NAME simulations are highlighted. From the left to right, the
panels are presented chronologically to show the movement of air parcels through the SEVIRI cloud fields before arrival at
Ascension Island. The rightmost panels represent the data at arrival time of air parcels at Ascension Island.



4.4 Summary of other Findings from the projects

This section summarises some results from additional analysis or publications
that 1 have contributed to, complementing the investigation on the properties and
climate effects of African BB aerosols. These results are also derived from the
MOYA and CLARIFY projects, as well as the collaborative projects that are
contemporary with the CLARIFY study, i.e. the ORACLES and LASIC campaigns.

1) Additional analysis from the MOY A campaign

Additional analysis of the SSA during the MOY A campaign was conducted to
complement the characterisation of aerosol optical properties in paper 1. The
average SSAs were calculated based on the measurements from the PAS and CRD,
for sampled smoke aerosols at different ages. As seen in Fig. 4.1, the measured
SSAs show a wavelength dependence, with lower values at longer wavelengths,
which is similar to previous observations of African BB aerosols (Haywood et al.,
2003a, b; Pistone et al., 2019). The SSAs in freshly emitted plumes (<0.5 h) were
lost, since the extinction values were too high and exceeded the CRD measurement
range, but the values are predicted to be lower than that at an aerosol age of ~1 h.
The SSAs show an increasing trend during half-day transport at all measured
wavelengths. This is consistent with the SAFARI and Welgegund measurements at
near-source region of southern African wildfires (Abel et al., 2003; Vakkari et al.,
2014). The mass scattering coefficient (MSC) and MAC of submicron aerosols (m?
g 1) were calculated by dividing the measured scattering and absorption coefficients
by the total submicron aerosol mass concentration. The measured scattering
coefficient was calculated by subtracting the measured absorption coefficient
(measurements from the PAS) from the extinction (measurements from the CRD).
The average MSCpmz at 658 nm increased from (18.5 * 5.5) at an aerosol age of ~1
h to (29.7 + 4.3) after half-day transport, the corresponding average MACpwm: at 658
nm had a slight increase from (3.2 £ 0.4) close to source to (3.7 £ 0.4) after half-day
transport. The average MSCpm1 and MACpwm1 at other wavelengths had similar
increasing trends. The scattering enhancement of submicron aerosols was much
higher than the absorption enhancement during this ageing process. The increasing
SSAs were consistent with the enhanced scattering, likely due to the growing
particle size as shown in paper 1. Fig. 4.1 updates the comparison of SSA values
between recent studies of African BB aerosols at different ages, including
observations from in-situ measurements and remote sensing methods. This indicates
a novel evolution of SSA for African BB aerosols: there is an initial increase of SSA,
i.e. the timescales sampled during MOYA, then SSAs get lower for further aged
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African BB aerosols, i.e. ORACLES and CLARIFY regions. The low SSA of highly
aged African BB aerosols is discussed in paper 2, which is driven by high BC mass
fraction and MACgc values.

0.957 -5 CLARIFY-2017, FT plumes, all flights, PAS+CRD
] - CLARIFY-2017, BL plumes, all fights, PAS*CRD

1 MOYA-2017,~1 h, PAS+CRD
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Figure 4.1 The average SSAs observed during the MOYA-2017 and CLARIFY-
2017 campaigns, and comparison with other recent African BB studies (in-situ and
remote-sensing methods).

2) Additional analysis from the CLARIFY campaign

Another companion paper by Taylor et al. (2020) characterised the BC
microphysics and absorbing properties of highly aged African BB aerosols during
the CLARIFY campaign (Fig. 4.2), complementing the analysis of aerosol
properties in paper 2. The BC core sizes present no strong vertical trends, with a few
nm lower size in the MBL than in the FT. This may be due to the removal process
by drizzle in the MBL, as suggested in paper 2, which preferentially removes larger
particles. The vertical profiles of BC coatings (shell/core ratios) show that BC
coatings increased with altitude in the CLARIFY FT (Fig. 4.2). The thermodynamic
processing of inorganic nitrate has been discussed in paper 2, which is driven by
lower temperatures at the top of the BB aerosol layer and leads to an enhanced
nitrate mass fraction. The increasing fraction of condensed nitrates is indicated to be
internally mixed with existing particles, which is likely the driver of thicker BC
coatings at the top of the BB aerosol layer. The BC shell/core ratios in the MBL
show no strong vertical trends and close to the values in the lowest FT layer. After
BB aerosols entrain into the MBL, the sulfate from marine emissions is indicated to
be mostly externally mixed with BB aerosols (paper 2), thus contributing little to BC
coatings.

