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Aerosol particles in the atmosphere scatter and absorb solar radiation, and thereby affect the Earth's energy budget, but
the magnitude of the overall radiative effect due to aerosol-radiation interactions is uncertain. In particular, the impact of
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variety of absorbing aerosols can be found in Asia and over adjacent oceans due to huge urban, biomass burning and
desert areas. This thesis focuses on the investigation of atmospheric aerosols over the northern Indian Ocean and Asia from
multiple perspectives. This includes surface and vertical observations of physical and chemical particle properties by in-situ
and remote sensing instruments as well as an investigation of the representation of absorbing aerosols in general circulation
models. One main focus is on the identification of BC-containing particles at the marine remote Maldives Climate
Observatory in Hanimaadhoo (MCOH) which is frequently influenced by continental air masses containing anthropogenic
aerosols. During an intensive field campaign, vertical measurements of aerosol particles were performed with a Lidar and
unmanned aerial vehicles. Elevated layers of absorbing aerosol above the marine boundary layer were found frequently
when air masses had their source over the northern Indian Peninsula. However, determining a complete profile of particle
absorption only from Lidar measurements is linked to high uncertainties. Long-term surface measurements of particle
absorption and scattering together with observations of aerosol chemical composition at MCOH are used to evaluate purely
optical methods for aerosol characterization. These optical methods are found to give reasonable estimates of particle
types but they can not replace detailed chemical measurements. An additional comparison study of various instruments for
determination of BC mass give potentially very diverse results, highlighting the complexity of the quantification of BCcontaining particles. The investigation of the representation of absorbing aerosols over Asia in general circulation models
reveals firstly that the particle absorption is generally underestimated in global climate models, and secondly that the range
in aerosol absorption determined from major changes of emissions, meteorology and particle optical properties can not
reach the large inter-model diversity.
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Abstract

Aerosol particles in the atmosphere scatter and absorb solar radiation, and
thereby affect the Earth’s energy budget, but the magnitude of the overall radiative effect due to aerosol-radiation interactions is uncertain. In particular,
the impact of absorbing aerosol particles, mainly black carbon (BC), organic
carbon and dust, is not completely understood. A large variety of absorbing
aerosols can be found in Asia and over adjacent oceans due to huge urban,
biomass burning and desert areas. This thesis focuses on the investigation of
atmospheric aerosols over the northern Indian Ocean and Asia from multiple
perspectives. This includes surface and vertical observations of physical and
chemical particle properties by in-situ and remote sensing instruments as well
as an investigation of the representation of absorbing aerosols in general circulation models. One main focus is on the identification of BC-containing
particles at the marine remote Maldives Climate Observatory in Hanimaadhoo (MCOH) which is frequently influenced by continental air masses containing anthropogenic aerosols. During an intensive field campaign, vertical
measurements of aerosol particles were performed with a Lidar and unmanned
aerial vehicles. Elevated layers of absorbing aerosol above the marine boundary layer were found frequently when air masses had their source over the
northern Indian Peninsula. However, determining a complete profile of particle absorption only from Lidar measurements is linked to high uncertainties.
Long-term surface measurements of particle absorption and scattering together
with observations of aerosol chemical composition at MCOH are used to evaluate purely optical methods for aerosol characterization. These optical methods
are found to give reasonable estimates of particle types but they can not replace
detailed chemical measurements. An additional comparison study of various
instruments for determination of BC mass give potentially very diverse results,
highlighting the complexity of the quantification of BC-containing particles.
The investigation of the representation of absorbing aerosols over Asia in general circulation models reveals firstly that the particle absorption is generally
underestimated in general circulation models, and secondly that the range in
aerosol absorption determined from major changes of emissions, meteorology
and particle optical properties can not reach the large inter-model diversity.

Sammanfattning

Aerosolpartiklar i atmosfären sprider och absorberar solstrålning och påverkar
därmed jordens energibalans. Den exakta omfattning av den totala effekten av
interaktion mellan aerosoler och strålning är dock inte känd. Särskilt effekterna av absorberande aerosolpartiklar, främst sot (black carbon, BC), organiskt
kol (OC) och damm är osäkra. Pågrund av utsläpp från urbana områden, ökenområden och biomassaförbränning, finns i Asien och över angränsande hav en
stor mängd olika absorberande aerosoler. I denna avhandling undersöks atmosfäriska aerosoler över norra Indiska oceanen och Asien, utifrån flera perspektiv. Detta inkluderar mark-observationer och vertikala mätningar av fysikaliska
och kemiska partikelegenskaper med hjälp av in-situ och fjärranalysinstrument
samt en undersökning av representationen av absorberande aerosoler i globala
klimatmodeller. Ett huvudfokus ligger på identifiering av BC-innehållande partiklar vid den marina mätstation Maldives Climate Observatory i Hanimaadhoo
(MCOH) som ofta påverkas av kontinentala luftmassor som innehåller antropogena aerosoler. Under en intensiv fältkampanj vid MCOH utfördes vertikala mätningar av aerosolpartiklar, med Lidar och obemannade flyplan, vilka
visar att skikt av absorberande aerosol ovanför det marina gränsskiktet var
vanliga när luftmassor hade sin källa över den norra Indiska subkontinenten.
Att bestämma en fullständig profil för partikelabsorption endast från Lidarmätningar är dock förknippat med stora osäkerheter. Långtidsmätningar av
partikelabsorption och spridning, tillsammans med observationer av aerosolkemisk sammansättning vid MCOH, används vidare för att utvärdera rent optiska
metoder för aerosolkarakterisering. Dessa optiska metoder visar sig ge rimliga
uppskattningar av partikeltyper, men de kan inte ersätta detaljerade kemiska
mätningar. En ytterligare jämförelsestudie av olika instrument för beräkning
av BC-massa ger väldigt olika resultat, vilket betonar komplexiteten i kvantifieringen av BC-innehållande partiklar. Undersökning av representationen av
absorberande aerosoler över Asien i globala klimatmodeller visar för det första
att partikelabsorptionen vanligtvis underskattas i globala klimatmodeller, och
för det andra att variationen i aerosolabsorption till följd av introducerade förändringar i utsläpp, meteorologi och optiska egenskaper av partiklar, är liten i
förhållande till skillnaden i aerosolabsorption mellan modeller.
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Abbreviations

AAE

Absorption Ångström Exponent

ABC

Atmospheric brown cloud

AERONET

Aerosol Robotic Network

AOD

Aerosol optical depth

AUAV

Automated unmanned aerial vehicles

BC

Black carbon

BrC

Brown carbon

CAM5.3

Community Atmosphere Model version 5.3

CARDEX

Cloud Aerosol Radiative Forcing Experiment

CCN

Cloud Condensation Nuclei

CPC

Condensation particle counter

EAE

Extinction Ångström Exponent

eBC

equivalent black carbon

EC

Elemental carbon

HYSPLIT

Hybrid Single-Particle Lagrangian Integrated Trajectory

IC

Ion Chromatography

INDOEX

Indian Ocean Experiment

MAC

Mass absorption coefficient

MCOH

Maldives Climate Observatory Hanimaadhoo

MODIS

Moderate Resolution Imaging Specrometer

NorESM

Norwegian Earth System Model

OC

Organic carbon

PAS

Photo-acoustic spectrometer

SAE

Scattering Ångström Exponent

SOA

Secondary organic aerosol

SSA

Single Scattering Albedo

1. Introduction

Aerosol particles are ubiquitous in our atmosphere. With their ability to absorb
and scatter light as well as their importance for cloud formation, they play an
essential role in the climate system (Boucher et al., 2013). With the industrial
revolution in the 19th century, anthropogenically-generated aerosol particles
started to influence the Earth’s radiative budget and air quality. The impact
of anthropogenic aerosol and trace gas emissions on human health were the
main concern in the beginning of the industrial era since major air pollution
events such as the ’Great Smog of London’ in 1952 caused a large number of
premature deaths (Weart, 2008). Today, the air quality in Europe and North
America has improved significantly but is still hazardous in many urban areas
around the world, especially in large parts of Asia where emissions are still
increasing (Granier et al., 2011).
Besides the obvious air quality issue, aerosol particles tend to cool the atmosphere since an increasing particle number concentration leads directly to
an increased backscattering of incoming solar radiation. Moreover, aerosols
are necessary for the formation of clouds because they serve as cloud condensation nuclei (CCN). If the number of CCN increases, for example due
to anthropogenic emissions, the cloud will consist of more numerous and
smaller cloud droplets assuming that the liquid water content stays constant.
This causes a higher cloud albedo and thus induces a cooling effect (Twomey,
1974). The overall negative radiative effect of aerosols currently masks part
of the warming of the atmosphere due to increased greenhouse gas emissions.
However, aerosols can also have a warming effect because of their ability to
absorb solar radiation. Nevertheless, radiation which is absorbed above the
boundary layer can still cause a solar dimming and cooling at the surface. The
total climatic effect of aerosols is linked to high uncertainties (Myhre et al.,
2013).
A great amount of diverse direct measurements of aerosol particles can
support a better understanding of their fundamental physical and chemical
properties. Furthermore, atmospheric measurements are utilized for evaluation of general circulation models, which are used to estimate the radiative
effect of aerosols and project the future climate. To improve the representation
of aerosol particles, it is important to obtain information about many different
aerosol types from as many places as possible. However, the distinct sepa13

ration of individual aerosol components is difficult for observations of mixed
aerosol populations.
This thesis focuses on measurements of ambient aerosol particles, which
are collected directly from the surrounding air. The aim is to gain as much
information as possible of particle chemical and physical properties from a
large set of long-term observations at the Maldives Climate Observatory Hanimaadhoo (MCOH) in the northern Indian Ocean. In particular, one goal is
to identify and characterize pollution aerosol which is transported from South
Asia over long distances towards the northern Indian Ocean. What is their
composition, optical properties and vertical distribution? When do high particle concentrations occur? Is there a trend in quantity of pollution aerosols over
the past decades? To this end, multiple surface and vertical in-situ as well as
remote sensing measurements of aerosol particles are utilized. Results from
an intensive field campaign, which was aimed at measuring vertical aerosol
profiles and detecting elevated aerosol layers, are presented in Paper I. Paper
II utilizes long-term surface measurements from MCOH of particle spectral
optical properties and chemical composition to evaluate purely optical aerosol
characterization methods which raises the question if detailed costly chemical
measurements can be replaced to some extent. One major component in this
thesis is the observation of black carbon (BC) particles which can be executed
in different ways but remains challenging, and Paper III investigates the differences of BC measurement techniques. Finally, to broaden the perspective
of the topic, Paper IV studies the representation of absorbing aerosols over
Asia in general circulation models. Sensitivity simulations in CAM5.3-Oslo,
a multi-model intercomparison and model-observation comparisons are used
to investigate possible model improvements connected to the representation of
absorbing aerosols over Asia.
To introduce the subject, an overview about aerosol formation, composition, related atmospheric processes and the aerosol climate effects is given in
Chapter 2. Why aerosols over Asia are so important and which role the Asian
monsoon plays is discussed in Chapter 3. Chapter 4 provides a detailed description of aerosol observations and its historical development followed by a
brief presentation of aerosol modelling in Chapter 5. A summary of the four
papers that are included in this thesis is presented in Chapter 6. In Chapter 7,
concluding remarks and an outlook on potential follow-up studies are given.
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2. Aerosols & their climate
effects

2.1

Aerosol sources, formation and chemical composition

Aerosols are tiny solid or liquid particles suspended in air, which range from a
few nanometers to micrometers in particle diameter (D p ) and thus are mostly
invisible to the naked eye. However, if aerosols appear in high concentrations
(particle number concentration can be up to 108 cm−3 ), they can significantly
affect visibility and air quality (Seinfeld and Pandis, 1998). Aerosol particles
have natural or anthropogenic sources and are ubiquitous in our atmosphere,
albeit with a large variation in temporal and spatial distribution. They originate from primary or secondary particle formation, i.e. they are either directly
emitted into the atmosphere as particles or they evolve from gas-to-particle
formation (Boucher, 2015).
Aerosols are typically characterized by their origin as well as their physical
and chemical features, which are often interdependent. Natural aerosol sources
are mainly oceans, deserts, vegetation and volcanoes; anthropogenic particles are emitted from incomplete combustion of fossil fuel or biomass burning whereas the latter can also be considered as a source for natural aerosols
(Boucher, 2015). The size, volume or mass of particles is often used for aerosol
classification and the particles can be split into Nucleation (up to D p = 10 nm in
particle diameter), Aitken (D p = 10 − 100 nm), Accumulation (D p = 100 nm −
1 µm) and Coarse mode (D p > 1 µm) (see Fig. 2.1). Typically, the particle number concentration is highest for submicron particles (fine mode) while
most of the mass of an aerosol population is found for supermicron particles
(coarse mode) (Seinfeld and Pandis, 1998). Aerosol particles consist of various
chemical components such as the inorganics sodium, chloride, sulfate, nitrate
or ammonium and carbonaceous material such as elemental and organic carbon (EC, OC) as well as biogenic material like pollen or bacteria and not least
water (Seinfeld and Pandis, 1998). Furthermore, aerosol populations are also
distinguished in external and internal mixtures. An external mixture is a population of individual chemically pure particles while an internal mixture implies
a composite of various components in one particle (Boucher, 2015).
Sea spray, as a part of marine aerosols, and mineral dust result from friction
15

Figure 2.1: Idealized schematic of an atmospheric particle number size distribution, including the aerosol modes with typical formation and removal processes.
Adapted from Seinfeld and Pandis (1998)

at the oceans or desert surface, respectively, and are thus primary-produced
particles which are typically found in the coarse mode. Sea spray consists
mostly of sodium chloride (NaCl) but can contain organics from biological
material in the oceans. Marine particles, however, can also originate from
gas-to-particle conversion, for instance from the emission of dimethyl sulfide
by phytoplankton and its subsequent conversion to sulfate which contributes
strongly to the Aitken and Accumulation mode in the marine boundary layer
(Charlson et al., 1987). Some main elements of mineral dust are sodium (Na),
calcium (Ca), iron (Fe), silicon (Si), potassium (K), magnesium (Mg). The
exact composition of mineral dust is highly dependent on the source region
(Formenti et al., 2011). Primary biogenic aerosols are emitted from vegetation
or organisms and include pollen, bacteria and spores which are coarse mode
particles while viruses and small bacteria are also found in the Accumulation
mode (Boucher, 2015). Sea spray and mineral dust together account for most
of the aerosol mass globally (Textor et al., 2006).
A large fraction of submicron aerosols originates from incomplete combustion of fossil fuel and biomass. While biomass burning aerosol can be
both natural and anthropogenic, aerosol from fossil fuel combustion is almost
solely connected to man-made emissions from industries, transportation and
power generation. The combustion of fossil fuels (coal, oil and gas) gives
rise to emissions of BC, OC and sulfur dioxide (SO2 ) which converts to sul16

fate particles. Biomass burning produces the same particle components plus
volatile organic compounds which serve as a precursor for secondary particle
production (Boucher, 2015).

2.2

Aerosol processes

Once the aerosol particles are emitted into the atmosphere or formed by nucleation (gas-to-particle conversion), they can be transported by winds over
long distances, influencing regions far away from the initial source. Mixing in
the boundary layer and convection leads to vertical transport of aerosol particles. The particles are exposed to several processes in the atmosphere which
can affect the number and mass concentration together with their chemical and
optical properties (Boucher, 2015).
Atmospheric processes foremost determine the residence time of aerosol
particles which typically ranges from hours up to 1-2 weeks (Seinfeld and
Pandis, 1998). Aerosol particles are subject to wet and dry deposition mainly
due to precipitation and gravitational sedimentation, respectively. Wet deposition, which is the most important particle sink for smaller anthropogenic particles (i.e. accumulation mode) can be separated into below-cloud and in-cloud
scavenging (Textor et al., 2006). In-cloud scavenging includes the activation
of aerosol particles as CCN which is one of the most important features of
aerosol particles. If particles are captured from falling hydrometeors, the process is called below-cloud scavening (Boucher, 2015). Additional fundamental
aerosol processes are coagulation, condensation and aqueous phase chemical
reactions. Coagulation is the merging of two or more particles due to e.g.
collision which leads to a reduction of the number concentration but keeps
the aerosol mass concentration constant. Low-volatile and semi-volatile compounds condense onto pre-existing particles and are thereby transformed from
the gas phase to the particle phase. This changes the aerosol mass but not the
particle number. A similar process can occur in cloud droplets when preferably sulfur dioxide is oxidized in the aqueous phase to form sulfate. After
evaporation, the aerosol mass is increased (Seinfeld and Pandis, 1998).
Distinct sources and relatively short residence time of aerosol particles lead
to a pronounced spatial distribution of aerosol particles. For instance, sulfates
from anthropogenic sources are dominant in the northern hemisphere while
mineral dust is most abundant over desert areas but can be also observed over
adjacent oceans such as e.g. Saharan dust events over the Atlantic Ocean. BC
and OC can be heavily concentrated over South America, Africa and Indonesia with a strong seasonality related to the biomass burning seasons (Hansen
et al., 1998). The aerosol mass concentration is typically decreasing exponentially with altitude, exhibiting the highest concentration in the boundary layer
17

(Seinfeld and Pandis, 1998). However, elevated aerosol layers in the free troposphere and above clouds can be present locally (Ramanathan et al., 2001).

2.3

Optical properties of aerosols

Aerosol particles have the ability to interact with incoming shortwave by scattering or absorption. The intensity of particle scattering or absorption is mostly
determined by the chemical composition. If the aerosol consists mainly of inorganics and water, the solar radiation is mostly scattered while BC, OC and
mineral dust can exhibit a significant absorption ability (Seinfeld and Pandis,
1998).
There are several ways to describe the optical properties of aerosols. The
scattering or absorption cross section (Cscat and Cabs [m−2 ]) gives the degree
of interaction of a single particle with the incoming radiation. Since Cscat and
Cabs are dependent on the size of the particle, the scattering and absorption
efficiency Qscat and Qabs , which are unitless, are determined by dividing Cscat
and Cabs with the geometric cross section of the particle (Seinfeld and Pandis, 1998). In order to assess the scattering or absorption ability of the whole
aerosol population, the cross section needs to be integrated over the particle
size distribution n(D p ), yielding the widely used scattering and absorption coefficient σscat and σabs (Eq. 2.1,2.2), respectively (Boucher, 2015).
σscat =

σabs =

Z ∞
πD2p
0

4

Z ∞
πD2p
0

4

Qscat (D p )n(D p )dD p [m−1 ]

(2.1)

Qabs (D p )n(D p )dD p [m−1 ]

(2.2)

The sum of absorption and scattering is called extinction σext (Eq. 2.3)
and is often used as a measure for the abundance of aerosol in the atmosphere.
When integrated over the column it is called the aerosol optical depth (AOD)
(Eq. 2.4).
σext = σscat + σabs [m−1 ]
(2.3)
Z T OA

AOD =

σext (z)dz

(2.4)

sur f

The particle scattering divided by the extinction is called the Single Scattering Albedo (SSA. Eq. 2.5) and often utilized as an indicator for the ratio
between scattering and absorption of an aerosol population.
SSA =
18

σscat
σext

(2.5)

These extensive optical properties can be strongly wavelength-dependent,
regulated by the size distribution and chemical composition of the aerosol.
Thus, the degree of wavelength dependence can inversely give information
about some of the physical and chemical properties of an aerosol population.
Therefor, the Ångström exponent is defined for scattering (SAE, Eq. 2.6),
absorption (AAE, Eq. 2.7) and extinction (EAE, Eq. 2.8):
log(σscat (λ1 )/σscat (λ2 ))
,
log(λ1 /λ2 )

(2.6)

AAE = −

log(σabs (λ1 )/σabs (λ2 ))
log(λ1 /λ2 )

(2.7)

EAE = −

log(σext (λ1 )/σext (λ2 ))
,
log(λ1 /λ2 )

(2.8)

SAE = −

The SAE gives information about the particle size; small SAE values indicate coarse mode particles and large SAE values smaller particles (Cazorla
et al., 2013). The AAE on the other hand can help to estimate the chemical composition of the particles, especially the absorbing components BC, OC
and dust (Russell et al., 2010). Since the extinction is usually dominated by
scattering, the EAE is often also connected to the particle size.
Another parameter to characterize the aerosol optical properties is the refractive index m which can be utilized to calculate σscat and σabs with information on particle size and shape. The refractive index is wavelength-dependent
and defined as a complex number:
m = n + ik

(2.9)

The real part n is a measure for the speed of light in the medium (> 1) and
the imaginary part k gives the rate of absorption (< 1). m is foremost dependent on the chemical composition and is well known for single components but
needs to be determined individually for internally mixed particles by calculating the volume-weighted refractive index of the different aerosol components
(Boucher, 2015).

2.4

Climate effects of aerosols

Aerosol particles have a strong effect on climate due to their optical properties and the ability to change cloud properties. With an increase in the anthropogenic aerosol concentration since pre-industrial times it is important to
determine their radiative forcing on the Earth’s energy budget. Figure 2.2 displays and this section describes different interactions of aerosols and clouds
with the incoming solar radiation.
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Figure 2.2: Aerosol-radiation and Aerosol-cloud interactions adapted from
Boucher et al. (2013)

Aerosol particles can have a direct effect by scattering incoming solar
radiation back to space or by absorbing the radiation (Fig. 2.2). This is
called aerosol-radiation interactions with an anthropogenic radiative forcing
that is typically negative about -0.35 W m2 on average, meaning that the Earthatmosphere system becomes cooler with more particles which to some extent
counteracts the strong positive radiative forcing of anthropogenic greenhouse
gases (Myhre et al., 2013). However, the absorption ability of certain particle
compounds has also a warming effect. BC, for instance, is thought to be the
second largest warming agent after carbon dioxide (CO2 ) (Ramanathan and
Carmichael, 2008). The radiative forcing due to aerosol-radiation interactions
is still uncertain because of various reasons, such as uncertainties in aerosol
composition and their optical properties, uncertainties in spatial and temporal
distribution of aerosols, insufficient knowledge about aerosol transformation
during atmospheric transport and also difficulties in separating aerosols of anthropogenic from natural origin (Boucher, 2015). Additionally, there are rapid
adjustments to aerosol-radiation interactions which influence the vertical temperature profile, as a result of e.g. absorption of solar radiation higher up in
the atmosphere and the reduction of incoming solar radiation at the surface.
This affects thermal stability, relative humidity and cloud formation. For instance, BC particles might influence cloud lifetime due to increased absorption inside or outside the cloud which might induce cloud evaporation or reversely strengthen the convection (Koch and Del Genio, 2010). Wilcox et al.
(2016) found furthermore that a polluted atmosphere over the ocean can lead
to decreased turbulence which causes a shallower marine boundary layer with
increased humidity and subsequently taller clouds. The rapid adjustments enhance the large uncertainties associated with aerosol-radiation interactions.
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Since aerosol particles can serve as CCN they are able to change the microphysical properties of clouds. The main process is the cloud albedo effect
which was first discovered by Twomey (1974). An increase in particle number due to anthropogenic emissions would lead to an increase in cloud droplet
number with smaller sizes if the liquid water content remains the same. More
numerous and smaller cloud droplets result in a higher albedo, hence a cooling
effect due to an increase in backscattered solar radiation; this process is one of
the so-called aerosol-cloud interactions (Boucher et al., 2013). Aerosol-cloud
interactions can furthermore lead to a number of rapid adjustments which exhibit large uncertainties. An increased concentration of smaller cloud droplets
might suppress precipitation and thus increase the cloud lifetime (Albrecht,
1989). An increased number of CCN could also delay the freezing of cloud
droplets in mixed phase clouds but depending on the aerosol size and composition it might as well stimulate a freezing process (Lohmann and Lesins,
2002). The total effective radiative forcing, including aerosol-radiation and
aerosol-cloud interactions and their respective rapid adjustments, is estimated
to be negative and ranges from -1.9 to -0.1 W m2 (Myhre et al., 2013).

2.5

Absorbing aerosols

Absorbing aerosols are of specific interest in current aerosol research since
their microphysical properties, especially the radiative impact on the atmosphere, are not fully constrained. As described above, absorbing aerosols are
important since they interact with radiation and with clouds; through their absorption of solar radiation they contribute strongly to atmospheric warming,
counteracting the general cooling effect of aerosols, and by warming an atmospheric layer they can also cause cloud dissipation which indirectly leads
to further warming. Absorbing aerosol components are BC, OC and mineral
dust whereas BC has the strongest positive radiative forcing which ranges from
+0.05 to +1.37 W m−2 (Myhre et al., 2013; Peng et al., 2016).

2.5.1

Black carbon (BC)

BC is emitted from incomplete combustion of fossil fuels and biomass burning. Once emitted, BC has a fractal morphology but will collapse with time
and may eventually also be coated with other aerosol compounds. BC can be
coated with non-absorbing material such as sulfate or ammonia but also with
OC as an additional absorbing component (Bond et al., 2013). When speaking
of BC, one has to be clear if it is defined by its chemical composition or optical properties since BC is actually just a qualitative term for light-absorbing
carbonaceous particles (Petzold et al., 2013). Many measurement instruments
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use the strong absorbing ability in the visible spectrum to identify BC particles
in the atmosphere (see Ch. 4 and Paper I-III). The absorption of BC particles
exhibits an inverse spectral dependence (proportional to λ −1 ), thus, the theoretical AAE is equal to 1 (Bergstrom and Hignett, 2002) but has in the real
atmosphere been found to range from 0.5-1.5 depending on ageing and coating (Liu et al., 2018). It has also been shown that coating leads to an increase
in absorption due to the so-called lensing effect. The estimated absorption
enhancement factor can be as high as 3 (Samset et al., 2018). Additionally,
the mass absorption coefficient (MAC) is often used as a parameter to define
the absorption strength per mass (m2 g−1 ) and is utilized in chemistry transport models to calculate the radiative effect of BC (Bond et al., 2013). The
BC MAC is wavelength-dependent and highly variable depending on the mixing state of BC containing particles with an empirical range from about 4-20
m2 g−1 (Zanatta et al., 2016). A MAC of 7.5 m2 g−1 for fresh and 12.5 m2 g−1
for aged BC particles for λ = 550 nm (Bond et al., 2013) is widely used to determine the equivalent BC (eBC) mass from particle absorption measurement
(see Paper III). In addition to the uncertainties in the fundamental properties of
BC, there is a shortage of direct measurements of vertical BC profiles which
is very important due to the effects on thermal stability of the atmosphere and
cloud lifetime (Koch and Del Genio, 2010; Vaishya et al., 2018).

2.5.2

Brown carbon

Brown carbon (BrC) is the light absorbing part of OC which shows stronger
absorption towards shorter wavelengths, making it appear with a brown or yellow color and giving an AAE greater than 1. The stronger wavelength dependence of BrC allows for differentiation from BC in observations (Kirchstetter
and Novakov, 2004, Paper II). The positive radiative forcing of BrC ranges
from +0.1 to +0.6 W m−2 (Samset et al., 2018). BrC originates mostly from
biomass burning but can also be emitted from incomplete combustion of fossil
fuels and be formed from gas-to-particle formation, and is then rather known
as secondary organic aerosol (SOA). Similar to BC, BrC is a term which describes the absorption properties but does not actually distinguish the chemical
composition of the aerosol particles. The degree of BrC absorption is highly
dependent on the burning conditions and especially the resulting ratio between
BC and OC (Saleh et al., 2014). The MAC of BrC is typically lower compared
to BC (Samset et al., 2018). How the absorption efficiency of BrC changes
during atmospheric transport is still under discussion in the scientific community. It is thought that the absorption of BrC declines with time which is called
photochemical bleaching (Dasari et al., 2019; Forrister et al., 2015). But also
the converse effect, a photochemical browning has been observed (Tsigaridis
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and Kanakidou, 2018).

2.5.3

Mineral dust

As described earlier, mineral dust is emitted by wind-induced friction of desert
surfaces and it accounts for a major fraction of the total aerosol mass in the atmosphere. In some regions, aerosol absorption is dominated by mineral dust
rather than BC or BrC. The ability to absorb results from the amount of the
iron oxides, hematite and geothite and their mass ratio (Samset et al., 2018).
The imaginary part of the refractive index of mineral dust, as an measure for
absorptivity, is highly dependent on the source region as it determines the
chemical composition, size distribution as well as particle shape (Petzold et al.,
2009) and has been found to range from 0.001 – 0.009 for 370 nm (Di Biagio
et al., 2019). The absorption efficiency depends furthermore on the wavelength
with stronger absorption towards shorter wavelengths, just as for BrC (Samset et al., 2018). Compared to BC and BrC, dust is present in a wider size
range and hence exhibits different climate effects. Submicron dust mainly has
a cooling effect, through scattering of shortwave radiation, while coarse mode
dust absorbs both in the shortwave and longwave part of the spectrum. It is
still uncertain if the radiative forcing of dust is negative or positive but current
estimates are as high as +0.2 W m−2 (Kok et al., 2017).
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3. Aerosols over Asia

Asia is the most populated region of the world with the fastest-growing economy and is thus strongly influenced by increasing anthropogenic aerosol emissions. But aerosols from natural sources such as dust or sea spray are also of
great importance for large parts of Asia. The spatio-temporal aerosol distribution is mainly controlled by the Asian monsoon which influences South Asia,
South East Asia and East Asia. The evolution of the Asian monsoon, its impact
on the aerosol distribution and vice versa is described briefly in the following
section, as well as regional aerosol emissions and trends.

3.1

Asian monsoon circulation and its influence on aerosol
distribution

The Asian monsoon is a result of the seasonal changes in incoming solar radiation; differential heating of land masses and the ocean lead to strong pressure
gradients which govern the prevailing wind directions and trigger the monsoon climate (Holton and Hakim, 2013). The monsoon is thereby linked to the
position of the intertropical convergence zone (ITCZ) which moves from the
equator in January to a maximum of 25◦ N over the Indian peninsula in July
(Wang, 2006). Figure 3.1 shows the major large-scale air mass flow during the
summer (June, July, August) and winter (December, January, February) monsoon over South Asia. The summer monsoon is characterized by an intensive
wet season with southwesterly winds which arise from strong pressure gradients between the rapidly heated land and cooler ocean. Over land, convection
and large-scale upward motion are induced already in the pre-monsoon season (April-May) which defines the onset of the summer monsoon (Li et al.,
2016, and references therein). The winter monsoon (also called dry monsoon)
has the opposite pattern with prevailing northeasterly winds in South Asia and
northwesterly winds in East Asia originating from the Siberian High. During
the northern hemispheric winter, the land cools much faster than the tropical
ocean which leads to the typical wind pattern, large-scale downward motion
and suppressed precipitation (Wang, 2006).
The strong seasonality provides a powerful control on the spatio-temporal
distribution of aerosols over the Asian monsoon region. Figure 3.2 shows the
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Figure 3.1: Asian summer and winter monsoon wind pattern, adapted from Pearson Prentice Hall, Inc. (2005)

seasonal AOD distribution over Asia determined from satellite measurements
averaged between 2000 and 2018. During the winter monsoon season, the
highest AOD is observed above the large urban areas, the Indo-Gangetic Plain
and Eastern China, due to large scale subsidence which traps anthropogenic
aerosols close to the surface (DJF in Fig. 3.2). North to northwesterly winds
induce further transport of urban aerosols over the oceans (Dey and Di Girolamo, 2010). The prevailing wind changes to westerly winds in spring (MAM),
which transports dust from the Arabian Peninsula and desert areas such as the
Thar and Gobi desert and leads to an increase in AOD east of them (Wang,
2006). But also the biomass burning season in South and South East Asia in
spring yields an increase in AOD. High wind speeds during the summer monsoon (JJA) result in strong emissions of sea spray which is transported towards
the coast and explains the high AOD over the Arabian Sea (Dey and Di Girolamo, 2010). High AOD over East Asia in summer might also be related to
high relative humidity which favours hygroscopic growth (Li et al., 2014).
The AOD distribution during the post-monsoon season (SON) is similar to the
winter season since meteorological conditions are comparable but with weaker
surface winds (Dey and Di Girolamo, 2010).
It should be noted that the particle number concentration has a different
seasonal variation. High aerosol number concentration is observed in urban
areas during the winter time while increased precipitation during the summer
monsoon leads to a decreasing particle number concentration in most regions
of East and South Asia (Li et al., 2016). Most studies conclude that the seasonality in aerosol distribution in Asia is mainly determined by the Asian monsoon
circulation and changes due to varying emissions are only secondary (e.g. Dey
and Di Girolamo, 2010). However, increasing emission trends over time affect
the mean aerosol concentration in the region (Moorthy et al., 2013).
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Figure 3.2: Averaged seasonal AOD measured from the MODIS instrument onboard Terra over Asia for 2000 –2018. The boxes correspond to South and East
Asia. Data from https://giovanni.gsfc.nasa.gov/giovanni/

3.2

Aerosol trends in Asia and their climatic impact

Asia is the largest source region of anthropogenic aerosols in the world, which
inevitably has an impact on the local climate (Li et al., 2016). Anthropogenic
emissions such as carbon dioxide, BC and sulfate are decreasing in response
to air quality regulations in Europe and North America since 1980 and 1990,
respectively, while the anthropogenic emissions in China and India have been
rising (Granier et al., 2011). Figure 3.3 shows the AOD timeseries for the four
seasons from 2000 to 2018 in East Asia (100 − 130◦ E, 15 − 45◦ N) and South
Asia (60 − 100◦ E, 5 − 35◦ N) to illustrate the AOD trend in the past decades
(see also Fig. 3.2 for the regions). A slight decreasing AOD trend in East Asia
is visible for all seasons in the past five years, reaching AOD values below
the levels of the year 2000. Especially the temporal evolution of AOD during
autumn and winter is an indicator for the trend of anthropogenic emissions
as the influence of natural aerosols is weaker during this period (see section
3.1). In contrast, the AOD over South Asia is still slightly increasing up to
today which is most likely connected to increasing emissions of anthropogenic
aerosols. Moorthy et al. (2013) also reports a significant positive trend in AOD
over India retrieved from long-term groundbased measurements with weaker
and inconsistent trends during the summer monsoon season.
In addition to the severe effects on air quality in urban areas in Asia, the
increase in aerosol concentration and especially absorbing aerosols influences
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Figure 3.3: Timeseries of seasonal mean AOD for East Asia (top) and South
Asia (bottom) from MODIS onboard Terra.

the climate of the region and the adjacent oceans. The most observed effect of
aerosols over Asia is the so-called solar dimming due to aerosol-radiation interactions as well as aerosol-cloud interactions, described in chapter 2.4. The
total reduction in solar radiation that reaches the surface is estimated to be between 10 and 25 W m−2 over India and between 15 and 45 W m−2 over China
(Li et al., 2016). Since there are more aerosols over the continent than over the
ocean, the radiative effect leads to a decrease in the land-ocean temperature
contrast and subsequently to a weakening of the Asian monsoon. The atmospheric heating due to absorbing aerosols in higher altitudes can also cause a
decrease in monsoon precipitation. Changes in CCN number and composition might further affect the clouds microphysics and convection (Ramanathan
et al., 2005). In contrast to that, Lau et al. (2006) proposed the ’elevated heat
pump’ theory where the increase in absorbing aerosols in the pre-monsoon season, including mineral dust, at the foothills of the Himalaya lead to a warming
in the lower troposphere and induces dry convection which in turn draws warm
and moist air over northern India which causes stronger precipitation.
The implications of increased aerosol concentration on the East Asian
monsoon are complex and mixed results have been presented (Li et al., 2016).
It has been found, for example, that the observed southward shift of the Pacific
intertropical convergence zone and hence a reduced precipitation over northern China is most likely connected to increased emissions in anthropogenic
aerosols (Dong et al., 2019).
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4. Observation of aerosols

Direct observations of aerosol particles are necessary to improve our understanding of their physical and chemical properties, their influence on clouds,
their transformation during transport and their climatic impact. General circulation models rely on observations, not only for comparison, but the representation of aerosol processes in the models are based on our current physical
understanding of aerosol processes and hence it is important to investigate various aerosol populations in different regions of the globe.