The average AAE4os 658 and AAEsi4 ¢53 0f highly aged African BB aerosols
during CLARIFY were calculated to be 1.13 and 0.88 respectively. BrC was
estimated to account for 11+2 % of total aerosol absorption at 405 nm. The
MACmeas-8c (measured aerosol absorption normalised to BC mass) of highly aged
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African BB aerosols presented no distinct vertical trends. The average MACmeas-Bc
values were 20 + 4, 15 + 3, and 12 + 2 m?g* at wavelengths of 405, 514, and 658
nm respectively, with equivalent absorption enhancements (Eass) of around 1.85 +
0.45 at all three wavelengths. Compared to the results observed during MOYA, the
AAE decreased to a low level after long-range transport, indicating that the initial
stage of BrC enhancement is followed by net loss. The MACmeas-8c and Eaps slightly
increased at 514 and 658 nm, but decreased at 405 nm, compared to that observed
during the MOY A campaign. Although the BC coatings of highly aged African BB
aerosols (shell/core ratio = 2.2-2.6) were further enhanced after the MOYA
evolution scale (shell/core ratio = 1.7), the lensing effects induced by BC coatings
were only slightly enhanced. This indicates that the lensing effect is not linear with
the BC coating thickness. The decrease at short wavelength may be due to the BrC
loss when African BB aerosols are further aged.
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Figure 4.2 CLARIFY-campaign average vertical profiles of BC properties and
MAC. The solid lines show the median and the shaded areas show the 25th and 75th
percentiles. Panels (a) and (b) show the count median diameter (CMD) and mass
median diameter (MMD) of BC core size distributions, and panel (c) shows the
vertical profile of the SP2 shell/core ratio. Panels (d)—(f) show the MAC and Eaps of
BB aerosols at 405, 514 and 658 nm respectively (Eabs were calculated by dividing
the measured MAC by the MAC for uncoated BC reported by Bond and Bergstrom
(2006), which is represented by the vertical dashed lines) (Taylor et al., 2020).

Taylor et al. (2020) also tested several optical models and absorption
parameterisations that took the measured BC mass and mixing state as inputs to
simulate MAC and AAE values. The results uniquely demonstrate the validity of
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semi-empirical parameterisations linking the BC mixing state to either the MAC or
absorption enhancement. The simulation of absorption properties under MOYA
conditions (paper 1) was based on this work. Future studies should also investigate
the impact of implementing these types of schemes within climate models.

The CLARIFY project also aims to challenge, validate, and improve satellite
retrievals of cloud and aerosol properties and their radiative impacts (Haywood et al.,
2021). The in-situ measurements of aerosol vertical profiles provide a great
opportunity to compare with column information from the satellite retrievals. For
example, spaceborne lidars such as the CALIOP mounted on CALIPSO satellites
can provide vertical information on the location of the aerosol and cloud layers.
Here, the vertical profiles of aerosol extinction coefficient were calculated when the
CALIPSO overpassed a grid box (2° x 2°) centred at Ascension Island during the
CLARIFY period. Fig. 4.3 shows the comparison of aerosol extinction coefficient
from the CALIPSO (CALIOP measurements) and the in-situ measurements
(EXSCALABAR) from the CLARIFY campaign. The CALIOP extinction
coefficients at low levels (i.e. BL layers) are shown to be generally higher than that
from the CLARIFY in-situ measurements, while the CALIOP extinction coefficients
at high levels (i.e. FT layers) are likely underestimated. The CALIPSO is a polar
orbiting satellite, and the orbit is nearly sun-synchronous, which can overpass the
area close to Ascension Island about twice a day. The ability of the satellite to
quantify aerosol properties in the MBL over the southeast Atlantic is also limited,
since the presence of intervening cloud layers brings significant challenges to
retrievals of aerosol properties. Thus, the data from the CALIPSO are limited both
temporally and spatially. Difference between the CALIPSO and in-situ
measurements may also because that the CALIPSO used average vertical profile
when overpassing the target grid box (2° x 2°, centred at Ascension Island) while
the in-situ measurements used point-to-point data (1-hz resolution). Some studies
also suggest that CALIPSO retrievals have the limitation of detecting the bottom of
the aerosol layer too high and thereby overestimate the above-cloud aerosol height
(e.g. Rajapakshe et al., 2017). Further work should be conducted to validate satellite
retrievals of aerosol and cloud information from the CLARIFY campaign.