4.1

History of aerosol observations and their effects

Early records of aerosol observations are typically connected to volcanic eruptions and go back as far as 60 AD when the philosopher Seneca documented
a darkening of the atmosphere after an eruption (Husar, 2000). Already in the
18th century, the long range transport of these airborne volcanic particles and
even their climate effect was recognized. Benjamin Franklin noticed an unusual cold summer in France in 1783 and assumed a connection to the visible
’fog’ which he thought originated from an eruption in Iceland. The major volcanic eruptions of Tambora (1815) and Krakatau (1883) gave more evidence
that an increased concentration of scattering particles high up in the atmosphere can led to a cooling worldwide (Weart, 2008).
Besides volcanoes and windblown dust particles, it was observed during
the 19th century that thick layers of haze can be produced by combustion processes, such as agricultural peat burning in northern Europe, and that the haze
can be transported over great distances. Several scientists started to conduct
more observations and measurements to understand the physical laws behind
atmospheric aerosols. For instance, backward trajectory analysis was developed to determine more precisely the location of aerosol sources. Constantine
S. Rafinesque was a pioneer by expressing different hypotheses regarding the
formation as well as removal processes and behavior of atmospheric aerosol
particles. Around 1820, he described the difference between primary and secondary particle production (Husar, 2000). Around 1880, John Aitken started
the generation of systematic and quantitative measurements of atmospheric
aerosols, which verified the theories of Rafinesque. He developed an instru29

ment called dust counter to determine the concentration of particles in the atmosphere and performed over 1500 measurements all over Europe from 1889
to 1894 (Podzimek, 1989).
Many more instruments for observing physical and chemical aerosol properties were invented and eventually used globally in the beginning of the 20th
century. These measurements led to many theories which are still valid today
such as the Köhler theory describing the activation of aerosol particles to cloud
droplets (1936) or the discovery by Anders Ångström that aerosol particles are
able to scatter and absorb solar radiation (1920) (Podzimek, 2000). Based
on these findings, the influence of anthropogenic aerosols from combustion
processes was intensively studied during the second half of the 20th century;
resulting in the conclusion that aerosols lead to a cooling of the climate by
directly scattering solar radiation back to space (Bryson, 1968) as well as by
increasing the cloud albedo (Twomey, 1977). In the beginning of the 1970s,
the issue of aerosol-radiation interactions was handled by numerical computation for the first time (Rasool and Schneider, 1971).
Despite the progress in understanding aerosol effects on climate, there
were still many uncertainties promoting more direct measurements. In addition
to the already developed and further improved in-situ measurements, scientists
made use of the newly launched satellites. Since the middle of the 1970s,
satellite remote sensing technology has been developed to retrieve estimates of
aerosol parameters like AOD, particle absorption, fine and coarse mode particle fraction and the vertical distribution of aerosols (Lee et al., 2009). In the
1990s, Brent Holben invented a ground-based passive remote sensing method
for detecting the aerosol abundance in a column at a specific location on Earth,
the sun-photometer. Since the sun-photometer is a relatively cost effective
instrument, it was soon installed at many locations and the Aerosol Robotic
Network (AERONET) was established with measurement stations on every
continent and many remote locations such as small islands and even in the
Antarctic. AERONET data is now widely used for evaluation of satellite data
and modelling results (Holben et al., 1998).
In order to make model estimates of the aerosol climate effect more robust,
scientists have worked closely together internationally and performed several
large field campaigns in various areas of the world utilizing a wide range of
surface and airborne in-situ and remote sensing measurements. One of those
international field campaigns was the Indian Ocean Experiment (INDOEX)
in early 1999, led by Veerabhadran Ramanathan. They found that pollution
aerosol from southern Asia was transported over the Indian Ocean as an ’Atmospheric Brown Cloud’ (ABC) (Ramanathan et al., 2001). This result drew
attention to the fact, that aerosol particles do not only have a cooling effect but
can also heat the atmosphere while cooling the surface (see also Ch. 2.4).
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4.2

The Maldives Climate Observatory Hanimaadhoo

The Atmospheric Brown Cloud (ABC) project was initiated because the pollution in Asia was assessed to be of major significance for climate, human
health and agriculture after the aforementioned extensive measurement campaign INDOEX. Subsequently, the Maldives Climate Observatory Hanimaadhoo (MCOH) was founded through the ABC project and inaugurated in 2004.
MCOH is situated at the northern tip of Hanimaadhoo, one island of the Thiladhunmathi Atoll in the far north of the Maldives Republic (6.78◦ N, 73.18◦ E).
The island has a size of 3.11 km2 and only around 1800 inhabitants. Together
with the relative vicinity to the Asian continent, the observatory is a perfect
receptor site for measurements of pollution aerosols arriving from South Asia,
across the Arabian sea from the Middle East, or even from Africa (Ramana
and Ramanathan, 2006).
Presented results in this thesis are largely based on measurements performed during the field campaign CARDEX (Cloud Aerosol Radiative Forcing
Experiment) conducted in February and March 2012. As described in section
3, this is the dry monsoon period when air masses arrive from southern Asia.
In addition to the continuous measurements at the observatory, the focus of the
campaign was to measure vertical profiles of the atmosphere above MCOH.
Therefore, three light-weight autonomous unmanned aerial vehicles (AUAV)
were utilized to detect aerosols, clouds, radiation and turbulent fluxes in the
vertical up to 3km. Furthermore, remote sensing instruments such as a Lidar
and Microwave radiometer completed the set of vertical detection. In the following, the most important instruments which were utilized for this thesis are
presented.

4.3

In-situ observations

In-situ measurements are those which are performed directly at the location of
interest and the air mass passes through the instrument. These type of measurements are often used for aerosol optical properties and to determine the particle or droplet concentration. One common instrument to determine the particle
number concentration is the Condensation Particle Counter (CPC) which uses
an optical technique and is basically based on the Aitken dust counter (see Ch.
4.1). Particles that are drawn into the instrument are saturated with the working fluid n-butanol at an elevated temperature prior to the next unit where the
air mass is substantially cooled to induce condensation of n-butanol onto the
particles. The particles will grow in size up to D p = 10 µm. The air stream is
now directed through a nozzle in order to send one particle at a time into the
optical detection unit where a laser beam hits the particle. The induced scat31

tering signal is detected by a photodetector and together with the known flow
rate, a particle number concentration can be calculated. The advantage of the
CPC is that even particles initially as small as 10 nm can be detected. A disadvantage is that if the particle concentration is too high, more than one particle
at the same time might cross the detection volume which leads to an overlapping of the scattering signals and thus, the particles can not be distinguished.
Too small particles might get lost due to diffusion in the system and some particles might not be fully activated and thus not counted (Cheng, 2011). CPC
measurements from a TSI instrument, model 3022, are used in Paper I and II.
The integrating Nephelometer measures the scattering coefficient (σscat )
and hemispheric backscattering coefficient. The aerosol sample that is drawn
into the instrument is illuminated by a cosine-weighted diffuse halogen lamp
over an angle of 7◦ − 170◦ and three photomultiplier tubes measure the scattered light from the sample volume. The scattered light is geometrically integrated over the illuminating angle in order to calculate the particle scattering
coefficient (Anderson et al., 1996). Potential changes in light source or detector efficiency are continuously detected in order to correct for them if necessary. Furthermore, the Nephelometer data require correction for instrument
geometry characteristics and truncation errors (Anderson and Ogren, 1998).
In this thesis, a TSI Nephelometer model 3563 measuring particle scattering at
three wavelengths (450, 550, 700 nm) is utilized in Paper I to III.
An Aethalometer measures the particle absorption coefficient typically at
multiple wavelengths and provides an equivalent BC mass concentration. It is
one of several filter-based absorption measurement techniques where the atten-

Figure 4.1: Measurement principle of a) filter-based absorption measurement
techniques such as the Aethalometer or BC-photometer and b) a photo-acoustic
Spectrometer.
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uation of light through an aerosol-laden filter is calculated from the detected
intensities of light passing through the loaded and pristine part of the filter.
Figure 4.2a) shows a schematic of the principle of an Aethalometer. Aerosol
particles in the air mass which is drawn through the quartz filter will be deposited and increase the attenuation continuously. The absorption for each
time step is determined by comparing the attenuation from the prior measurements and by taking the passed air mass volume and filter area into account
(Hansen et al., 1984). Filter-based absorption measurements in general suffer from systematic errors. The determined attenuation is biased by multiple
scattering within the filter, scattering from the particles themselves and errors
connected to the degree of loading. There are several methods to correct for
these errors which often benefit from simultaneous particle scattering measurements (Arnott et al., 2005; Weingartner et al., 2003). Measurements of particle
absorption at multiple wavelengths are useful for determining the wavelength
dependence by calculating the AAE, which in turn gives information on the
chemical composition of the aerosol. A seven-wavelength Aethalometer (370,
430, 470, 520, 590, 700, 880 nm) from Magee (model AE-31) is mounted
at MCOH and a modified Aethalometer was deployed on an AUAV during
CARDEX. The Aetholometer measurements are a substantial part of this thesis and presented in Paper I to III.
The Photo-acoustic Spectrometer (PAS), on the other hand, uses a thermal technique to measure the particle absorption coefficient and equivalent
BC mass concentration, which is considered to be a more direct measurement
compared to filter-based techniques. Figure 4.2b) shows a schematic of the
PAS. The sample air is exposed to a laser beam and absorbing particles are
heated. This heat will rapidly be transferred to the surrounding air causing an
acoustic wave which is enhanced in the resonator section of the instrument.
A microphone detects the acoustic signal, with a high resolution of 1 second,
which is proportional to the degree of particle absorption (Lack et al., 2014).
Most instruments have a built-in reciprocal Nephelometer to also detect the
particle scattering and thereby determine the extinction and SSA (Lewis et al.,
2008). The reciprocal Nephelometer differs from the commonly integrating
version in that the light source (Laser) sends a parallel beam and the scattered light is detected with a cosine-weighted sensor. The PAS often measures
at a near-infrared wavelength such as 870 nm, and thereby detects primarily
BC, since BrC is assumed to absorb at shorter wavelengths. By using a dualwavelength PAS with additional measurements at 405 nm, for example, the
AAE and SAE can be determined, and information on particle size and composition of absorbing particle compounds can be obtained (Lewis et al., 2008).
The fast transfer from heat to acoustic wave works very well for small particles. For larger particles (D p > 2.5 µm), the heat transfer might be slower
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Figure 4.3: Timeseries of particle extinction profiles for March 22 – 24 2012
detected with a MiniMPL during the field campaign CARDEX.

also be used to detect clouds, wind and temperature. Lidar data used in this
thesis (Paper I) was obtained from measurements with a Mini Micro Pulse Lidar system (MiniMPL) from SigmaSpace with a single wavelength channel at
532 nm. The MiniMPL is based on the MPL system developed by Spinhirne
(1993) and detects the particle extinction profile in the near-range atmosphere
from about 250 m up to 15 km which can be used to determine the boundary
layer height as well as the cloud base height. Figure 4.3 shows an example of
a timeseries of the particle extinction coefficient measured with the MiniMPL
during CARDEX from March 22 to 24 2012. A clear increase in particle extinction in the boundary layer starting in the second half of March 23 is visible
and can be explained by a strong influence of mineral dust during that period.
In the free troposphere, occasional high particle extinction values are a sign of
elevated aerosol layers which are proved with backward trajectory analysis to
be transported from southern Asia (see Paper I).
The sun photometer is a ground-based passive remote sensor, measuring
the columnar integrated abundance of aerosols. The global AERONET project
uses a CIMEL multiband sun photometer which is essentially a radiometer
that measures the solar (and lunar) irradiance at 7 wavelengths (340 – 1640
nm) and sky radiance at 4 wavelengths (440 – 1200 nm). The sun irradiance
can be observed by direct orientation towards the sun. From that, a spectral
extinction can be calculated with the Beer-Lambert law and with estimated
attenuation from Rayleigh scattering and absorption by gases, the AOD can
be inferred. Radiation measurements along the solar principle plane and solar
almucantar allows for estimates of sky radiance at multiple scattering angles
(Holben et al., 1998). Developed inversion routines result in various aerosol
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products. In addition to the AOD, AERONET provides values for the AAOD,
fine and coarse mode fraction, size distribution as well as SSA (Dubovik et al.,
2002). AERONET data from MCOH are utilized in Paper I and II and from
many other stations all over Asia in Paper IV.

4.5

Post sampling measurements

Post sampling measurements are performed in a laboratory using filter samples
from the field. Those filters are exposed to an air mass flow for typically a few
hours to days and subsequently transported to a laboratory facility for analysis. One such lab-based instrument is the BC-photometer which is a custom
made filter-based instrument for measuring particle absorption and the equivalent BC mass. The BC photometer (original setup by Heintzenberg, 1988)
is in general comparable to the Aethalometer, measuring the attenuation of
light due to the accumulated particles on the filter (see Fig. 4.2). However,
the BC-photometer measures filter samples which have been exposed for 24 to
48 h. Hence, these are discrete measurements compared to continuous detection with other filter-based techniques (see also Paper III). Another difference
is the type of filter material. For BC-photometer measurements, a Nuclepore
polycarbonate membrane (PCMP) filter is used to decrease the chemical blank
values and errors connected to the length of the light path through the filter.
Moreover, there are direct measurements of backscattered light at an angle of
40◦ . One advantage of the prior filter sampling is that the same filter used in
the BC-photmeter can be used in Ion Chromatography analysis to determine
the composition of inorganic ions. In that way, the light scattering can be calculated from the content of non-absorbing material which is used as a separate
correction method in addition to the usual optical correction for filter loading,
multiple scattering and particle scattering (Engström and Leck, 2011). Ion
Chromatography (IC) is a common technique to separate and analyze anions
and cations from filter samples. The basic principle is based on the theory that
dissolved ions pass through a specific material at different rates. The sample
is added to a carrier solution which is sent through an appropriate material referred to as column. The ion amount is measured after passing through the
column and the time is detected. Each ion has a specific so-called retention
time and hence the ions (and its concentration) from the sample can be precisely separated (Dodds and Whiles, 2010). For this thesis (Paper II and III),
preprocessed IC data is utilized. The PCMB filter samples were first extracted
with deionized water and analyzed for major cations, anions and weak anions
with IC. The IC analysis yield concentrations for the anions sulfate, chlorine
−
−
and nitrate (SO2−
4 , Cl , NO3 ) and cations potassium, sodium, ammonium,
+
magnesium and calcium (K , Na+ , NH4+ , Mg2+ , Ca2+ ) (Engström and Leck,
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2011).
Another set of filter samples from MCOH were furthermore analyzed with
the thermo-optical transmission analysis which is a type of evolved gas analysis for determination of EC and OC mass (see Paper I – III). EC, as major compound of BC, is thermally highly stable and oxidizes at temperatures
above 470◦ (Lack et al., 2014; Petzold et al., 2013). This property is used in the
thermal-optical analysis by heating the sample in a non-oxidizing atmosphere
in order to volatilize other components such as inorganics and OC. The vaporized OC and remaining EC are separately oxidized to CO2 which is followed
by a reduction to methane. The methane is then detected by a flame ionization detector. The OC may char through the heating process and not volatilize
during that step, leading to it being incorrectly measured as EC. Therefore, the
light transmittance through the filter sample is also detected and as soon as OC
has formed char, the light transmission decreases and indicates the interference
of OC (Lack et al., 2014, and references therein).
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5. Modeling of aerosols

Numerical models are useful tools for understanding physical processes in the
atmosphere and oceans, as well as for making projections of the future climate.
Currently, aerosol particles are represented in many state-of-the-art general
circulation models, at least in a basic way, allowing studies of aerosol-cloudradiation interactions and their effects on climate. High resolution chemical
transport models are typically used to understand the microphysical and chemical transformation processes in more detail. In the following, the representation of aerosols in general circulation models and the calculation of aerosolradiation interactions is briefly introduced. The modeling of aerosol-cloud
interactions and their uncertainties are not described here since these are not
focus of the thesis.

5.1

Representation of aerosols in general circulation models

General circulation models make use of the fundamental principles of the conservation of mass, energy and momentum to obtain the equations of motion
in the atmosphere and oceans. These non-linear equations can only be solved
numerically and have to be discretized in space and time. In each grid point,
basic properties like the temperature, pressure, relative humidity, wind and
radiation, and their evolution in time, are progressively calculated. General
circulation models are three dimensional and exhibit a rather coarse horizontal
and vertical resolution compared to numerical weather forecast and chemical
transport models. Small-scale processes such as cloud formation and aerosol
transformation can not be resolved and have to be parameterized (Boucher
et al., 2013). With a parameterization, a small-scale process which can not be
resolved in the model is represented as a function of variables that are calculated explicitly. For example, the formation of cloud droplets can be described
as a function of the relative humidity in the grid cell (Stensrud, 2007).
In climate models, only a few aerosol types are typically represented, including sulfate, BC, OC, sea salt and mineral dust. In order to consider aerosols
in models and to determine e.g. their atmospheric residence time, the sources
and sinks as well as transport and transformation processes of aerosol parti39

cles need to be parameterized. The aerosol life-cycle in models starts with
the emissions. The source of anthropogenic aerosols (typically sulfate, BC,
OC) are based on emission inventories utilizing for example the documented
usage of fossil fuels and biofuels by economic sector for a location at a given
time. The emissions of aerosols from fires are estimated from e.g. the extent
of burned surfaces, observed by satellites. Emissions of mineral dust and sea
salt are often calculated in the model from surface friction as a function of the
wind speed. Moreover, selected aerosol precursors such as DMS or volatile organic compounds are included in many global models using parameterizations
of fluxes from the ocean or vegetation surface, respectively (Boucher, 2015).
Aerosol processes included in general circulation models are typically nucleation, condensation, coagulation, cloud droplet activation and aqueous phase
particle formation in clouds. Parameterized sinks are wet deposition, including
in-cloud and below-cloud scavenging and dry deposition. Moreover, aerosol
transport is realized in the model by advection due to winds, turbulent mixing
and convection. Depending on the need or model performance, there are three
different approaches to model the evolution of an aerosol population. With
a bulk approach, only the aerosol mass concentration is calculated. With the
sectional approach, the aerosol size distribution is represented by a specific
number of size bins. With the modal approach, the aerosol size distribution
is represented by a certain number of modes with specific chemical properties
and the mass and number concentration within each mode is explicitly calculated (Boucher, 2015).
Aerosol-radiation interactions are typically modeled based on Mie-Theory
that needs a size distribution of spherical particles and the complex refractive
index of the aerosol type as an input. Depending on the representation of the
aerosol mixing state in the individual model, the refractive index needs to be
calculated from volume-mixing rules (Seland et al., 2008). The inputs used for
the calculation of aerosol-radiation interactions are all potentially imperfect if
compared to reality, leading to high uncertainties in estimates of radiative forcing and large model differences. Some common problems of aerosol modelling
are discussed in the following.
Firstly, all particles are assumed to be spherical when applying Mie-Theory
which is often not always true for sea spray or dust, for instance. Secondly,
some models assume only external mixing for specific aerosol types. If internal mixing is represented, this can be homogeneous or realized with a more
realistic core-shell particle structure. For BC for example, the mixing state can
influence the ability to serve as a CCN. The absorption strength through the
lensing effect may also be affected (see Ch. 2). Thirdly, the complex refractive index of individual aerosol types is typically fixed to a wavelength dependent value for general circulation models. Even though internal mixing allows
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for a varying complex refractive index, the emitted aerosol particles exhibit a
wide range of optical properties, for instance depending on the composition
of dust or the burning conditions of vegetation fires (Kok et al., 2017; Saleh
et al., 2014). Furthermore, the ability to absorb light might change during the
lifetime of an aerosol due to photochemical processes which is typically not
represented in global models (Brown et al., 2018). Lastly, in addition to the
difficulties in representing aerosol-radiation interactions, which are the focus
of this thesis, the parameterized representation of aerosol-cloud interactions
and subsequent adjustments are problematic, leading to a wide range of model
estimates of their effective radiative forcing (Myhre et al., 2013, see 2.4).