80



6 —]
CALIPSO
5
4 —

3_

Altitude (km)

200

1 | | 150

(, W) wu geg Je uohounx

‘ ]
| M
0 - [ I . - 100
3 -
2—." | 1

SZI[EXSCAL'ABAR [ | "_ 1 |] ' “ " | | ZO
A Ty

4 -
2017/8/16 2017/8/21 2017/8/26 2017/8/31 2017/9/5
Date

Altitude (km)

Figure 4.3 Vertical profiles of aerosol extinction coefficient from the CALIPSO
(CALIOP measurements) and the in-situ measurements (EXSCALABAR) during
the CLARIFY period. The vertical profiles of aerosol extinction coefficient were
averaged when the CALIPSO overpassed a grid box (2° x 2°) centred at Ascension
Island during the CLARIFY period.

3) Comparison with simultaneous campaigns

The ORACLES campaign was conducted mainly in the westward of the
African continent and eastward of 0° E. The age of BB smoke during ORACLES is
between that of MOYA and CLARIFY, thus providing more details in the evolution
of African BB aerosols. Dobracki et al. (2022) reported the characterisation of
African BB aerosols during the ORACLES campaign. The ORACLES
measurements suggest that the ageing of OA continues between the time scale of the
MOYA and CLARIFY projects, indicating a much longer ageing period of OA than
previously suggested. The ageing of OA from 4 — 5 days to 9 days was observed to
induce approximately one-half of its mass loss. The corresponding OA/BC ratios
decreased from 14 to 10, significantly lower than many model predictions. This OA
mass loss, combined with relative stability in BC, caused the SSA (at 530 nm)
decreasing from 0.86 to 0.83 (Fig. 4.4), indicating an ~20% increase in solar
absorptivity of the BB aerosol layers. These observations partly explain the lower
SSAs for further aged BB aerosols in ORACLES and CLARIFY compared to the
near-source MOYA results. The relatively low SSAs from the ORACLES and
CLARIFY observations further support the persistence of strongly absorbing
African BB aerosols across wide southeast Atlantic region. The over-estimated SSA
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values in recent models are likely to mis-represent the climate effects of BB aerosols
over the southeast Atlantic.

Dobracki et al. (2022) also found vertical variability of African BB aerosol
properties in ORACLES region, due to the different transport ages of individual
aerosol layers at different altitudes. Thus, the variation in the extents of ageing, i.e.
the different extents of ageing induced OA loss, contributes to the vertical variation
in chemical composition and SSA. The inorganic nitrate effects discussed in paper 2
can also contribute to the vertical variability of aerosol properties in ORACLES
region. The ORACLES and CLARIFY observations indicate a ubiquitous vertical
variation in African BB aerosol properties over the broad region of southeast
Atlantic.

0.9
1

085 { 1 *$L $ I

o

m

<

[72]

9 08 A I I i
0.75

Days

Figure 4.4 As aerosol ages, SSA decreases and the relative contribution from BC
increases. The change is with respect to model-derived mean age for the selected
flights. Box-whisker plots represent the 10, 25, 50, 75, and 90 percentiles, with
mean values as red filled circles. Bottom plots are the corresponding bulk mass
fractional compositions of OA (green), NOz + SO4 + NHa4 (grey) and BC (black)
(Dobracki et al., 2022).

In order to compare and validate similar measurements of aerosol properties,
atmospheric radiation, and cloud microphysics between three simultaneous
campaigns (CLARIFY, ORACLES, LASIC), Barrett et al. (2022) conducted
intercomparisons to improve confidence that the three datasets are comparable.
Comparisons from flight segments on six days where the CLARIFY BAe-146 flew
alongside the ARM (Atmospheric Radiation Monitoring) mobile facility on
Ascension Island (LASIC) are presented, along with comparisons from wing-tip to
wing-tip flight of the ORACLES P3 and CLARIFY BAe-146 on August 18th 2017.
The observations of chemical composition compare well between airborne platforms
(CLARIFY and ORACLES), but less well for aircraft to ground-based observations.
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Size measurements compare well across all three platforms. For optical
measurements, absorption coefficients are comparable between three platforms,
however, scattering coefficients from ORACLES compare well with those from
CLARIFY while show worse agreement between ARM site (LASIC) and aircrafts.
The LASIC measurements of scattering coefficients are shown to be 74 % of those
from CLARIFY at 470 nm and only 40 % at 660 nm. Thus, as shown in paper 2, the
resultant average SSA values from CLARIFY BL levels are higher than those from
LASIC and show a less wavelength dependence.

Two possible explanations are suggested for the discrepancies in scattering
coefficients: 1) the aerosol population sampled at the ARM site (LASIC) is partly
different to that encountered by FAAM (CLARIFY), or 2) sampling artefacts
present other opportunities for modifying the sample. The ARM site is located over
land which does present opportunity for the introduction of aerosols not encountered
during the airborne sampling over the ocean. The CLARIFY EXSCALABAR
sampled downstream of a 1.3 pm aerodynamic diameter impactor and the LASIC
ARM site employed a 1.0 um aerodynamic impactor upstream of instruments.
Assuming the density of the sampled material to be 1.6 kg m~ (appropriate for BB
aerosol), the CLARIFY impactor has a physical cut size diameter (assuming
spherical particles) of approximately 1.0 um (within 3 %) (computed using
AEROCALC, Baron 2001). For the LASIC ARM site impactor, the physical cut size
diameter is approximately 0.78 um. Thus, differences between scattering
coefficients (and subsequently SSA) from LASIC and CLARIFY may partly stem
from this difference in the upper cut size of the impactors, especially where MBL
aerosols are present. Caution should be taken when comparing scattering
measurements and derived parameters (i.e. SSA) across campaigns.

4) Application in model

The measurements from these projects provide important constraints in climate
models. Gordon et al. (2020) have tested the Unified Model at a high-resolution
simulation, which is coupled with the two-moment aerosol (GLObal Model of
Aerosol Processes, GLOMAP) and cloud (Cloud AeroSol Interacting Microphysics,
CASIM) microphysics components. The resulting model results were compared
against the CLARIFY campaign data. Gordon et al. (2020) made additional
developments to the model based on the measurement data, including aerosol size
distributions, chemistry, scavenging and activation schemes. The new configuration
is intended to lead to improved simulations of aerosol-cloud interactions.
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Chapter 5

Conclusions

African seasonal BB is the largest source of global carbonaceous aerosols, and
these emissions significantly impact regional and global climate. The evaluation of
climate effects of these BB aerosols is dependent on the understanding of their
emissions, properties and distributions. However, the characterisation of African BB
aerosols is limited, particularly the observations in remote transport regions, and the
observations of aerosol optical properties and aerosol-cloud interaction. This thesis
aims to provide a comprehensive study of BB aerosols from African wildfires.

Two aircraft campaigns were conducted in African BB-related regions to
achieve the objectives of this study: 1) the MOYA campaign was designed to
investigate aerosol emissions and near-field evolution from west African BB; 2) the
CLARIFY campaign was designed to investigate highly aged African BB aerosols
in the remote transport region that originated from southern African wildfires,
including aerosol vertical distribution and important properties; 3) with similar
biomass fuel and MCE during the MOYA and CLARIFY campaigns, African BB
aerosols at different ages were investigated to describe how African BB aerosol
evolves during its lifetime; 4) the CLARIFY campaign also aims to investigate the
transport of southern African BB aerosols over the southeast Atlantic using an
airmass modelling environment with high-resolution meteorological fields, and their
interaction with clouds using both in-situ measurements and satellite retrievals.

The MOY A campaign results improve the observation of aerosol emissions and
properties from west African BB, with highly sensitive and accurate in-situ
measurements. This campaign further discusses the near-field evolution of African
BB aerosols, especially the ageing effects on the absorption properties of BC and
BrC. The CLARIFY campaign complements the characterisation of highly aged
African BB aerosols over the southeast Atlantic and suggests processes dominating
the vertical variation in aerosol properties. The two campaigns provide a broad-scale
picture of African BB aerosol properties during its lifetime, indicating some specific
evolution features and impacts of African BB aerosols. Furthermore, the CLARIFY
campaign improves the understanding of the transport history of southern African
BB aerosols, which suggests appropriate entrainment region over the southeast
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Atlantic. The CLARIFY campaign also extends previous aerosol-cloud interaction
studies to a wider region.

The unique results presented in this thesis make an important contribution to
the complement of African BB aerosol dataset and provide important aerosol and
cloud parameterisations for climate models, which will benefit the assessment of
African BB aerosol effects on clouds and regional radiative forcing. The following
chapter summarises the key research findings, discusses their implications and
makes recommendations for future work.