5.1.1

CAM5.3-Oslo

In paper IV, CAM5.3-Oslo, the atmospheric component of the Norwegian
Earth System Model (NorESM), is used to investigate the representation of
absorbing aerosols. The atmospheric component CAM5.3-Oslo is based on
the Community Atmosphere Model (CAM) version 5.3. The model has a horizontal resolution of 0.9◦ (latitude) by 1.25◦ (longitude) and 30 vertical layers
and is coupled to OsloAero5.3 which is a sophisticated ’production tagged’
aerosol module. Aerosol types represented in CAM5.3-Oslo are BC, primary
and secondary organic aerosols (OA), sea salt, dust and sulfate. Sea salt and
dust emissions are calculated from surface wind speed and sea-surface temperature. The emissions of secondary organic aerosols is also calculated online.
Anthropogenic emissions of BC, OA and sulfate are obtained from emission
inventories (Kirkevåg et al., 2018).
Aerosol processes considered in the model are for instance coagulation,
condensation and cloud processing which changes the aerosol size distribution
and optical properties. However, these processes are calculated based on lookup tables which are obtained from offline calculations with a size-resolving
aerosol model. The resulting aerosol size distributions from the size-resolved
model are stored in the look-up tables with information of the production or
process type (Seland et al., 2008). Removal processes of aerosols are dry
and wet deposition, including in-cloud and below-cloud scavenging. Optical properties of a variety of possible size distributions with different chemical
composition are also calculated offline and stored in look-up tables (Kirkevåg
et al., 2018). As described above, each compound has a specific wavelengthdependent complex refractive index to calculate the optical properties. In
CAM5.3-Oslo, sulfate and sea spray are defined as fully scattering, while OA
and mineral dust are slightly absorbing and BC absorbs strongly in the solar
part of the spectrum. Internal mixtures are possible and a new refractive index is calculated with the Maxwell-Garnett rule (volume-mixing rule) (Seland
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et al., 2008). The model also accounts for different aerosol-cloud-radiation interactions, for example the cloud albedo effect and its adjustments (Kirkevåg
et al., 2018). In CAM5.3-Oslo, it is possible to perform simulations that are
nudged to reanalysis data which is utilized in Paper IV.

42

6. Summary of the Papers
included in the thesis

6.1

Paper I

Paper I analyzes vertical distribution of aerosol particles above the northern
Indian Ocean during the dry monsoon season. Measurements of optical and
microphysical particle properties from the Cloud Aerosol Radiative Forcing
Experiment (CARDEX) at MCOH are utilized. CARDEX was conducted in
February and March 2012 when air masses typically were advected from the
Indian subcontinent and desert regions over e.g. the Arabian peninsula, Pakistan and Iran. With autonomous unmanned aerial vehicles (AUAV) and a
Mini Micro Pulse Lidar (miniMPL), vertical profiles of aerosol particle concentration, absorption and extinction were measured, and recurring elevated
aerosol layers with a particle number concentration up to three times as high
as at the surface were detected frequently. These elevated aerosol layers were
observed mainly when air masses arrived across the Bay of Bengal from the
Indo-Gangetic Plain. Furthermore, a method was developed to determine an
particle absorption and eBC mass vertical profile from MiniMPL observations.
The method is found to be associated with large uncertainties mainly due to
the inaccuracy of SSA estimates for the different air masses and height levels. However, the magnitude and structure of the particle absorption profile are
found to be comparable to the vertical in-situ measurements.

6.2

Paper II

This study investigates aerosol classification methods, which only use measurements of spectral particle absorption and scattering (i.e. SAE and AAE).
A long-term in-situ data set from MCOH (as a marine site) is utilized to evaluate the methods by Cazorla et al. (2013) and Costabile et al. (2013) with
concurrent chemical measurements and air mass origin analysis. The aerosol
classification method by Cazorla et al. (2013) gives reasonable results with respect to the chemical composition and air mass source whereas the approach
by Costabile et al. (2013) is less applicable for the aged and humidified aerosol
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population at MCOH. In general, we find that the size can be determined quite
well based on the SAE for both methods while the composition identification from AAE calculations is linked to larger uncertainties. It is moreover
shown that an underlying marine aerosol type should always be considered
when applying these type of methods for maritime observatories or in a coastal
area; otherwise the results might be misleading to another aerosol type. Miecalculations were used to show the influence of high relative humidity on the
aerosol characterization method by Costabile et al. (2013).

6.3

Paper III

As shown in Chapter 4, there are several techniques to determine the BC mass
and each exhibits its own limitations. Concurrent measurements of aerosol
absorption and chemical composition at MCOH are used in paper III to evaluate the difference in retrieved particle absorption and BC mass depending on
the utilized instrument and measurement technique. Measurements from an
Aethalometer, BC photometer, Photo-acoustic Spectrometer (PAS) and results
from a thermal-optical transmission analyzer were compared. The corrected
particle absorption coefficients are found to differ occasionally by more than
100%. The correction methods applied for the filter-based Aethalometer instrument are found to play a minor role for the obtained differences in particle
absorption, compared to the choice of measurement technique. Overall, the
Aethalometer and PAS show the best agreement whereas the BC photometer
deviates from the other estimates. However, the temporal evolution of the absorption coefficient is similar for the Aethalometer, BC photometer and PAS.

6.4

Paper IV

The representation of absorbing aerosols in general circulation models is investigated in paper IV. Studying four different models, it is found that the particle
absorption is in many cases underestimated, compared to observations. The
inter-model comparison shows a large diversity in aerosol absorption which
is mainly dependent on the differences in aerosol column burden. Furthermore, sensitivity simulations with the general circulation model CAM5.3-Oslo
performed in a nudged configuration to identify processes and properties that
strongly influence the particle absorption. It is found that changes in aerosol
emissions, represented by two different versions of emission data sets, and
meteorology, represented by two different reanalysis versions used for driving
the model, have the largest impact on the total absorption AOD. The burden
of mineral dust is high in CAM5.3-Oslo compared to the other investigated
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models, and thus the aerosol absorption responds strongly to changes in the
optical properties of dust in this model. For specific locations, the inter-model
spread is found often to be larger than the range produced by sensitivity tests,
and varying specific parameters, within CAM5.3-Oslo.
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7. Conclusion and outlook

Aerosol particles influence the energy budget of the Earth by scattering and
absorbing incoming solar radiation and by affecting the radiative properties of
clouds. It is in particular interesting how anthropogenically-generated aerosols
influence the climate. In Asia, anthropogenic aerosol emissions are currently
the highest in the world. This thesis adresses properties and transport of Asian
aerosols, which is, to a large extent, approached by direct observations of
aerosols at a remote observatory in the northern Indian Ocean. A large variety of measurements were utilized to determine physical and chemical particle
properties at the surface and in the vertical, both from in-situ and remote sensing instruments. These particle properties were linked to the air mass source,
determined from backward trajectory analysis.
It was confirmed that the aerosol distribution over the northern Indian
Ocean is influenced by the monsoon seasons with high concentrations of anthropogenic aerosols during the winter season and particles of marine origin
during summer. Moreover, it was shown that elevated aerosol layers, with
even higher particle concentration than air masses close to the surface, occur
frequently during the winter and pre-monsoon season when air masses arrive
from northern India. Further, an apparent increase in occurence of elevated
aerosol layer events over the past decade was found. Since it has been previously shown that atmospheric warming and surface dimming due to elevated
absorbing aerosols might influence the strength of the Asian monsoon, it is
important to study vertical aerosol profiles regularly and not only on campaign basis in order to determine their potential trends and radiative effects.
One way would be to utilize long-term measurements from the space borne
lidar CALIOP similar to the study by Prijith et al. (2016) but with further information about absorbing aerosols, such as the vertical distribution of SSA
presented in Vaishya et al. (2018).
We found furthermore that purely optical methods for aerosol type characterization give indeed reasonable estimates of aerosol types but can not replace chemical measurements, at least not for the remote marine observatory
MCOH. It would be desirable to perform more evaluation studies with simultaneous measurements of particle chemical composition at various locations to
reduce uncertainties and misclassifications of aerosol types. The results from
many different measurement instruments presented in this thesis continually
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lead to the questions: Are the results comparable? What are the uncertainties
of the measurements? Here, it was shown that the retrieved values of particle
absorption and BC mass of ambient aerosol particles exhibit substantial differences and large individual variations. If used for comparison reasons, these
results need to be treated with caution. However, depending on the purpose,
each instrument yields usable results; the temporal evolution, for instance, is
comparable for all measurements which provides valuable information about
the occurrence of pollution events.
In order to broaden the perspective from an observational point, the representation of absorbing aerosols over Asia in general circulation models was
investigated. This study showed that the modeled particle absorption is very
sensitive to the aerosol emission inventories, the simulated or prescribed meteorology as well as the specified absorption ability of dust. The difference
in particle absorption between different models is shown to be higher than
the spread obtained from different sensitivity experiments performed with one
specific general circulation model (CAM5.3-Oslo). This suggests that the parameterized fundamental physical processes such as deposition, emissions and
condensation play a major role for the modeled uncertainty in aerosol absorption. As discussed in chapter 3, aerosols over Asia depend strongly on the
Asian monsoon. Thus, it would be interesting to additionally investigate the
model representation of absorbing aerosols over Asia for every season for multiple years. The aerosol modeling study makes it clear that it is not feasible
for general circulation models, and perhaps not even desirable, to explicitly
resolve all the physical and chemical complexity that is provided by direct
aerosol observations. The primary focus should be on improving the parameterizations that contribute to the largest model uncertainty in terms of aerosol
burden and aerosol climate effects.
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Abstract. A detailed analysis of optical and microphysical
properties of aerosol particles during the dry winter monsoon
season above the northern Indian Ocean is presented. The
Cloud Aerosol Radiative Forcing Experiment (CARDEX),
conducted from 16 February to 30 March 2012 at the Maldives Climate Observatory on Hanimaadhoo island (MCOH)
in the Republic of the Maldives, used autonomous unmanned
aerial vehicles (AUAV) to perform vertical in situ measurements of particle number concentration, particle number size
distribution as well as particle absorption coefficients. These
measurements were used together with surface-based Mini
Micro Pulse Lidar (MiniMPL) observations and aerosol in
situ and off-line measurements to investigate the vertical distribution of aerosol particles.
Air masses were mainly advected over the Indian subcontinent and the Arabian Peninsula. The mean surface aerosol
number concentration was 1717 ± 604 cm−3 and the highest
values were found in air masses from the Bay of Bengal and
Indo-Gangetic Plain (2247±370 cm−3 ). Investigations of the
free tropospheric air showed that elevated aerosol layers with
up to 3 times higher aerosol number concentrations than at
the surface occurred mainly during periods with air masses
originating from the Bay of Bengal and the Indo-Gangetic
Plain. This feature is different compared to what was observed during the Indian Ocean Experiment (INDOEX) conducted in winter 1999, where aerosol number concentrations

generally decreased with height. In contrast, lower particle
absorption at the surface (σabs (520 nm) = 8.5 ± 4.2 Wm−1 )
was found during CARDEX compared to INDOEX 1999.
Layers with source region specific single-scattering albedo
(SSA) values were derived by combining vertical in situ particle absorption coefficients and scattering coefficients calculated with Mie theory. These SSA layers were utilized to
calculate vertical particle absorption profiles from MiniMPL
profiles. SSA surface values for 550 nm for dry conditions
were found to be 0.94 ± 0.02 and 0.91 ± 0.02 for air masses
from the Arabian Sea (and Middle East countries) and India (and Bay of Bengal), respectively. Lidar-derived particle
absorption coefficient profiles showed both a similar magnitude and structure as the in situ profiles measured with the
AUAV. However, primarily due to insufficient accuracy in the
SSA estimates, the lidar-derived absorption coefficient profiles have large uncertainties and are generally weakly correlated to vertically in situ measured particle absorption coefficients.
Furthermore, the mass absorption efficiency (MAE) for
the northern Indian Ocean during the dry monsoon season
was calculated to determine equivalent black carbon (EBC)
concentrations from particle absorption coefficient measurements. A mean MAE of 11.6 and 6.9 m2 g−1 for 520 and
880 nm, respectively, was found, likely representing internally mixed BC containing particles. Lower MAE values
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for 880 and 520 nm were found for air masses originating from dust regions such as the Arabian Peninsula and
western Asia (MAE(880 nm) = 5.6 m2 g−1 , MAE(520 nm) =
9.5 m2 g−1 ) or from closer source regions as southern India
(MAE(880 nm) = 4.3 m2 g−1 , MAE(520 nm) = 7.3 m2 g−1 ).

1

Introduction

Anthropogenic aerosols influence the Earth’s energy budget
as aerosols can directly scatter and absorb solar radiation
and affect cloud radiative properties (Boucher et al., 2013).
Whereas the net direct radiative forcing of anthropogenic
aerosols is an estimated cooling of −0.35 (±0.5) Wm−2 ,
black-carbon (BC) containing particles contribute to a positive direct radiative forcing at the top of the atmosphere
(TOA) of +0.4 (+0.05 to +0.8) Wm−2 (Boucher et al.,
2013).
The term BC is a qualitative description of light-absorbing
carbonaceous substances, produced by fossil fuel combustion and biomass burning (Bond et al., 2013; Petzold et al.,
2013). Lacking a uniform definition, BC measured by optical
methods in the present study is referred to as the equivalent
black carbon (EBC) in accordance with Petzold et al. (2013).
Even though BC is estimated to be one of the most important sources for human-caused changes in atmospheric
heating next to carbon dioxide, its positive radiative impact
is uncertain (Bond et al., 2013). A recent study by Samset
et al. (2014) shows that global aerosol-climate models tend
to overestimate the radiative forcing in remote regions and
at high altitudes compared to an indicated general underestimation of global BC radiative forcing in atmospheric models
(Bond et al., 2013; Andreae and Ramanathan, 2013). Thus,
observations are still needed to gain a better understanding of
BC physical and chemical properties. In situ measurements
of the vertical profile of BC-containing particles are of particular interest for radiative forcing calculations, but have been
performed only occasionally (e.g. Babu et al., 2008, 2011;
Corrigan et al., 2008; Wofsy, 2011; Oshima et al., 2012;
Sheridan et al., 2012).
The emissions of anthropogenic aerosols, in particular absorbing aerosols, are still increasing in Asian countries such
as China and India (Granier et al., 2011; Moorthy et al.,
2013). During the dry winter monsoon season every year,
polluted air masses from southern Asia are transported towards the northern Indian Ocean. Due to large-scale subsidence over the ocean during that period, the vertical dispersion of pollution is reduced and aerosol particles can be transported over long distances (Lelieveld et al., 2001; Lawrence
and Lelieveld, 2010).
Several major field campaigns have been performed to investigate the advection of polluted air masses from southern Asia to the pristine northern Indian Ocean in winter time
like, e.g., the Indian Ocean Experiment (INDOEX) in 1999,
the Maldives Autonomous Unmanned Aerial Vehicle CamAtmos. Chem. Phys., 16, 1045–1064, 2016

paign (MAC) and the Integrated Campaign for Aerosols,
Gases and Radiation Budget (ICARB) in 2006, leading to
the identification of an elevated aerosol layer above the marine boundary layer (MBL), referred to as an Atmospheric
Brown Cloud (ABC) (e.g. Ramanathan et al., 2001; Sheridan
et al., 2002; Franke et al., 2003; Corrigan et al., 2008; Moorthy et al., 2008). Previous studies have revealed a significant
atmospheric heating and surface cooling by ABCs (e.g. Ramanathan et al., 2001, 2007b; Satheesh et al., 2008).
Aerosol measurements at the surface will not necessarily
indicate the presence of elevated aerosol layers since the vertical exchange between the MBL and free troposphere (FT)
can be weak (e.g. Corrigan et al., 2008). Thus, detailed vertical aerosol profiles are necessary to obtain complete information of the elevated aerosol layer composed of lightscattering and absorbing aerosols.
The present study is based on the field campaign Cloud
Aerosol Radiative Forcing Experiment (CARDEX) (see also
Ramanathan et al., 2011; Bosch et al., 2014; Pistone et al.,
2015), which was conducted in the vicinity of the Maldives Climate Observatory in Hanimaadhoo (MCOH) from
16 February to 30 March 2012. CARDEX was conducted
by the Scripps Institution of Oceanography at the University of California at San Diego, in collaboration with
the Desert Research Institute, Stockholm University, Argonne National Laboratory and the Max Planck Institute
in Hamburg. CARDEX augmented the existing measurement suite at the observatory to investigate the relationships
between boundary layer turbulence, clouds, and absorbing
soot aerosol. The CARDEX experiment is described in Ramanathan et al. (2011).
The focus of this study is in particular on the vertical profiles of long-range transported absorbing aerosols over the
northern Indian Ocean under cloud-free conditions, utilizing
a combination of surface and vertical in situ measurements
as well as ground-based remote-sensing instruments.
MCOH, located at 6.78◦ N, 73.18◦ E on one of the
northernmost Maldives islands (Thiladhummathi Atoll) was
founded as a part of the Atmospheric Brown Cloud project
in 2004 to investigate the interaction between aerosols, radiation and climate over the Indian Ocean during different
monsoon periods (Ramana and Ramanathan, 2006). During
the winter monsoon and pre-monsoon, MCOH is a receptor
site of long-range transported pollutants from emission regions of South Asia, the Middle East and Africa (Bosch et al.,
2014). Local pollution levels are usually low since MCOH
is at the northern tip of the island and the wind direction
is dominantly north-easterly during the dry monsoon season
(Ramana and Ramanathan, 2006). Therefore the Maldives islands in general, and MCOH in particular, offer favourable
conditions for the study of processed anthropogenic aerosols.
Here, a detailed analysis of air mass origin is performed,
relating source regions to microphysical and optical particle
properties. Furthermore, typical vertical aerosol profiles occurring during the dry monsoon season are studied. In parwww.atmos-chem-phys.net/16/1045/2016/
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ticular, the dependence of single scattering albedo (SSA)
on air mass source region is investigated. Vertical in situ
measurements, performed with three autonomous unmanned
aerial vehicles (AUAV) during CARDEX, are compared with
aerosol extinction coefficients derived from ground-based lidar measurements. Furthermore, an approach for estimating particle absorption coefficients from lidar measurements
and characteristic SSA profiles is presented, and evaluated
against vertical in situ measurements (see Fig. 1). Hereby
we investigate the possibility of using ground-based lidar
measurements to determine and monitor the vertical distribution of absorbing aerosols in the area, and evaluate the main
sources of uncertainty related to such an approach.
Air mass source- and site-specific mass absorption efficiencies (MAE) are calculated from surface absorption EC
mass concentration measurements. This MAE is then used to
estimate an EBC concentration from absorption coefficient
measurements only.

2
2.1

Experimental methods
Autonomous unmanned aerial vehicles

One of the central components of CARDEX was the deployment of light-weight AUAVs to obtain vertical profiles up to
3 km of aerosol properties, radiation and turbulent fluxes as
well as cloud microphysics. Robotic aircrafts were used already in the early 1990s to measure general meteorological
parameters (Holland et al., 2001). The advanced instruments
onboard the AUAV, used during CARDEX, were modified
and developed at the Scripps Institution of Oceanography
(Corrigan et al., 2008). The AUAVs were used in a stacked
mode where up to three AUAVs were flown simultaneously
at different altitudes.
Eighteen CARDEX research flights were performed from
an airport, located around 3 km southwest of MCOH, between 23 February and 26 March 2012. The payload on
the aerosol AUAV was a TSI condensation particle counter
(Model 3007) that measured the total particle number concentration for aerosol particles with diameter larger than
Dp = 10 nm. The instrument accuracy of the AUAV CPC
was within ±10 %. Furthermore, an optical particle counter
(OPC, MetOne Model 9722) that determines the particle
number size distribution in eight channels between Dp =
0.3 µm and Dp = 3.5 µm was installed. The OPC was calibrated with polystyrene latex (PSL) particles with a refractive index of m = 1.59 + 0.0i. Measurement artifacts due to
rapid changes in temperature and humidity may have influenced the determination of the particle size (Corrigan et al.,
2008).
A modified Magee AE-31 aethalometer that detects the attenuation of light of a particle-loaded filter for three wavelengths (370, 520, 880 nm) was also deployed. From the light
attenuation, the particle absorption coefficient can be calwww.atmos-chem-phys.net/16/1045/2016/
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culated according to the correction method of Arnott et al.
(2005) with adaptations by Corrigan et al. (2006). Scattering
and filter loading effects were accounted for with the values
reported in Table 1 in Arnott et al. (2005) and Table 2 in Corrigan et al. (2006). Necessary particle scattering coefficients
were calculated with Mie theory from vertical OPC and CPC
measurements (see Sect. 2.5). The uncertainty of the AUAV
aethalometer is considered to be lower than from the original seven-wavelength aethalometer (see Sect. 2.3) due to the
reduction of the wavelengths (Corrigan et al., 2008). Extensive analysis of the seven-wavelength aethalometer deployed
at MCOH gives an uncertainty range of 5–40 % (Corrigan
et al., 2006).
General meteorological parameters such as relative humidity, pressure and temperature were also measured with
a vertical resolution of 1–4 m.
The maximum flight time of the AUAV was 5 h (Corrigan et al., 2008). For detecting the particle absorption coefficients with the Aethalometer, the AUAV needed to stay
at a constant altitude for about 20 min (level flight) because
variations in pressure, temperature and relative humidity give
an unstable signal (Corrigan et al., 2008). Thus, for each single flight, several level flights were performed, usually on
the descending flight, to measure the particle absorption coefficient. Typically, a flight with the aerosol instrument took
around 1.5 h. A full description of the aerosol and radiation
packages can be found in Corrigan et al. (2008) and Roberts
et al. (2008). The stacked AUAV flights with aerosol and radiation measurements have been documented in Ramanathan
et al. (2007b). The description of the turbulent water vapor flux measurement packages are given in Thomas et al.
(2011). The package consists of the following: a turbulent
gust probe; a fast response Crypton-Hygrometer water vapor
sensor; an inertial navigation system (INS) coupled to global
positioning system (GPS); and a 100 Hz data logging system
(Thomas et al., 2011).
2.2

Mini Micro Pulse Lidar

In addition to the in situ measurements on the AUAV, a Mini
Micro Pulse Lidar system (MiniMPL) from SigmaSpace was
used to measure the elastic backscatter signal which can be
transformed to 180◦ particle backscatter and total particle
extinction coefficients at 532 nm by using the Klett-method
(see Sect. 2.6). The MiniMPL is based on standard MPL systems, first described by Spinhirne (1993) and Spinhirne et al.
(1995). It has a single channel at 532 nm with a pulse repetition frequency (PRF) of 4000 Hz. Transmitted laser pulses
are scattered back from molecules, aerosols and clouds in the
atmosphere. The backscattered signal is received by photodiode detectors and converted into a height profile by measuring the time between transmittance and detection of the laser
pulse (Welton et al., 2002).
With the high PRF, a good signal-to-noise ratio can be
achieved due to averaging many low-energy pulses in a short
Atmos. Chem. Phys., 16, 1045–1064, 2016
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Table 1. Instruments used during CARDEX at MCOH and onboard the AUAV.
Instrument

Property

Measurement location

SigmaSpace Mini Pulse Lidar (MPL)

Vertical atmospheric backscatter
coefficient at λ = 532 nm
Total aerosol particle number
concentration Dp = 10 nm − 10 µm
Particle scattering coefficient
λ = 450, 550, 700 nm
Particle absorption coefficient
λ = 370, 430, 470, 520, 590, 700, 880 nm
Aerosol particle number
size distribution Dp = 0.3–3.5 µm
(Absorption) Aerosol optical depth
(AOD, AAOD), SSA
PM2.5 EC, OC concentration

MCOH

TSI Condensation particle
counter (CPC, model 3022)
TSI Nephelometer
(model 3563)
Magee Aethalometer
(model AE-31)
Met One Optical particle
counter (OPC, model 9722)
AERONET sun photometer
Thermal-optical transmission analyzer

time (Spinhirne, 1993). The MiniMPL can detect the nearrange atmosphere from about 250 m up to 15 km with a vertical resolution of 30 m. The low minimum range and high
spatial resolution make the MiniMPL suitable for comparison with the in situ AUAV measurements.
The raw signal was corrected for different instrumental
and background effects. In the near range of the telescope
the signal can usually not be accurately imaged because of
the difference in the transmitter and receiver field of view
(overlap error) (Welton et al., 2002). Even though the overlap is considered to be 100 % for the MiniMPL, a geometrical factor calibration, referred to as overlap here as well, has
to be applied (SigmaSpace, personal communication, 2014).
Furthermore, the photodiode detector can release photoelectrons during turn on already before triggering the laser pulse
(Welton et al., 2000). This is called the afterpulse noise and
needs to be corrected for. The so called background noise is
caused by the sunlight. The measured signal in between two
pulses is referred to as the background signal and must be
subtracted from the final signal (Welton et al., 2000).
2.3

Stationary instruments at the Maldives Climate
Observatory Hanimaadhoo (MCOH)

Continuous measurements of physical and chemical particle properties, solar radiation and meteorological parameters have been performed regularly at MCOH since 2004.
The instruments for measuring the solar radiation and meteorological parameters (temperature, relative humidity, pressure, wind, precipitation) were mounted on top of a 15 m
tower, which is higher than the surrounding canopy. Hence,
the local vegetation should not affect the measurements. The
aerosol instruments were located inside the station and sampling of aerosols was done through a 15 m long inlet close
to the tower. An impactor at the top of the inlet pipe ensured
that particles with a diameter Dp > 10 µm were removed, resulting in collection of PM10 (particles with Dp ≤ 10 µm).
Atmos. Chem. Phys., 16, 1045–1064, 2016

MCOH

AUAV

MCOH
MCOH

AUAV

AUAV
MCOH
MCOH

The collection efficiency was better than 90 % for particles
with Dp = 10 µm and as high as 98 % for particles with
Dp < 5 µm (Corrigan et al., 2006).
MCOH data presented in this study are from several
aerosol instruments. A condensation particle counter (TSI
CPC, model 3022) measured the total aerosol particle number concentration between the particle diameters Dp =
10 nm and Dp = 10 µm. The particle scattering coefficient
(σscat ) at three different wavelengths (450, 550, 700 nm) was
measured with a nephelometer (TSI, model 3563). The sampling air was not dried before the instruments inlet. However,
relative humidities usually ∼ 10 % below the ambient relative humidity were detected inside the nephelometer. The
nephelometer data were corrected for truncation errors and
instrument geometry characteristics (Anderson and Ogren,
1998). According to Bond et al. (2009) the utilized correction method leads to an error of the scattering coefficient up
to maximum 5 % depending on the SSA and the wavelength
dependence of the absorption.
With a seven-wavelength aethalometer (Magee scientific,
model AE-31), the particle absorption coefficient at 370, 430,
470, 520, 590, 700 and 880 nm was determined. The absorption coefficient (σabs ) was calculated from the aethalometer
attenuation with the same correction method as described
in Sect. 2.1. Scattering coefficients from the MCOH nephelometer were used to correct for the deposition of scattering
aerosol particles on the filter.
For about half of the field campaign, aerosol number size
distributions between Dp = 0.5 µm and Dp = 10 µm were
measured by an aerodynamic particle sizer (TSI APS, model
3321).
A detailed descriptions of the MCOH observatory as well
as the first annual cycle of the aerosol observations from
MCOH are given in Ramanathan et al. (2007a). More information on the general instrumentation setup at MCOH can
also be found in Corrigan et al. (2006) as well as Ramana
and Ramanathan (2006).

www.atmos-chem-phys.net/16/1045/2016/
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Figure 1. Flow chart describing the derivation of particle absorption profiles from lidar measurements, and their evaluation against in situ
observations.

Furthermore, fine-particulate matter with particle diameters Dp < 2.5 µm (PM2.5 ) was sampled on pre-combusted
quartz-filters for subsequent chemical analysis. Elemental
carbon (EC) and organic carbon (OC) mass were determined
with the NIOSH 5040 method by a thermal-optical transmission analyzer (Sunset Laboratory) after the field campaign
(Bosch et al., 2014).
AERONET (AErosol RObotic NETwork) sun photometer measurements are performed continuously at MCOH
and the ground-based passive remote- sensing instrument
measures columnar aerosol optical depth (AOD) for several wavelengths (340–1640 nm) under clear sky conditions
(Holben et al., 1998). Additionally, e.g., aerosol absorption
optical depth (AAOD) and SSA values can be determined.
AERONET data used in this study are quality-assured level
2.0 data. All described instruments are summarized in Table 1.
2.4

Trajectory analysis

Seven-day-backward trajectories were used to determine the
origin of the air masses arriving at MCOH in the MBL
and FT. The trajectories were calculated with the HYSPLIT model developed by NOAA Air Resource Laboratory
(Draxler, 1999). Backward trajectories arriving at heights of
400 and 2000 m were assumed to give a good indication for
the air mass origin within the MBL and FT, respectively. This
assumption is based on the lidar estimates of the MBL maximum height. Furthermore, trajectory height information was
used to determine the vertical transport of the detected air
masses. The data were sorted into three different air mass
groups for subsequent analysis (see Sect. 3).
2.5

Single scattering albedo profiles

The single scattering albedo (SSA), defined as the ratio of
σscat to the particle extinction coefficient σext
SSA =

σscat
,
σext

(1)

is an important particle property for describing the absorption
ability of aerosols. σext is the sum of σscat and σabs . The SSA
www.atmos-chem-phys.net/16/1045/2016/

is also needed for deriving the absorption coefficient from
lidar measurements (see Sect. 2.6).
The SSA for several wavelengths at the surface was determined from in situ absorption and scattering coefficient
measurements at MCOH for this study. The uncertainty for
the calculated surface SSA may be up to 10 %. The SSA is
mainly influenced by the aerosol composition and size distribution, which are dependent on the air mass sources. Another
important factor is the relative humidity since the particle
scattering is enhanced by hygroscopic growth (e.g. Fitzgerald et al., 1982; Clarke et al., 2002; Zieger et al., 2013; Titos
et al., 2014). As the air mass origin and relative humidity
changes with height, the SSA may therefore also vary in the
vertical column.
To determine the varying SSA in the column, vertically resolved particle absorption and scattering coefficient measurements are required. During the CARDEX research flights,
vertical profiles of the particle absorption coefficient were
measured with an onboard aethalometer. However, only
a few measurements could be performed for each flight, as
described in Sect. 2.1. Vertical profiles of the particle scattering coefficient were not measured, but can be calculated
with Mie theory from vertical particle size distributions, that
were determined from combined OPC and CPC measurements with the assumption of a bimodal size distribution.
Particle sizes from the OPC measurements underestimate in
general the real particle diameter for the most common atmospheric particles when calibrated with PSL. Hence, scattering coefficients calculated by Mie theory will be lower
for the probed ambient particle population (Collins et al.,
2000; Liu and Daum , 2000, e.g.). However, comparisons of
calculated Mie scattering coefficients with MCOH surface
measurements of particle scattering coefficients give the best
agreement when using PSL refractive index in the Mie calculations. Thus, in this study a complex refractive index of
m = 1.59 + 0.0i was used in the calculations. The mean difference between the surface particle scattering and the calculated Mie scattering coefficients was 25 % and is considered
as uncertainty for Mie scattering coefficients.
Mie scattering coefficients were calculated at ambient relative humidity since the OPC measurements give ambient
particle number size distributions in which particles may
Atmos. Chem. Phys., 16, 1045–1064, 2016
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have changed in size and shape by hygroscopic growth compared to dry aerosol particles. Those particles are expected to
be rather spherical because of hygroscopic growth, thus satisfying the assumption of Mie theory. Finally, scattering coefficient profiles were calculated for dry atmospheric conditions (RH = 40 %) with the hygroscopic enhancement factor
found by Clarke et al. (2002) for the northern Indian Ocean
in February and March.


1 − RH −0.368
σscat (RH)
= 0.841 ·
(2)
f (RH) =
σscat (dry)
100
Hygroscopic growth factors of aerosol particles above the
Northern Indian Ocean during INDOEX were found to be
between 1.6 and 2.0 on average for 90 % relative humidity
(Maßling et al., 2003). Similar scattering enhancement factors of 1.5 to 2 were detected in independent measurements
in the same time period (Eldering et. al , 2001).
An SSA profile with four layers was utilized to account
for variations in relative humidity and aerosol composition
throughout the vertical column. SSA values in the MBL were
based on surface measurements, while SSA in the three FT
layers (700–1500, 1500–2500 and 2500–3000 m) were calculated from Mie scattering coefficients and individual in
situ absorption coefficients. Mie scattering coefficients were
scaled to the layer mean ambient relative humidity using
Eq. (2). Mean SSA values in each layer were then established
for different source regions (see Sect. 3.2). Figure S1 in the
Supplement shows a flow chart for the complete determination of the SSA values.
SSA calculations from continuous AERONET sun photometer measurements were not used for further calculations
because of temporal differences compared to the flight times.
Only a small number of days with simultaneous AERONET
SSA and flight data were available. Furthermore, an altitudedependent SSA is important for the following analysis and
can not be provided from AERONET measurements. However, AERONET SSA is presented in Sect. 3.1.4 for comparison.

masses arriving from the polluted northern part of the Indian
subcontinent a lidar ratio of 65 sr was used, while the lidar
ratio for air coming from southern India, the southern Bay
of Bengal and Indonesia was set to 50 sr, in accordance with
Franke et al. (2003) and Müller et al. (2007) (see Sect. 3).
A higher lidar ratio indicates larger absorption coefficients
(Müller et al., 2003). A generalization of lidar ratios for specific air masses is certainly a source of error and might influence the determination of the extinction coefficient profiles.
Lidar ratios can vary in the vertical column which is not considered in this study.
An alternative method for determining the lidar extinction
coefficient is to use the AERONET AOD. The vertical integration of the extinction coefficient profile gives the columnar AOD. Thus, the lidar extinction coefficient can be constrained by the AERONET AOD through a recursive algorithm (Welton et al., 2000). This means in turn that the lidar
ratio is assumed constant through the column which might
not be valid for all profiles.
To determine the particle absorption coefficient from the
lidar extinction coefficient profile, the SSA profiles as described in Sect. 2.5 for the lidar wavelength 532 nm are used.
σabs = σext − σscat = σext × (1 − SSA)

With a given mass absorption efficiency an EBC profile
can be calculated from the lidar-derived absorption coefficient profile (see Sect. 2.8).
Uncertainties in absorption coefficients are dependent on
the error in the SSA calculation that was estimated to be up
to 50 %. Related possible sources of error are the accuracy
of the in situ absorption coefficients and particle number size
distribution measurements. Grouping by the air mass origin
and height level may add additional uncertainties. Since lidar extinction coefficient profiles will be averaged over about
20 min, the temporal variability will play a role as well. Standard deviations of the temporal average are used as uncertainty estimates of the extinction coefficient profiles.
2.7

2.6

(3)

Evaluation methods

Lidar-derived absorption

With the aid of SSA profiles (see Sect. 2.5) we estimated
an absorption coefficient and subsequently an EBC profile
from MiniMPL measurements. With the following method,
lidar measurements have the potential to provide continuous
absorption coefficient profiles that can be compared to in situ
measurements (see Fig. 1).
First, the extinction coefficient profile from the MiniMPL
was calculated from the measured elastic backscatter signal
and an assumed lidar ratio with the solution of the lidar equation presented by Fernald (1984) according to the method
described in Klett (1981). The lidar ratio is defined as the ratio between extinction and 180◦ backscatter coefficient. The
lidar ratios used here are based on previous studies over the
northern Indian Ocean in the winter monsoon season. For air
Atmos. Chem. Phys., 16, 1045–1064, 2016

Different methods were used to evaluate the lidar-derived absorption coefficient profiles. The most direct method is the
comparison of the lidar-derived absorption coefficient profile
with the measured profile of the absorption coefficient from
the AUAV aethalometer. However, sparse in situ absorption
coefficient data (with uncertainties of up to 40 %) make it
challenging to compare the two different absorption coefficient profiles quantitatively.
Thus, an additional comparison method was used based
on the assumption that the absorption coefficient can be related to the particle number concentration measured by the
onboard CPC. According to Corrigan et al. (2008), a high
correlation between the absorption coefficient and total particle concentration in the vertical is justified. MCOH surface
measurements from winter 2006 and 2012 give a reasonable
www.atmos-chem-phys.net/16/1045/2016/
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Figure 2. Seven-day-backward trajectories calculated by the HYSPLIT model arriving in the MBL at 400 m (a) and in the FT 2000 m (b)
above MCOH at 00:00 and 12:00 UTC each day during CARDEX in February and March 2012. Colours represent the air mass source regions
Indo-Gangetic Plain (blue), southern India (green) and the Arabian Sea (red).

linear correlation (R 2 = 0.67) between total particle concentration and particle absorption coefficients for 520 nm. To
account for various aerosol types we used different linear
relations σabs = a × N (a – correlation factor, N – total
particle number concentration) for different air mass source
regions, assuming similar compositions and optical properties for each air mass type. From that an absorption coefficient profile can be estimated from AUAV CPC measurements. Note, that the relations may have large uncertainties
in the free troposphere since it can be decoupled from the
marine boundary layer. This is a coarse method to verify if
the lidar-derived absorption coefficient profiles give reasonable results.
2.8

Mass absorption efficiency

Additionally, an EBC mass concentration can be determined
from particle absorption coefficient measurements using the
mass absorption efficiency (MAE).
EBC =

σabs
MAE

(4)

MAE describes the efficiency of particle mass absorption
and is typically given in m2 g−1 . MAE varies for different
aerosol compounds and mixtures and its value needs to be
assumed or determined as a function of the aerosol type.
A CARDEX-specific MAE was calculated using σabs for
880 nm and relating it linearly to the EC mass concentration
from filter measurements (equivalent to EBC in Eq. 4). An
inversely proportional relation between σabs (800 nm) and the
EC mass concentration as in Eq. (4) is valid since the particle absorption coefficient σabs at 880 nm is considered to
be dominated by BC absorption which can be approximately
quantified by the filter-derived EC mass concentration (e.g.
Yang et al., 2009). At lower wavelengths, other absorbing
species as dust or organic carbon become more important for
the particle absorption. The uncertainty of the MAE determination is dependent on the accuracy of the surface absorption coefficient measurements (up to 40 %) and the analysis
of the EC filters. The results of the filter analysis were not
www.atmos-chem-phys.net/16/1045/2016/

compared with other analysis techniques which might add
additional errors to the MAE results.