5.1 Summary of key findings

The MOY A campaign investigated emissions and a half-day evolution of smoke
aerosols from flaming-controlled BB in West Africa. BB aerosols emitted from such
wildfires are especially rich in BC content, with an estimation of the EFs of BC with
respect to CO (EFac) over the range of 0.25 — 0.49 g kg™*. The CLARIFY campaign
extends previous observations of southern African BB aerosols to a wider
geographical range and is a representative of highly aged African BB aerosol (>7
days). The MOYA and CLARIFY campaigns were both dominated by flaming-
controlled burning at source, which is indicated by similar MCEs and EFagc.
Biomass fuels are also broadly similar, consisting of savannah vegetation and
agricultural residue. These measurements from the first and second papers, coupled
with the collaborative projects (i.e. ORACLES) that are contemporary with the
CLARIFY study in this thesis, provide a broad picture of African BB aerosol
evolution after emission.

After emission, African BB aerosols undergo rapid evolution in chemical and
physical properties, as well as substantial changes in aerosol optical properties.
Similar to previous BB studies, this work observed continuously increasing bulk
aerosol size due to the condensation and coagulation processes, with an endpoint of
mean CMD (232 nm) observed during CLARIFY. Enhanced mass fractions of some
inorganic species (i.e. nitrate and sulfate) were observed due to the secondary
processing of co-emitted gases (NOx and SO). AMS spectra from the MOYA
campaign indicate the substantial decay of levoglucosan-like species and other
related POA, and the increase in OA oxidation state that is associated with the
ageing of POA and SOA formation. The ORACLES campaign suggests that this
ageing processing of OA along with OA mass loss continues for a longer period than
that expected from previous studies (Dobracki et al., 2022). CLARIFY OA was
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highly oxidised and characteristic of low-volatility material, and is likely insensitive
to further ageing.

For the first time, BC microphysical properties and aerosol optical properties
were characterised for African BB in detail, with highly sensitive and accurate
measurements. BC core sizes were observed to be relatively stable at different ages,
indicating that BC-BC coagulation events are likely to be minor after emission. The
BC demonstrates increasing internal mixing with other species after emission,
quantified using BC shell/core ratios. During MOYA, the median BC shell/core
ratios increased from 1.1 in the freshly emitted plumes (<0.5 h) to 1.7 after half-day
transport. It is expected that the development of particle mixing continues with
ageing after MOYA time scales. The BC shell/core ratios reached a main range of
(2.2 — 2.6) for highly aged African BB aerosols (Taylor et al., 2020).

The evolution of AAE provides insight into a new life picture of the BrC in
African BB smoke. BrC contributed only a minor fraction to total aerosol absorption
in the fresh African BB plumes (< 0.5 h). An initial stage of BrC net enhancement
was observed during the MOY A campaign, as indicated by the increasing AAE with
ageing. The estimated BrC contribution to total aerosol absorption shows an
increasing trend with ageing and is ~ 18-31 % at 405 nm after half-day transport.
The initial BrC net enhancement is likely from the oxidation of evaporated POA and
SOA formation. The AMS observations indicate that organic-linked nitrates can
contribute to the formed BrC. This initial BrC enhancement is assumed to be
followed by a decreasing AAE, as observed during ORACLES (Pistone et al., 2019)
and CLARIFY, indicating a BrC loss-dominant process (photo-bleaching through
photolysis and photo-oxidation). BrC contributed to ~11% of the total aerosol
absorption at 405 nm for highly aged African BB aerosols during CLARIFY (Taylor
et al., 2020), which represents the far-field long-lasting contribution to BrC.

The effect of ageing on MACmess-sc (the total aerosol absorption normalised to
BC mass), represented by the absorption enhancement (Eabs-mac), was also
estimated. Upon half-day ageing during the MOY A campaign, the average Eaps-mac
dramatically increased to 1.96, 1.78 and 1.7 at wavelengths of 405, 514, and 658 nm
respectively. This is due to the lensing effect of increasingly thick coatings on BC
and the absorption of BrC. In highly aged BB smoke during CLARIFY, the average
Eans-mac was around 1.85 at all measured wavelengths, which slightly increases at
514 and 658 nm but deceases at short wavelength when compared to MOYA. The
decrease at short wavelength may be due to the BrC loss when African BB aerosols
are further aged.
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MOYA observations show that the SSA experienced an increase stage after
emission due to the aerosol size growth, which is the same as previous African BB
studies. The SSA is likely to decrease when African BB aerosols are further aged, as
observed in far-field regions of ORACLES and CLARIFY. The OA mass loss
induced by further ageing is suggested to partly contribute to this decrease stage of
SSA. These measurements show that aged African BB aerosols remain strongly
absorbing over the wide southeast Atlantic region, which are generally more
absorbing than currently represented in climate models. This suggests an
underestimation of absorption for aged African BB aerosols, which will further
cause uncertainty in simulating their direct and semi-direct radiative effects.