3

Results and discussion

3.1

Relationship between aerosol particle properties
and source region

During CARDEX, polluted air masses from south and southeast Asia were transported to the Maldives by the northeast monsoon. Therefore, long-range transported polluted
aerosols, including BC-containing particles, could be prevalently observed in February. Furthermore, aerosols, originating from western Asia as well as the Arabian Peninsula, likely including dust particles, were detected. Those air
masses which crossed the Arabian Sea were observed mainly
in March, towards the beginning of the pre-monsoon season when the surface wind typically changes to a northwesterly direction. Figure 2 shows the 7-day backward trajectories arriving at MCOH at 00:00 and 12:00 UTC in February
and March in the MBL (400 m) and FT (2000 m). Altituderesolved trajectories showed that MBL air masses in general
originated from below 1000 and 2000 m during the last 2 and
4 days, respectively. FT air masses arriving at 2000 m rarely
originated from altitudes below 2000 m.
Lidar profiles showed that the MBL height was typically between 400 and 800 m during CARDEX. Microwave
radiometer measurements in combination with profiles of
the meteorological parameters have shown that the cumulus
cloud base typically coincides with the MBL top, indicated
by a temperature inversion (Pistone et al., 2015). Visual observations confirmed frequent occurrences of haze layers and
shallow convective clouds during CARDEX.
Three main air mass clusters were observed in the MBL:
1. Indo-Gangetic Plain (Pakistan and northern India) + Bay of Bengal (IGP),
2. Southern Asia + Bay of Bengal (+ Indonesia) (SI),
Atmos. Chem. Phys., 16, 1045–1064, 2016

1052

F. Höpner et al.: Vertical profiles of optical and microphysical particle properties
1
AOD 500 nm

(a)

0.5

Column
0
(b)
PM10 total particle concentration [cm−3]

3000
2500

Indo−Gangetic Plain
Southern India
Arabian Sea
AUAV CPC

2000
1500
1000
500
0

Free Troposphere
(c)

3000
2500
2000
1500
1000
500

MCOH
Boundary Layer

0
02/01/12

02/11/12

02/21/12

03/02/12

03/12/12

03/22/12

Date

Figure 3. (a) Time series of AOD at 500 nm measured by AERONET sun photometer. (b) Time series of the mean total particle concentration
with SD in the FT (1000–3000 m) measured by CPC onboard AUAV. (c) Time series of PM10 total particle concentration measured by CPC
at MCOH (colored diamonds) and mean total particle concentration with SD in the MBL (0–500 m) (black circles) measured by the onboard
AUAV CPC. The color coding corresponds to the trajectory cluster analysis shown in Fig. 2 (3 clusters in MBL and 2 clusters in FT).

3. Arabian Sea and Arabian Peninsula, Iran, Pakistan or
Indian west coast (AS).
Those air mass clusters are in accordance to other studies
at MCOH (e.g. Gustafsson et al., 2009; Engström and Leck,
2011; Bosch et al., 2014). Even though the Maldives are surrounded by ocean, only 2 days in the beginning of the campaign were dominated by pristine marine air masses from
a southern direction in the MBL. During that time vertical
profile measurements were not performed. Thus a marine air
mass cluster is not included in the following analysis. In the
FT, only the clusters IGP and SI were found. Each prevailing
wind direction in the MBL and FT lasted for several days.
Air masses were usually arriving from different clusters in
the MBL and FT during CARDEX.
3.1.1

Surface particle concentration

The timeseries of PM10 total particle number concentration
at MCOH and from the 18 research flights shown in Fig. 3
give an overview of the timing of the different air mass periods in the MBL and in the FT during CARDEX and the prior
weeks. The MBL AUAV and MCOH surface measurements
of particle number concentration are in good agreement
(within 12.5 % on average). The mean PM10 particle number
concentration at MCOH and on the AUAV in the MBL were
1717 ± 604 and 1650 ± 570 cm−3 , respectively. Hourly mean
aerosol number concentrations at MCOH ranged from 340 to
3500 cm−3 . The lowest values were found during the short
period with pure marine air mass origin (10 February p.m.–
12 February a.m.). Marine air masses are expected to have
particle number concentrations between 200 and 800 cm−3
(Heintzenberg et al., 2000). This indicates that cases with
particle number concentrations above 1000 cm−3 are likely
Atmos. Chem. Phys., 16, 1045–1064, 2016

to have been influenced by transported continental air masses
or local emissions. However, local emissions were found to
be low since the OC / EC ratio did not show any clear diurnal cycle which suggests no significant influence from local
photochemical processes (Bosch et al., 2014).
Air masses transported with the northeasterly winds from
the Indian subcontinent and the Bay of Bengal (cluster IGP)
had the highest aerosol number concentrations with an average of 2247 ± 370 cm−3 . Those air masses are likely to have
passed over the highly polluted Indo-Gangetic Plain in northern India and Pakistan. The mean aerosol number concentrations for the Arabian sea (cluster AS) and southern India
(cluster SI) aerosols were 1375 ± 531 and 1660 ± 523 cm−3 ,
respectively. Aerosols from SI passed only over the southern tip of India where the particle number concentration
and emissions are typically lower than, e.g., in northern India (Dey and Di Girolamo, 2010). However, some of those
air masses may have passed urban areas in southern India
like Bangalore, Chennai or Trivandrum which are known for
high aerosol concentration (Moorthy et al., 2005). Air masses
from AS are likely influenced by dust from desert regions in
South Asia or the Arabian Peninsula. AS air masses may be
as well transported along the urban Indian west coast which
can result in higher particle number concentration as seen,
e.g., on 9 and 10 February or 12 to 14 March.
The lower mean particle number concentration for SI and
AS are supported by long-term satellite observations, which
show significantly lower AOD values (558 nm) over the Arabian Sea and southern India compared to IGP and the northern Bay of Bengal for the winter and pre-monsoon season
(Moorthy et al., 2008; Dey and Di Girolamo, 2010).

www.atmos-chem-phys.net/16/1045/2016/
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Figure 4. Mean AOD at 550 nm derived from measurements by the MODIS instrument onboard the Terra satellite. (a) 1 until 14 February 2012, (b) 15 until 29 February 2012, (c) 1 until 15 March 2012. (d) 16 until 31 March 2012.

3.1.2

AOD

There was a general decrease in the aerosol particle number
concentration at the surface from February to March. However, no decrease in AERONET AOD at 500 nm was found.
The surface particle number concentration variations do not
correlate with the AOD variation (R 2 = 0.04) (see Fig. 3a
and c). The columnar AOD varies between 0.2 and 0.9 with
a mean AOD(500 nm) = 0.42 ± 0.15.
Figure 4 shows the mean AOD field at 550 nm over the
northern Indian Ocean and Indian subcontinent derived from
the satellite-based MODIS instrument (Moderate Resolution Imaging Spectroradiometer) on Terra (e.g. King et al.,
2003) for four consecutive 2-week periods from 1 February until 31 March 2012 (MODIS collection 5.1 data). High
AOD values above the Indo-Gangetic Plain and the outflow
region above the Bay of Bengal close to the Indian East
coast can be seen in all four time periods. Increasing AOD
above the Arabian Sea and southern Asia towards the end
of the campaign is consistent with the seasonal development seen in long-term satellite observations shown in Dey
and Di Girolamo (2010). March marks the beginning of the
pre-monsoon season and northwesterly to westerly winds at
the surface transport mainly dust to the Arabian Sea and
northern as well as central India. The relatively high mean
AOD during the last period of the field campaign, seen in
Figs. 3a (AOD(500 nm) > 0.6) and 4d, must be caused by
www.atmos-chem-phys.net/16/1045/2016/

high aerosol concentrations above the mixed layer and/or
large dust or sea salt particles in the MBL since only relatively low particle number concentration were found in the
MBL (see Fig. 3c). Relatively high particle number concentrations in the FT during the last six flights (see Fig. 3b) indicate that an increase in the FT aerosol burden may have
contributed to the high AOD values. In addition, the timeseries of the lidar extinction coefficient from 20–26 March in
Fig. S2 show high extinction coefficients in the MBL. This
can be either a sign of large particles and/or high relative humidity which leads to high backscatter signals.
3.1.3 Vertical particle number concentration profiles
Between 1000 and 3000 m altitude, the particle number concentration is quite variable, as indicated by the standard deviation (SD) shown in Fig. 3b. The 18 research flights with the
AUAVs could measure PM10 particle number concentration
in situ during different air mass periods in the MBL and FT.
The particle number concentrations in the FT were up to 3
times higher than the concentration in the MBL during elevated pollution plume episodes. Those elevated aerosol layers were mostly unrelated to the surface aerosol concentration. This indicates a boundary layer decoupled from the free
troposphere. Only a weak correlation between FT and MBL
particle number concentration could be found (R 2 = 0.31),
in general agreement with Corrigan et al. (2008), who found
Atmos. Chem. Phys., 16, 1045–1064, 2016
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a correlation coefficient of R 2 = 0.42 at MCOH in March
2006.
Figure 5b and c show the median PM10 particle number
concentration profiles for the different source regions in the
MBL and FT for CARDEX. The particle number concentration is in general rather constant throughout the MBL, as
expected for a well-mixed MBL. Periods with aerosols transport from IGP and the Bay of Bengal (four fligths) generally have a higher particle number concentration in the MBL
compared to air originating from southern India (five flights)
and the Arabian Sea (nine flights).
Half of the flights were performed during conditions with
FT flow from IGP. Even if the variability is quite large, it is
clear that an elevated aerosol layer in the FT appears more often during periods of long-range transport from IGP, whereas
air masses arriving from southern India show a decrease of
the particle number concentration with height on average.
The median PM1 number concentration profile is shown in
Fig. 5a together with the corresponding profiles from the field
campaigns INDOEX (de Reus et al., 2001) in February and
March 1999 and MAC (Corrigan et al., 2008) in March 2006.
Significantly higher particle number concentrations were detected in 2006 and 2012 compared to INDOEX in 1999, in
particular above the MBL. The 23 research flights performed
during INDOEX showed a mean particle number concentration for particles bigger than Dp = 6 nm of 1194 ± 635 cm−3
in the mixed layer up to 1 km over the Maldives Islands
(de Reus et al., 2001) compared to 1215 ± 350 cm−3 for particles bigger than Dp = 10 nm during MAC. The mean particle number concentration during CARDEX was as large as
1520 ± 740 cm−1 for particles bigger than Dp = 10 nm. The
difference above the MBL is even larger.
A higher columnar aerosol load in 2006 and 2012 could
be explained with a general increase in emissions over Asia.
Several emission inventories show that the BC, NOx and
SO2 emissions over India have increased between 1999
and 2010 (Granier et al., 2011). Long-term observations
in India showed also that AOD (500 nm) is increasing at
a rate of 2.3 % on average compared to 1985 (Moorthy
et al., 2013). Another reason for differences in aerosol concentration above the MBL can be different meteorological
conditions during the different field campaigns. According
to Verver et al. (2001), major wind and relative humidity
anomalies were observed in 1999. Especially in February
1999, a stronger northern convergence zone occurred compared to the climatological monthly mean circulation between 1990 and 1999. Verver et al. (2001) identified several convective precipitation events in February 1999 which
may have influenced the aerosol particle concentration significantly through wet removal.
The particle number concentration profiles show a completely different structure in 1999, 2006 and 2012. While the
INDOEX (1999) vertical profile shows a decrease in particle number concentration with height, the distinct peaks between 1000 and 2500 m detected in the MAC and CARDEX
Atmos. Chem. Phys., 16, 1045–1064, 2016

profiles indicate that elevated aerosol layers were associated with larger particle number concentrations or more frequently occuring during the two later campaigns. A small
variability for the INDOEX profile indicates similar particle
number concentration for all flights. The variability in vertical profiles of particle number concentration during MAC
and CARDEX on the other hand is larger. As elevated aerosol
layers mainly occur with air masses from IGP and the Bay of
Bengal, the difference in particle concentration at higher altitudes could mean that more cases with IGP affected air in the
FT were detected during MAC 2006 compared to CARDEX
and INDOEX.
Even though elevated aerosol layers were identified by
vertical optical measurements during INDOEX (see e.g. Ramanathan et al., 2001; Sheridan et al., 2002; Franke et al.,
2003), higher aerosol concentration above the MBL were
not detected with in situ flight measurements of particle
number concentration (see Fig. 5a). Possible explanations
could be differences in meteorology, timing as well as measurement area between the different INDOEX measurements
and compared to MAC and CARDEX. The flights described
by de Reus et al. (2001) during INDOEX cover a large
area around the Maldives with measurements as far south
as over the southern Indian Ocean (∼ 7◦ N–7◦ S and 67–
79◦ E). However, one would expect a greater variation for
such a large measurement area which is not the case for the
INDOEX flights.
3.1.4

Surface particle optical properties

Table 2 gives an overview of the measured optical properties at 550 nm at MCOH and of the AUAV data compared
to previous field campaigns. All properties are given for
RH < 40 %, partly calculated with Eq. (2). The particle absorption is related to the air mass source in a similar way as
the particle number concentration. For CARDEX, the highest mean particle absorption coefficient, 11.2 ± 2.2 M m−1 ,
was found for aerosols from IGP and the Bay of Bengal. Significantly lower mean absorption coefficients were measured
in air masses from southern India (8.4 ± 4.5 M m−1 ) and the
Arabian Sea (5.6 ± 2.8 M m−1 ).
Compared to 1999, the absorption coefficient is smaller in
the whole column while the scattering coefficient is larger
at the surface. The mean absorption coefficient measured at
MCOH in February and March 2006 is similar to that measured in 1999, but the mean particle scattering coefficient in
the MBL is instead comparable to CARDEX. Higher scattering coefficients in 2006 and 2012 are in agreement with
the higher particle number concentrations. Lower absorption
coefficients in 2012 could possibly be explained by changes
in emissions over southern Asia. As a consequence of higher
particle scattering and lower absorption coefficients the SSA
was higher in 2012 and 2006 compared to 1999.
A comparison between ambient surface SSA for 450 nm
and AERONET SSA for 439 nm shows a weak correlawww.atmos-chem-phys.net/16/1045/2016/
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Figure 5. (a) Vertical profile of the median PM1 particle number concentration during CARDEX (blue), MAC (black dashed) and INDOEX
(black solid) with 25 and 75 % percentiles, measured by a CPC onboard the AUAV. (b) and (c) Median PM10 particle number concentration
during CARDEX with 25 and 75 % percentiles in the FT and MBL, respectively for air masses originating from the Indo-Gangetic Plain,
southern India and Arabian sea (blue, green, red).
Table 2. Mean particle properties during CARDEX at the surface and in some cases above the MBL at dry conditions (RH < 40 %) compared
to MAC 2006 and INDOEX 1999. Particle properties for CARDEX are given for the different source regions, Indo-Gangetic Plain (IGP),
southern India (SI) and Arabian Sea (AS), for BL and FT.
Parameter
wavelength

CARDEX 2012

absorption
coeff. (M m−1 )
550 nm

BL IGP 11.2 ± 2.2
BL SI 8.4 ± 4.5
BL AS 5.6 ± 2.8
FT IGP 12.7 ± 6.0
FT SI 6.6 ± 5.8
BL IGP 112 ± 33
BL SI 80 ± 29
BL AS 81 ± 40
BL IGP 123 ± 34
BL SI 88 ± 33
BL AS 87 ± 42
BL IGP 0.91 ± 0.02
BL SI 0.91 ± 0.02
BL AS 0.94 ± 0.02

scattering
coeff. (M m−1 )
550 nm
extinction
coeff. (M m−1 )
550 nm
SSA
550 nm

tion (R 2 = 0.04) and general higher surface values than the
AERONET SSA. The averaged AERONET SSA values for
439 nm and 675 nm for the different source regions in the
MBL are given in Table 3. However, AERONET SSA data
were only available for 16 days for the 2-month campaign
period. Furthermore, AERONET calculates the SSA for the
whole column which will be influenced by potential elevated
aerosol layers.

www.atmos-chem-phys.net/16/1045/2016/

MAC 2006

INDOEX 1999
(Sheridan et al., 2002)

BL 13.8 ± 5.4

BL 14 ± 7
1–3 km 16 ± 10

BL 88.9 ± 41.2

BL 63 ± 29

BL 138 ± 37

BL 83 ± 48

BL 0.90 ± 0.03

BL 0.81 ± 0.04

3.2 Vertical profiles of particle optical properties
Vertical profiles of particle optical properties were derived
from MiniMPL and in situ aerosol measurements. Particle extinction coefficient profiles were determined from
MiniMPL measurements at 532 nm. Particle size distributions from OPC measurements onboard the AUAV were used
to calculate particle scattering coefficients with Mie theory.
Furthermore, mean SSA values at 532 nm for different height
levels and air masses were defined with Mie scattering coefficients and in situ absorption coefficient measurements onAtmos. Chem. Phys., 16, 1045–1064, 2016
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Table 3. Coefficients used to describe the relationship between particle absorption (σabs ) and particle number concentration N for different
source regions. Also shown is the mean SSA for various height levels used to calculate the lidar-derived absorption coefficients as well as
the AERONET SSA at ambient relative humidity.
Parameter

Indo-Gangetic Plain

Southern India

Arabian Sea

σabs
(532 nm) (Mm−1 )
SSA surface
(532 nm)
SSA 700–1500 m
(532 nm)
SSA 1500–2500 m
(532 nm)
SSA 2500–3000 m
(532 nm)
SSA AERONET
(439 nm)
SSA AERONET
(675 nm)

5.02 × 10−3 · N
R 2 = 0.35
0.94 ± 0.014
(at RH = 80 %)
0.88 ± 0.026
(at RH = 75 %)
0.82 ± 0.11
(at RH < 40 %)
0.82 ± 0.14
(at RH < 40 %)
0.91 ± 0.02

5.33 × 10−3 · N
R 2 = 0.48
0.94 ± 0.016
(at RH = 80 %)
0.89 ± 0.11
(at RH = 65 %)
0.85 ± 0.11
(at RH = 65 %)
0.94 ± 0.04
(at RH = 65 %)
0.92 ± 0.02

4.24 × 10−3 · N
R 2 = 0.63
0.96 ± 0.012
(at RH = 80 %)
x

0.89 ± 0.05

0.91 ± 0.03

0.93 ± 0.01

board the AUAV. These SSA values were utilized to calculate
absorption coefficient profiles from the lidar extinction coefficient profiles. Detailed methods, assumptions and related
uncertainties are described in Sect. 2.
Additionally, evaluation of the lidar-derived absorption coefficient profiles was performed, using the vertical in situ absorption coefficient measurements as well as simplified absorption coefficient profiles calculated from a linear correlation between particle concentration and the absorption coefficient at the surface (see Sect. 2.7). Table 3 lists those relations used for the AUAV CPC based absorption coefficient (at
532 nm). Note that the relations may not be representative for
the whole column since the air masses above the MBL can
have aerosol particles with different chemical composition
and particle properties even though the air mass originates
from the same source region (Corrigan et al., 2008).
Table 3 also shows SSA values at 532 nm for four different altitude ranges and at air mass specific relative humidity
which was determined from mean RH profiles. The relative
humidity in the MBL was on average increasing towards the
top of the MBL and was set to 80 % for the SSA calculations
for all cases since no major differences were found for different source regions. As discussed by Pistone et al. (2015),
the FT was observed to be either “wet” or “dry”. Low relative humidities were mainly detected during periods with air
masses from IGP. This is consistent with the typical largescale subsidence over the northern Indian Ocean (Pistone
et al., 2015). The mean SSA for IGP air masses above 1500 m
was calculated to be 0.82 for “dry” atmospheric conditions
(RH < 40 %). In the lowest FT (700–1500 m), SSA was calculated for RH = 75 % to 0.88 ± 0.026 (at 532 nm). “Wet”
conditions occurred when air masses arrived from southern
India and Indonesia (Pistone et al., 2015). The relative humidity for SSA calculation was set to RH = 65 % through the
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x
x
0.92 ± 0.02

whole FT. SSA in the upper part of the measurement range
(2500–3000 m) was calculated to be 0.94 ± 0.04 while the
SSA between 700 and 1500 m was similar to the SSA for IGP
influenced aerosols but with larger variation (0.89 ± 0.11).
Vertical SSA results based on lidar measurements from
INDOEX performed by Müller et al. (2003) show similar values with a mean SSA(532 nm) of 0.90±0.06 and a somewhat
lower SSA of 0.88±0.05 for air masses from polluted source
regions. However, SSA values as low as 0.8 have been also
found for air masses from IGP (Müller et al., 2003).
SSA values in an altitude range from 1 to 3 km during INDOEX were found to be 0.85 ± 0.06 at 550 nm for ambient
atmospheric conditions (Sheridan et al., 2002), comparable
to the present results. The fairly high SD for some of the determined SSA values will lead to an increase in uncertainty
of the lidar-derived absorption. The uncertainty of the lidarderived absorption was calculated to be as high as 50 % in
some cases (error propagation) and therefore set to 50 %.
Since the FT was never influenced by air masses from the
Arabian Sea during CARDEX, typical examples for FT air
from IGP and southern India are shown in the following in
combination with the evaluation of the different methods for
deriving profiles of particle absorption coefficients.
3.2.1

Case study with air masses from the
Indo-Gangetic Plain in the free troposphere

Figure 6 gives an example of vertical profiles of microphysical and optical properties for the end of the campaign
(24 March 2012) showing the PM10 particle number concentration for ascending (upleg) and descending (downleg)
flights, the relative humidity, the lidar extinction coefficient
(with a lidar ratio of 65 sr or AOD constrained), scattering
coefficient calculated using Mie theory and absorption coefwww.atmos-chem-phys.net/16/1045/2016/
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Figure 6. 24 March 2012. (a) Profile of PM10 particle number concentration measured by AUAV CPC for upleg (black solid) and downleg
(black dashed) flights and vertical relative humidity profile (blue). (b) Profile of particle extinction coefficient measured with the miniMPL
(blue), scattering coefficient calculated with Mie theory (magenta). (c) Profile of particle absorption coefficient and EBC measured by an
onboard aethalometer (red dots), estimated from lidar measurements (blue) with mean SSA and 50 % uncertainty (blue shading), estimated
from lidar measurements with actual SSA (blue dashed) and AUAV CPC approach (black). (d) Same as (c) but with lidar extinction coefficient
constrained by AERONET AOD (green and green dashed).

ficients measured directly onboard the AUAVs and at MCOH
as well as calculated using either the lidar-derived extinction
coefficient (and SSA values for different altitude regions) or
the measured particle number concentration (and the linear
relation presented in Table 3) (see Sect. 2). Figure 6 shows
also the EBC profile calculated from the specific MAE for
CARDEX (see Sect. 3.3). The optical properties are given
for 532 nm.
On 24 March, air masses were coming from AS in the
MBL and from IGP in the FT. The FT air mass travelled
above the IGP at 3–4.5 km height above mean sea level for
2 days, followed by a 3-day travel above the Bay of Bengal
in 2–3 km. A distinct elevated aerosol layer with high aerosol
concentration between 1500 and 2300 m was detected with
the onboard CPC (Fig. 6a). The calculated Mie scattering
coefficients less clearly indicate such a peak of particle scattering coefficients in the same region. High Mie scattering
coefficients in the MBL with lower particle number concentration are likely a result of scattering from larger particles
such as dust or sea salt. This assumption can be supported
by the trajectory height information which shows an air mass
transport close to the ground prior to arrival.
Large extinction coefficients in the MBL (Fig. 6b) can either be caused by dust or sea salt particles and/or high relative humidity and haze (RH ≈ 90 % in MBL), leading to high
backscatter signals or by instrument issues. With the given
analytical method for determining absorption coefficients,
a humidity-caused signal can not be distinguished from an
aerosol signal. The increasing extinction coefficients mea-

www.atmos-chem-phys.net/16/1045/2016/

sured by the lidar below 1000 m can not be related to aerosols
given the nearly constant aerosol number concentration in the
MBL. Lidar-derived absorption coefficents are therefore only
given for the FT.
The extinction coefficients derived with a given lidar ratio of 65 sr (Fig. 6b, blue line) show an increase at around
2000 m which indicates that the lidar measurements capture
an elevated aerosol layer. However, the aerosol layer seems to
be thinner compared to the one seen by in situ measurements
but the difference in timing of the measurements must also
be considered. The lidar profile shown was measured about
8 h later than the flight time to avoid clouds and strong background noise from incoming sun light. Closer investigation
of the timeseries of the lidar signal indicates that the elevated
aerosol, measured by the flights, weakened significantly during the day. The extinction coefficient profile derived with
the lidar ratio most likely captured a newly evolved aerosol
layer (compare to Fig. S2).
Figure 6b also shows the lidar extinction coefficients constrained by co-located AOD measurements (green line). The
advantage here is that a lidar profile temporally close to the
flight time could be chosen, resulting in a better agreement
to the scattering coefficients calculated by Mie theory.
The two right panels of Fig. 6 show the results from the
different methods of absorption coefficient profiling and subsequent EBC determination. The lidar-derived absorption coefficient is shown with a 50 % uncertainty range which includes the high uncertainty of the SSA determination. The
temporal variance of the extinction coefficient profiles may
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Figure 7. 4 March 2012. (a) Profile of PM10 particle number concentration measured by AUAV CPC for upleg (black solid) and downleg
(black dashed) flights and relative humidity profile (blue). (b) Profile of particle extinction coefficient measured with the miniMPL (blue),
scattering coefficient calculated with Mie theory (magenta). (c) Profile of particle absorption coefficient and EBC measured by an onboard
aethalometer (red dots), estimated from lidar measurements (blue) with mean SSA and 50 % uncertainty (blue shading), estimated from
lidar measurements with actual SSA (blue dashed) and AUAV CPC approach (black). (d) Same as (c) but with lidar extinction coefficient
constrained by AERONET AOD (green and green dashed).

add more uncertainty. The absorption coefficients derived
from lidar measurements (with lidar ratio) and mean SSA
values seem to capture the actual measured absorption coefficients well (red dots). However, it is not consistent with the
profile of the AUAV CPC derived absorption coefficient below 1500 m. High relative humidities towards the top of the
MBL may have caused a strong backscattering signal and
hence a strong lidar-derived particle absorption coefficient.
The lidar-derived absorption coefficients based on extinction
coefficients constrained by AERONET AOD and mean SSA
overestimate the particle absorption coefficients compared to
the in situ measurements (see Fig. 6d). It seems that in general the climatological mean SSA values are too low for this
specific day, which might be because of high relative humidities throughout the FT.
A partly plotted particle absorption coefficient profile
(blue and green dashed lines) shows the lidar-derived absorption coefficient between 1500 and 2500 m calculated with
the actual SSA, which was determined from the Mie scattering coefficient and the in situ absorption coefficient measurements at the altitudes where SSA values are available.
Lower lidar-derived absorption coefficients (with real SSA)
indicate that the SSA actually was larger than the mean value
for this altitude range on the flight day. Especially the lidarderived absorption coefficient profile with real SSA in Fig. 6d
represents the in situ measurements well inside the elevated
aerosol layer.
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3.2.2 Case study with air masses from southern India
in the free troposphere

Figure 7 shows the corresponding profiles as in Fig. 6 for
a day with air masses from southern India in the FT. Significantly lower particle number concentration, Mie scattering, particle extinction as well as absorption coefficients were
detected through the whole column on 4 March compared
to 24 March 2012. EBC values are calculated to be below
1 µg m−3 . However, a weak elevated aerosol layer can be seen
between 2000 and 3000 m. Typically, the aerosol number
concentration on average decreases constantly with height
in air masses from southern India (see Fig. 5) but 4 March
shows the highest aerosol number concentration in the free
troposphere for this type of air mass (see Fig. 3). The weak
elevated aerosol layer can be explained by forest fires in
southern India which occurred in the beginning of March,
as discussed by Chakrabarty et al. (2014). Altitude resolved
trajectories verified that the FT air mass travelled at 3–4 km
above mean sea level above the forest fire location 2 days before arriving at MCOH.
The lidar extinction and lidar-derived absorption coefficients also indicate the presence of this aerosol layer. The
lidar profile with a given lidar ratio of 50 sr was taken around
6 h after the flight measurements in this case, which explains
the vertical shift of the aerosol layer. A strong increase in
lidar extinction coefficients for both methods in the MBL is
related to increasing relative humidity towards the MBL. The
www.atmos-chem-phys.net/16/1045/2016/
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Figure 8. Scatter plot of (a) AUAV CPC derived absorption and in situ absorption coefficients, (b) Lidar-derived absorption coefficients
with extinction coefficients based on a given lidar ratio depending on air mass source region and source-specific SSA (closed circles) or
actual SSA (open circles) against the in situ absorption coefficients and (c) Lidar-derived absorption coefficients with extinction coefficients
constrained by the AERONET AOD and source-specific SSA (closed circles) or actual SSA (open circles) against the in situ absorption
coefficients. Particle absorption coefficients are given for 532 nm.

3.2.3

Comparison of absorption coefficients derived
with different methods

Figure 8 shows a comparison of the particle absorption coefficients derived from the different methods and the in situ
measured absorption coefficients at 532 nm (see Sect. 2.7).
The correlation between the calculated and the in situ measured absorption coefficients is relatively weak in all cases
(R 2 ≤ 0.39).
The particle absorption coefficients calculated from the relation with the particle number concentration (see Table 3)
shows fairly good agreement with the 1 : 1 line in Fig. 8a.
The linear regression is statistically significant at the 95 %
significance level. The absorption coefficient was calculated
for different source regions based on surface measurements.
However, air masses from a certain source region might not
have the same optical properties in the FT as in the MBL
(Corrigan et al., 2008). Further, the correlation shown in Tawww.atmos-chem-phys.net/16/1045/2016/

10
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relative humidity is below 40 % in the FT, while it is up to
90 % in the MBL.
The rightmost panel shows the lidar-derived absorption
coefficient profile which was calculated from the lidar extinction coefficients constrained by the AERONET AOD instead of using a given lidar ratio. Since this profile is determined at the same time as the flights a better agreement
between in situ measured and lidar-derived absorption coefficients is achieved. The relatively high in situ absorption
coefficient at around 1500 m can only be achieved with the
lidar-derived absorption coefficients calculated with the actual SSA. This indicates that the determination of the SSA
is the critical factor in the absorption coefficient calculation.
On the other hand the actual measured absorption coefficient
may be biased high since no indication for high particle absorption at that altitude can be seen in the particle number
concentration profile.
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Figure 9. Particle absorption coefficient for 880 nm against PM2.5
EC mass concentration, grouped by source regions according to
Fig. 2.

ble 3 might be better if several years of observations could
have been considered.
Except for some outliers, the absorption coefficients calculated with the AOD constrained particle extinction coefficients follow the 1 : 1 line fairly well (Fig. 8c). The correlation coefficient is here the best for the particle absorption coefficients calculated with the actual SSA (open circles). The
regression analysis is statistically significant for the slope coefficient for both calculation alternatives.
The rather high lidar-derived absorption coefficients above
50 M m−1 were found to be from 23 March 2012. This AUAV
flight day was classified as a day with air masses from the
IGP. Compared to other IGP influenced days, the air mass
was transported rather over central India and the western IGP
but was not affected by the highly polluted eastern outflow of
the IGP. A dust influence can also not be excluded. Thus, the
utilized mean SSA are likely to be underestimating the real
Atmos. Chem. Phys., 16, 1045–1064, 2016

1060

F. Höpner et al.: Vertical profiles of optical and microphysical particle properties

Table 4. Relation between the particle absorption coefficient at
880 nm and the PM2.5 EC mass concentration for different source
regions.
Source region

σabs (880 nm) = a mEC + b [Mm−1 ]

R2

All together
Indo-Gangetic Plain
Southern India
Arabian Sea

σabs = 6.9 mEC − 0.09
σabs = 6.6 mEC + 0.67
σabs = 4.3 mEC + 0.8
σabs = 5.6 mEC + 0.4

0.81
0.81
0.83
0.79

SSA during this day, hence producing high particle absorption.
The absorption coefficients calculated using a given lidar
ratio show the poorest correlation with the in situ observations and the regression is not statistically significant at the
95 % significance level (see Fig. 8b). One main issue may
be the time difference between the flight observations and
the lidar profiling. However, the lidar-derived absorption coefficient profiles follow the general structure of the in situ
measured aerosol profiles in the free troposphere (see Figs. 6
and 7).
A somewhat better agreement was achieved with the use
of the actual SSA (see Fig. 8b, open circles). It seems that
the correct determination of the SSA is a crucial point in deriving the absorption coefficients from lidar measurements.
A longer time series of vertical in situ measurements could
help to obtain a better source-dependent SSA profile. Direct
measurements of vertical scattering coefficient profiles as already performed for other aircraft campaigns (e.g. Sheridan
et al., 2012; Johnson et al., 2008) would reduce the uncertainty in absorption coefficient calculations.
The rather poor correlation between the in situ measurements and the other methods for determining the absorption
coefficient does not imply that the methods are unusable.
Even the onboard in situ measurements, which were used
as reference, can have uncertainties of up to 40 % and offer
a poor constraint on the lidar derived absorption coefficient
profiles. The comparison however indicates that the general
vertical structure was captured.
3.3

880 nm is calculated to be 6.9 m2 g−1 . Adjusted to 520 nm the
EBC MAE would be 11.6 m2 g−1 . The adjustment was performed according to Yang et al. (2009) with the assumption
that the absorption Ångström exponent is 1 for BC particles.
Bond and Bergstrom (2006) gave an MAE estimate for
freshly emitted carbonaceous particles of 7.5 ± 1.2 m2 g−1
for 550 nm. MAE values for internally mixed carbonaceous
aerosol is estimated to be around 12.5 m2 g−1 (Bond et al.,
2013). The overall EBC MAE for CARDEX of 11.6 m2 g−1
represents processed carbonaceous aerosol particles and is
also close to the general estimate by Bond et al. (2013).
Furthermore, specific MAE values for each air mass can be
determined using the relation between the σabs (880 nm) and
EC mass (see Table 4). Assuming that the slope of the linear
relation determines the MAE, air masses from IGP have an
MAE(880 nm) of 6.6 m2 g−1 (MAE(520 nm) = 11.2 m2 g−1 ),
which is also similar to the overall MAE of 6.9 m2 g−1 .
Air masses from SI and AS have a significantly lower
MAE for 880 nm with 4.3 and 5.6 m2 g−1 (MAE(520 nm) =
7.3 m2 g−1 , MAE(520 nm) = 9.5 m2 g−1 ), respectively. For
the Arabian Sea, the lower MAE could be explained by
a larger contribution from bigger particles, such as dust,
since the MAE decreases with increasing particle size for
Dp ≥ 300 nm (Bond and Bergstrom, 2006). MAE of dust is
in general smaller compared to BC-containing particles as
well. Air masses passing over southern India may contain
relatively freshly emitted BC particles and these have in general a lower MAE than particles with a longer transport time
(Bond et al., 2013). According to Arnott et al. (2005), various multiple scattering correction factors should be used for
different internally mixed aerosols. This attempt might additionally change the determination of MAE additionally.
On the other hand, fairly high intercept values for all three
source-specific relations indicate that it is not only the slope
that determines the MAE. With a larger data set a more accurate relation could likely be achieved and this will be investigated in future studies. The MAE is used to estimate EBC
profiles from the absorption coefficient profiles as described
in Sect. 2 and shown in Sect. 3.2.

CARDEX MAE
4

Figure 9 shows the comparison between measured EC mass
(PM2.5 ) and particle absorption coefficients at 880 nm. There
is a clear linear relation between the particle absorption coefficient at 880 nm and the EC mass (see Sect. 2.8). The highest
particle absorption coefficients and EC mass was measured
during periods with air masses from IGP in the MBL, while
the lowest values for both particle properties were detected
with AS air mass influences, as discussed in Sect. 3.1.
A specific MAE value for MCOH during the dry monsoon season can be calculated with the method described in
Sect. 2.8 (similar to Corrigan et al., 2006). Without any distinction between different source regions, a MAE for EBC at
Atmos. Chem. Phys., 16, 1045–1064, 2016

Summary and conclusion

This study presented aerosol in situ and lidar-derived measurements, with a focus on aerosol optical properties, from
the field campaign CARDEX that took place during the dry
monsoon season, February and March 2012, close to the permanent station MCOH on the northern Maldives island Hanimaadhoo.
Air mass cluster analysis confirmed that elevated aerosol
layers occur mainly during air mass influence from the Indian
subcontinent. The highest aerosol particle number concentrations through the whole column were found for air masses
which passed over the highly polluted Indo-Gangetic Plain
www.atmos-chem-phys.net/16/1045/2016/
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and which were then transported over the Bay of Bengal to
the northern Indian Ocean.
Comparison with previous field campaigns over the same
region (INDOEX in 1999 and MAC in 2006) were presented.
Elevated aerosol layers were consistently found in in situ particle number concentration measurements both during MAC
and CARDEX, but not during INDOEX. Particle absorption
coefficients were lower in CARDEX compared to INDOEX
and MAC while the scattering coefficients were higher, i.e.,
the SSA was higher during CARDEX.
A main aim of the study was to investigate the possibility of using ground-based lidar measurements to determine the vertical distribution of absorbing aerosols. In situ
AUAV-based measurements of absorption coefficient profiles were thus compared with lidar-derived absorption coefficient profiles, where the latter require input of vertically
resolved SSA values. SSA values for different altitude intervals and different air masses were estimated using in situ
observations of particle absorption coefficients and scattering coefficients calculated using Mie theory. The evaluation
of the lidar-derived absorption coefficient profiles showed
a large sensitivity to the given SSA values. Using campaignaveraged, source-specific, SSA values, the overall shape of
the lidar-derived absorption coefficient profile appeared reasonable, but the correlation with the in situ measured absorption coefficients was rather poor (R 2 = 0.15). Constraining the lidar-derived extinction coefficients to AERONET
observed AOD improved the correlation with observations
(R 2 = 0.34) which is likely due to closer agreement in time
with the measurement flights. Results with better statistical
significance were found if the absorption coefficient profile is
determined from simple linear regression with the total particle number. However, the surface-based regression may not
be valid for the free troposphere.
Determination of vertical profiles of absorption coefficients remains difficult and involves high uncertainties in
general. Longer time series of vertically resolved SSA values may help improve the lidar-derived absorption coefficient
profiles.
Surface measurements of the particle absorption coefficient and elemental carbon mass concentration were used to
determine a specific mass absorption efficiency (MAE) for
the northern Indian Ocean during the dry monsoon season.
A mean MAE of 11.6 m2 g−1 for 520 nm was found. This result represents approximately internally mixed BC containing particles according to Bond et al. (2013) who gave an
estimate of 12.5 m2 g−1 for processed carbonaceous aerosol.
Lower MAE values were found for air masses originating
from southern India and the Arabian Sea. MAE is necessary
for calculating equivalent black carbon concentrations from
absorption coefficient measurements.