Compared with other BB regions, the evolution of African BB aerosols after
emission shows the same trends of enhanced inorganic components, bulk aerosol
size, OA oxidation states and BC coating thickness. The temporal evolution of AAE
and BrC is different from previous BB studies, due to different burning conditions in
these cases. It is suggested that smouldering burning favours the formation of OA
and derives higher initial BrC fraction and AAE than flaming burning. The varying
emissions under different burning conditions contribute to the varying evolution
mechanisms of BrC. The SSA is expected to experience an initial increase stage
after emission, which is the same as other BB regions, however the SSA decreases
with further ageing, which is a new result for African BB.

The second paper and Dobracki et al. (2022) highlight a persistent feature of
vertical variation in aerosol properties of transported African BB smoke over the
southeast Atlantic. Individual aerosol layers at different altitudes are indicated to
have different transport ages over the southeast Atlantic. In the ORACLES region, it
is suggested that different extents of ageing induced OA loss mainly contribute to
the vertical variation in chemical composition and SSA. In the CLARIFY region,
OA is highly oxidised and aerosol properties are relatively insensitive to the ageing
time of OA. In the CLARIFY FT, the SSAs increased with altitude, which is
associated with an enhanced inorganic nitrate mass fraction and aerosol size, likely
resulting from the increased partitioning of nitrate to existing particles at higher
levels with lower temperature and higher RH. BB aerosols in the CLARIFY MBL
are essentially separate from the FT, which are affected by marine emissions
(marine sulfate and sea salt) and the possible aerosol removal by drizzle. BB
aerosols in the MBL were observed to be generally smaller in dry size than in the FT
and had a larger fraction of scattering material with resultant higher average dry
SSA.
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The third paper focuses on the transport and entrainment history of African BB
aerosols over the southeast Atlantic, which is based on the Numerical Atmospheric
Modelling Environment (NAME) that uses high-resolution meteorological fields. It
is shown that the efficient entrainment of FT smoke into the MBL could happen
multiple days before getting to Ascension Island and is approximately in the region
to the west of 0°E. The third paper also investigates the aerosol-cloud interactions
over the southeast Atlantic Ocean region. Aircraft measurements around Ascension
Island show that the entrained BB smoke resulted in a substantially enhanced N. and
CCN in the polluted MBL compared to the clean cases. This tends to simultaneously
increase Ng but decrease Re. The Ng and Re values were observed to be strongly
related to aerosol properties below cloud, whereas they were weakly associated with
the smoke immediately above cloud at the time of observation. This indicates that
primary activation of sub-cloud CCN was more important in governing Ng values
than secondary activation of CCN entrained at cloud top at the time of observation.
The Ng and Re response to sub-Na were quantified as in previous studies (Ng ~
2.7N>; Re ~ 38.5N, %2%). By coupling the NAME transport analysis and SEVIRI-
retrievals, this study is also able to track the cloud properties as the MBL air masses
advect across the southeast Atlantic before arriving at Ascension Island. In polluted
cases, the increase in Ng occurs along the air parcel history coincident with regions
of efficient entrainment, compared to clean cases. However, the evolution of Re is
more complex, which is also related to other factors such as cloud top height.

5.2 Implications and recommendations

The data presented in this thesis provide novel and unique field results for
better understanding the atmospheric properties and effects of African BB aerosols.
Given the significant contribution of African wildfires to global aerosol burden,
improving this understanding is crucial to provide a deeper insight into regional and
global climate system.

1) The MOYA campaign complements previous emission characterisation of
West African wildfires, and firstly investigated the evolution of BC microphysics
and aerosol absorption properties for African BB aerosol with highly sensitive and
accurate measurements. This study observed a specific temporal evolution of BrC in
African BB region, showing a minor contribution at source and an initial stage of
BrC net enhancement followed by a decrease to initial levels. This is different to
previous BB field studies of BrC that mainly focused on emissions from
smouldering fires, which have shown a high contribution from BrC at source and
BrC net loss upon ageing (e.g. Forrister et al., 2015; Wang et al., 2016). A recent
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laboratory study quantified the evolution of smoke under various initial burning
conditions (Cappa et al., 2020). Their results indicate an initial enhancement stage of
BrC for more flaming burning with lower initial OA/BC ratios, while a generally net
loss process of BrC for more smouldering burning with higher OA/BC ratios. Our
observations and comparison with previous field studies broadly support this
laboratory study, indicating that there are different emissions and evolution
mechanisms of BrC under different burning conditions.

Current models generally assume refractive index values for BrC to match the
observed absorption from limited laboratory or field measurements (i.e. Feng et al.,
2013; Brown et al., 2018). Some studies have also considered an ageing scheme
with the photochemical “whitening” of BrC (Brown et al., 2018; Wang et al., 2018).
When they extend the model assumptions constrained from limited observations to a
global simulation, it would cause large uncertainty, since BrC emissions and life
cycles vary with burning condition. Different treatments of BrC properties and their
evolution for different types of fires should be considered. The MOYA results
indicate a minor fraction of BrC at source, the net formation of BrC and following
loss processes should be represented in models when simulating African BB
aerosols. To provide better model constraints, more studies are required to
investigate this contribution of BB SOA formation to BrC and its absorptivity,
especially in a longer transport period and higher temporal resolution than the
MOYA campaign. The whitening scheme also needs to be further evaluated by
future measurements.

2) Key findings of the CLARIFY campaign suggest that highly aged African
BB aerosols over the remote southeast Atlantic are strongly absorbing and have
vertical variations in aerosol properties. Similar results were also observed near
offshore during the ORACLES campaign. These results show that aged African BB
aerosols are more absorbing than currently represented in climate models. This
overestimated SSA in climate models tends to yield underestimated aerosol
absorptivity and thus underestimated direct radiative effect of BB aerosols over the
southeast Atlantic. The underestimated heating of BB aerosols may further affect the
simulation of their semi-direct effect.

A likely persistent feature of vertical variation in aerosol properties over the
southeast Atlantic is also important for simulating the radiation budget in this region,
particularly important for the SSA variation. It is found by model experiments that
both the cloud response and semi-direct radiative effect increase for thinner and
denser overlying aerosol layers with lower SSA, and for overlying aerosol layers
closer to the inversion top (Herbert et al., 2020). If the vertical variation in SSA is
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neglected and a single SSA is used, the semi-direct effect of African BB aerosols
may be mis-represented. The above findings suggest that the climate effects of
African BB aerosols need re-assessment using these observational constraints in
future model studies. The sensitivity test to the vertical variation in aerosol chemical
composition and optical properties should be considered.

3) During the CLARIFY campaign, the measured optical properties are for dry
aerosols. It is well known that an increase in RH can result in an increase in aerosol
scattering, due to the impacts of hygroscopic growth on particle size and refractive
index (e.g. Zieger et al., 2013; Burgos et al., 2019). The effect of humidification on
aerosol absorption remains large uncertainty in recent studies, generally assuming
little or no increase in absorption for RH < 85 % and a significant enhancement at
high humidity (RH > 85 %) (e.g. Brem et al., 2012). In the CLARIFY region, the
RH increased with altitude in the BB-polluted FT and can reach to 70% at the top of
the BB layer, the RH in the BB-polluted MBL was mostly over 80 % and up to 95 %
at the BL top. An important impact of humidification on the optical properties of BB
aerosols is expected in the CLARIFY region. For example, a larger vertical variation
in wet SSA is expected than the measured dry SSA in the FT, as the aerosol
scattering can be enhanced at increased RH near the top of the BB layer. The wet
SSA in the MBL is more complex and uncertain, due to the opposite effects of
absorption and scattering enhancement at high humidity. Haslett et al. (2019b) has
reported substantial hygroscopic growth and increase in the wet AOD at high RH for
transported African BB aerosols. Future studies should consider and quantify the
humidification impacts on aerosol optical properties in African BB-impacted region.

4) A current issue in simulating the climate effects of African BB aerosols over
the southeast Atlantic is the misrepresentation of aerosol vertical profiles. The
smoke layers tend to descend too rapidly in current models, leading to an
unrealistically low altitude levels of simulated smoke layer when transported
offshore (Das et al., 2017; Gordon et al., 2018). This problem is likely related to an
over-prediction of subsidence over the southeast Atlantic and the magnitude of the
horizontal wind fields. Thus, modelled BB layers are likely to experience rapid
entrainment into the MBL during their transition from land to the ocean, leading to
an overestimation of MBL aerosols and hence a likely over-prediction of the impacts
of these aerosols on the cloud fields across the region, and a significant alteration in
the spatial extent of these impacts. With the high-resolution UM meteorological
fields used in NAME, it has been able to identify the efficient entrainment region
over the southeast Atlantic using backward dispersion simulations for a number of
case studies. The simulated region of efficient entrainment is considerably further
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west than previously predicted and offers an important constraint to tune the
transport processes of BB smoke over the southeast Atlantic in models. Model
simulations constrained by the in-situ measurements of aerosol vertical profiles and
the simulated efficient entrainment region should be tested in future studies. A test
of high-resolution meteorological fields in climate models is also needed to tune the
transport and entrainment history of African BB smoke.

5) This study shows that, over the remote southeast Atlantic, cloud properties in
the MBL are strongly correlated with aerosol properties below cloud rather than the
smoke immediately above cloud at the time of observation. This disconnectedness
between cloud properties and above-cloud smoke is assumed to be from the strong
capping inversion over the southeast Atlantic and also the time delay of the
entrainment process. These results indicate that satellite-based observations of
aerosol-cloud interaction in this region may induce large uncertainty, as it is unable
or with high uncertainty to separate aerosol properties in the MBL. This further
highlights the importance of airborne in-situ measurements in this region, to provide
direct observations of aerosol-cloud interaction. The CLARIFY campaign extends
previous aerosol-cloud interaction studies to a wider region over the southeast
Atlantic, providing important cloud and aerosol parameterisations for climate
models and benefiting the assessment of transported BB aerosol effects on clouds
and regional radiative forcing. Further model tests with these aerosol-cloud data are
needed. This study also establishes a methodology that couples the transport analysis
and satellite retrievals, to identify the entrainment history of African BB aerosols
across the southeast Atlantic region and also to examine the impacts of this
entrainment on cloud fields. More case studies should be conducted to test this
methodology and examine the entrainment patterns across different months and
years, to characterise a climatological area for entrainment over the southeast
Atlantic, not only for air masses that pollute the region in the vicinity of Ascension
Island.

6) Recently, geoengineering techniques are proposed to alter the environment
in ways that could reduce the effects of climate warming. Cloud seeding, one form
of geoengineering, involves dispersing particles in the atmosphere to encourage
precipitation. This study of aerosol-cloud interaction over the southeast Atlantic
region shows that the injection of particles would promote the formation of cloud
droplets while this leads to smaller cloud size. Measurements and simulations over
the southeast Atlantic region indicate that the resultant smaller size of cloud droplets
under polluted conditions is associated with longer cloud lifetime, resulting in the
suppression of precipitation (e.g. Painemal et al., 2014; Gordon et al., 2018). These
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imply that the cloud seeding may result in complex consequences (promote or
suppress precipitation) under different regional conditions. The application of
geoengineering techniques or cloud seeding has large uncertainty and should be
evaluated carefully.

5.3 Closing remarks

This thesis presents a detailed characterisation of BB aerosols from African
seasonal wildfires, which are the largest source of global carbonaceous particles and
climatologically important, yet largely under-represented in the literature. As the
population in African region continues developing rapidly in the coming years, BB
aerosols will also have potentially severe health impacts on this growing population.
The in-situ airborne measurements presented here provide detailed information on
the emissions and properties of African BB aerosols, and their impacts on regional
clouds. Observational results show some specific features of aerosol distributions
and properties during the evolution of African BB smoke. The prevalence of
strongly absorbing African BB aerosols across the wide transport region, which are
more absorbing than currently represented in models, indicates an underestimation
of absorption for aged African BB aerosols in current studies. These results suggest
that specific treatments for African BB aerosols should be considered when
evaluating their impacts, importing assumptions from elsewhere is unlikely to be
effective. Even when considering this project, African BB aerosols remain under-
studied. More elucidation is required across the lifetime of African BB aerosols,
regarding to their properties, transport pattern and climate impacts. Model studies of
aerosol transport and regional radiation interactions, which are constrained by the
measurements in this study, are particularly challenging but also important
directions of future study.
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Appendix A Publications and conference presentations
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