The Supplement related to this article is available online
at doi:10.5194/acp-16-1045-2016-supplement.
www.atmos-chem-phys.net/16/1045/2016/
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Abstract

Methods for determining aerosol types in cases where chemical composition measurements
are not available are useful for improved aerosol radiative forcing estimates. In this study, two aerosol
characterization methods by Cazorla et al. (2013, https://doi.org/10.5194/acp-13-9337-2013; CA13) and
Costabile et al. (2013, https://doi.org/10.5194/acp-13-2455-2013; CO13) using wavelength-dependent
particle absorption and scattering are used, to assess their applicability and examine their limitations.
Long-term ambient particle optical property and chemical composition (major inorganic ions and bulk
carbon) measurements from the Maldives Climate Observatory Hanimaadhoo as well as concurrent air
mass trajectories are utilized to test the classifications based on the determined absorption Ångström
exponent, scattering Ångström exponent, and single scattering albedo. The resulting aerosol types from the
CA13 method show a good qualitative agreement with the particle chemical composition and air mass
origin. In general, the size differentiation using the scattering Ångström exponent works very well for both
methods, while the composition identification depending mainly on the absorption Ångström exponent
can result in aerosol misclassifications at Maldives Climate Observatory Hanimaadhoo. To broaden the
applicability of the CA13 method, we suggest to include an underlying marine aerosol group in the
classification scheme. The classification of the CO13 method is less clear, and its applicability is limited
when it is extended to aerosols in this environment at ambient humidity.

1. Introduction
The radiative forcing of aerosol particles is one of the most uncertain factors in our current understanding of
climate. Aerosols have a direct effect on the global energy budget by scattering and absorbing the incoming
solar radiation. They also influence the climate indirectly by altering cloud properties. A global net cooling effect by anthropogenic aerosols is estimated using global climate models and satellite observations,
but absorbing aerosols consisting of, for example, black carbon (BC) or organic carbon (OC) can locally or
regionally warm the atmosphere, especially over polluted regions (IPCC, 2013). The positive radiative forcing of BC is highly uncertain but is suggested to be one of the most important factors of human-induced
warming after carbon dioxide (Bond et al., 2013). Additionally, BC can have severe effects on human health
and air quality (Highwood & Kinnersley, 2006).
Anthropogenic aerosol emissions, including BC, are still increasing in certain regions. For instance, India
reports almost a doubling in energy use and coal combustion from 2001 to 2011, which led to an estimated
BC emission of approximately 0.9 Tg/year in 2011 (Paliwal et al., 2016). This is almost three times more than
the BC emission of Western Europe in 2010 (Granier et al., 2011). Due to growing population and industry,
further increase in anthropogenic aerosol emissions in India is expected (Paliwal et al., 2016).

©2019. American Geophysical Union.
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Global climate models and emission inventories are used to quantify different large-scale aerosol climate
effects, but the uncertainty can be high because of the uneven distribution of aerosols in space and time
due to their short atmospheric residence times, diverse composition, and emission intensities. Better quantification of the aerosol effects on climate requires exact characterization of their physical and chemical
properties. This calls for extensive observations over a range of regions, but these types of measurement
efforts are costly. Thus, methods where we obtain as much information as possible from fewer cost-effective
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measurement instruments are beneficial in places where no chemical measurements are available or less
frequent.
Several studies have introduced various approaches to identify aerosol types by only measuring the spectral
particle extinction, absorption, and scattering (e.g., Bahadur et al., 2012; Cappa et al., 2016; Cazorla et al.,
2013; Costabile et al., 2013; Giles et al., 2011; Russell et al., 2010). The methods use mainly the scattering
Ångström exponent (SAE) and absorption Ångström exponent (AAE) of aerosol particles, which are measures of the wavelength dependence of the extensive aerosol optical properties. The SAE and AAE can give
information about the particle size or the absorbing particle components, respectively (Cazorla et al., 2013).
By displaying both parameters in a matrix with predefined aerosol type sections, dominant absorbing aerosol
types, such as BC, OC, dust, or mixtures of them, can be distinguished. However, scattering particle types,
such as sea spray (comprised of a complex mixture of inorganic salt and organic substances), or particles
that are strongly aged due to long-range transport are difficult to determine by using spectral aerosol optical
properties only because of their poorly defined AAE (Russell et al., 2010; Schmeisser et al., 2017).
Many of the aerosol characterization approaches result from ground-based or even satellite remote sensing
measurements, such as Aerosol Robotic Network (AERONET) or MODIS, and an assumed dominant aerosol
type depending on the station location and/or air mass source region (e.g., Bahadur et al., 2012; Cazorla
et al., 2013; Giles et al., 2011; Russell et al., 2010). Some other studies use surface in situ measurements
to determine the particle optical properties but still base their aerosol categorization on site classifications,
such as continental polluted and marine (e.g., Cappa et al., 2016; Costabile et al., 2013; Schmeisser et al.,
2017). There have been only a few attempts to verify the classification approaches with simultaneous in situ
chemical measurements of the ambient air (e.g., Cazorla et al., 2013; Lee et al., 2012; Russell et al., 2010;
Valenzuela et al., 2015).
In this study, we test the two aerosol classification methods from Cazorla et al. (2013) and Costabile et al.
(2013) by using concurrent long-term spectral aerosol optical and chemical measurements from the Maldives Climate Observatory Hanimaadhoo (MCOH) in the northern Indian Ocean in combination with
backward trajectory analysis. Due to the monsoon cycle, the remote marine location MCOH is a receptor
for air masses from the southern Indian Ocean during summer, while South and/or Southeast Asia are the
main source regions in winter. Additional air mass sources throughout the year are the Arabian Sea and the
east coast of Africa. This unique site is well suited for studies of aerosol transformation and mixing; clean
marine as well as altered continental aerosol particles can be investigated. Especially interesting is the transport of carbonaceous particles from the Indian subcontinent, which seem to originate approximately 30%
from fossil fuel combustion and 70% from biomass burning (valid for bulk carbonaceous aerosol and soot
elemental carbon [EC]; Gustafsson et al., 2009; Sheesley et al., 2012).
At MCOH, marine particles, including sea salt, also contribute significantly to the aerosol population
(Corrigan et al., 2006; Engström & Leck, 2017). It is difficult to classify marine aerosols from spectral optical approaches as stated above because of the nonabsorbing nature of marine aerosols and the continental
setting of most of the used studies. The latter means that marine particles were not very prominent when
the aerosol classification categories were defined. Only a few studies tried to include marine aerosols in
their optical aerosol classification approaches (e.g., Costabile et al., 2013; Kumar et al., 2018; Schmeisser
et al., 2017). Here, one focus is on identifying marine particles in aerosol-type classifications from in situ
measurements. In summary, this study meets a need for further validation analysis of aerosol classification
methods with concurrent aerosol optical and chemical measurements and their possible extension to other
environments as called for by for instance Schmeisser et al. (2017).
We provide a brief description in section 2 of the measurement instruments at MCOH and the observational
data set used for this study. In section 3, the two approaches for estimating chemical aerosol composition
using intensive optical aerosol properties are introduced, along with our verification method. The results of
the study are presented in section 4, including additional Mie theory simulations, followed by a discussion
in section 5.

2. Observational Data
The measurements presented here were conducted at MCOH during two separate periods: from September 2004 to January 2008 and the full year of 2012, including the intensive field campaign CARDEX (Cloud
HÖPNER ET AL.
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Table 1
Instrumentation at the MCOH Used for This Study and Their Measured Properties, Sampling Periods, and Their
Temporal Resolution
Instrument

Observed properties

Sampling periods

Nephelometer

PM10 particle scat. coeff. 𝜎 scat

Sep. 2004 to Jan. 2008

1-min meas. res.

TSI model 3563

𝜆 = 450, 550, 700 nm

and the year of 2012

hourly mean calc.

Aethalometer

PM10 particle abs. coeff. 𝜎 abs

Sep. 2004 to Jan. 2008

5-min meas. res.

Magee AE-31

𝜆 = 370, 430, 470, 520,

and the year of 2012

hourly mean

PM2 inorg. ion mass conc.

Sep. 2004 to Jan. 2008

24- to 48-hr samples,

collected on a filter

Jan. to May 2012

occasionally gaps

PM2.5 EC and OC mass conc.

2012

Weekly samples

collected on a filter

including CARDEX

12-hr samples

590, 700, 880 nm
Ion
chromatograph

Temporal resolution

calc.

(SO2−
, Cl− , NO−
, K + , Na+ ,
4
3
Ca2+ , NH4+ , Mg2+ )

Thermal-optical
transmission analyzer

Note. MCOH = Maldives Climate Observatory Hanimaadhoo; CARDEX = Cloud Aerosol Radiative Forcing Experiment; OC = organic carbon; EC = elemental carbon.

Aerosol Radiative Forcing Experiment) in February and March 2012. MCOH was established as a part of
the Atmospheric Brown Cloud project (e.g., Corrigan et al., 2006; Ramanathan & Crutzen, 2003) and provides continuous measurements of physical particle properties since 2004 as well as a multiyear set of filter
samples, which are analyzed for major inorganic ions and carbonaceous aerosol composition. The station is
located at the northern tip of the small island of Hanimaadhoo (6.78◦ N, 73.18◦ E), which is one of the northernmost islands of the Maldives Republic with an area of 3.11 km2 and a population of only 1,800. Thus,
MCOH is an ideal site for observing air masses arriving with northerly winds over the ocean from southern
Asia with minor influences from local anthropogenic emissions from the island (e.g., Bosch et al., 2014).
The instruments at MCOH, available to characterize aerosol chemical and physical properties, are described
in detail by, for example, Corrigan et al. (2006), Ramana and Ramanathan (2006), Engström and Leck (2011),
Höpner et al. (2016), and Budhavant et al. (2018). Most of the instruments are situated inside a temperature
and humidity-controlled building, and the air is sampled 15 m above the local canopy through a stainless
steel inlet tube with a laminar flow of 300 L/min. On top of the inlet pipe, an impactor is connected to remove
particles larger than 10 μm in equivalent aerodynamic diameter (PM10). There is no drying system upstream
or downstream the impactor. The temperature inside the observatory is kept at ambient temperatures (±1 ◦
C) to avoid condensation in the system due to cooling. Furthermore, only the center air stream is distributed
to the samplers and instruments to minimize wall losses (Corrigan et al., 2006). Additional filter samplers
are placed on the roof.
Table 1 gives a summary of the measurement instruments used here together with information on the sampling period and resolution of the various data sets. Observations of the aerosol optical properties were
available for all chosen time periods with a high resolution whereas the filter samples for subsequent
chemical analysis were collected over varying sampling periods (12 hr to 1 week).
2.1. Continuous Measurements of Aerosol Optical Properties
Aerosol optical properties of PM10 particles at MCOH are continuously measured using a seven-wavelength
Aethalometer (Magee scientific, model AE-31) and a three-wavelength TSI Nephelometer (model 3563).
The Nephelometer measures the scattering coefficient 𝜎 scat at 450-, 500-, and 700-nm wavelength using
three photomultipliers with band-pass filters. The data are corrected for truncation errors as well as instrument geometry characteristics according to Anderson and Ogren (1998), which leads to maximum 𝜎 scat
uncertainty of 5% (Bond et al., 2009).
The particle absorption at seven wavelengths (370, 430, 470, 520, 590, 700, and 880 nm) is determined with
the AE-31 Aethalometer. The instrument collects aerosol particles on a filter and measures the attenuation
of light through the filter continuously, and from the attenuation, the particle absorption coefficient 𝜎 abs can
be calculated. The data set is corrected according to Arnott et al. (2005) and Corrigan et al. (2006) for filter
loading and scattering effects. 𝜎 scat values from the nephelometer measurements are used for the correction
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of multiple particle scattering from filter depositions. The estimated uncertainty of the MCOH aethalometer
ranges from 5% to 40% (Corrigan et al., 2006). Filter-based measurements of absorption, such as these, are
insensitive to variations in particle shape.
Even though the aerosol sampling system performs roughly at ambient humidity and temperature conditions, both the Aethalometer and Nephelometer detect a 2–4 ◦ C higher inside temperature because of
the electronics and light sources, resulting in a lower relative humidity. The humidity sensor inside the
Nephelometer typically detects about 10% less than the outside humidity (Corrigan et al., 2006; Höpner
et al., 2016). This drying might lead to decreasing particle sizes and hence changes in particle scattering
and absorption coefficients, but with the benefit that the condition changes are similar in both instruments. The detected relative humidity inside the Nephelometer ranges from 46% to 97%; thus, there were
no measurements under dry conditions.
2.2. Chemical Analysis of Aerosol Filter Samples
The aerosol chemical composition was analyzed both for major ion and for carbonaceous aerosol composition. For major inorganic ion analysis, particulate matter was sampled inside the observatory building
on Nuclepore polycarbonate membrane filters with a size cutoff at Dp < 2μm (PM2). The polycarbonate
membrane filters had a 0.4-μm pore size and a diameter of 37 mm, with a sampling diameter of 8 mm. The
sampling period for each filter was either 24 or 48 hr with a flow rate of 2 L/min. The filter cassettes were
sealed with parafilm and shipped to the Department of Meteorology at Stockholm University for subsequent
analysis. To avoid any filter contamination from particles or gases, the samples were handled in a clean-air
glove box and extracted in 5-ml deionized water. Afterward, the samples were analyzed with an ion chromatograph (IC; Dionex ICS-2000), yielding the molar mass concentration of the major cations potassium,
sodium, calcium, ammonium, and magnesium (K+ , Na+ , Ca2+ , NH+4 , and Mg2+ ) as well as the major and
weak anions sulfate, chlorine, and nitrate (SO2−
, Cl− , and NO−3 ).
4
The quality of the IC analysis was tested with internal and external reference samples, and the analytical
error was found to be lower than 3% and 5% for anions and cations, respectively. A more detailed description
and error analysis can be found in Engström and Leck (2011). It should be noted that no drying was applied
before the samples were collected and that no insoluble components could be detected with the IC method.
Thus, particle components such as fine mineral dust, BC, and OC did not contribute to the total molar mass
concentration of the PM2 filter measurements.
Therefore, PM2.5 measurements of EC and OC mass were made for additional analysis. The EC mass concentration, for instance, can be used a good indicator for BC-containing particles since their sources are
incomplete fossil fuel combustion and biomass burning (Bond et al., 2013; Yang et al., 2009). The mass
concentration of EC and OC was determined on samples collected on the 15-m tower of MCOH onto precombusted quartz filters using thermal-optical transmission analyzer (Sunset Laboratory, OCEC analyzer)
with the National Insitute for Occupational Safety and Health 5040 method (Bosch et al., 2014). For this
study, EC and OC samples were only used from the CARDEX campaign in February–March 2012 and from
some additional weeks in 2012 (see Table 1).
Since the temporal resolution of the filter sampling was much lower than the continuous detection of the
optical particle properties, time averaging is necessary. The sampling period for the filter measurements
was typically 24 to 48 hr except during the intensive campaign when each filter sampling period lasted only
12 hr. Some of the PM2.5 EC filter measurement periods were as long as 1 week.

3. Methodology
3.1. Theoretical Background
Several previous studies of wavelength-dependent particle absorption and scattering and the relation to
aerosol composition have been presented (e.g., Bahadur et al., 2012; Cappa et al., 2016; Cazorla et al., 2013;
Costabile et al., 2013; Russell et al., 2010; Wiegand et al., 2014; Schmeisser et al., 2017). These studies suggest various ways to detect the aerosol type by evaluating the intensive particle optical properties. The AAE
and SAE are crucial optical parameters in the different approaches as well as the spectral single scattering
albedo (SSA) and are defined in equation (1), (2), and (3) (Boucher, 2015), respectively.
AAE = −
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(2)
(3)

The AAE and SAE can be visualized as the slope of 𝜎 abs or 𝜎 scat , respectively, when plotted against the
wavelength on a log-log scale (Bergstrom et al., 2007). Each individual parameter in equation (1)–(3) gives
information on specific particle properties such as the chemical composition and particle size. Also, the
shape and potential coatings of the particles may effect the intensive optical properties. How to interpret
these optical properties is described in several previous studies and is well summarized by, for example,
Schmeisser et al. (2017).
In short, the AAE of a particle mixture is mainly determined by the absorbing component, which can be
BC, OC, and dust (Cazorla et al., 2013). The BC absorption has an inverse-wavelength relationship, which
leads to an AAE of ∼1 for BC particles (Russell et al., 2010; Yang et al., 2009). Larger AAE values are found
for organic material and mineral dust, indicating stronger absorption for shorter wavelengths (Kirchstetter
& Novakov, 2004). Chung et al. (2012) suggest that an AAE < 1 is associated with pure soot carbon and can
be as low as 0.5, whereas Schuster et al. (2016) recommend AAE < 1 for mixtures of dust and carbonaceous
aerosols. The recent study by Liu et al. (2018) uses numerical optical models to calculate the AAE for different sized BC, accounting for the possibility that the refractive index can be wavelength dependent. The
model results in their study show a wide BC AAE range of 0.5–1.5. Thus, the actual AAE of fresh, compact,
and coated BC is an unresolved question.
Low AAE (<1) can also be a sign of high measurement uncertainties or of a curved 𝜎 abs − 𝜆 relationship,
which reflects an increasing imaginary part of the refractive index with increasing wavelength (Bergstrom
et al., 2007). The AAE of predominantly scattering particles such as sea spray is not well defined because of
low particle absorption. However, sea spray might become weakly absorbing when it is coated with organic
material (Russell et al., 2010).
The SAE on the other hand provides information on the particle size. Low SAE values indicate coarse-mode
particles (approximately >1 μm), while larger SAE values indicate fine-mode particles (approximately
<2 μm), although a threshold value of SAE separating coarse and fine-mode particles is in general not well
defined. Cazorla et al. (2013), for example, suggest SAE = 1.5 as a threshold for fine-mode particles, and
Cappa et al. (2016) state that SAE > 1.8 for particles with Dp < 1μm.
Additionally, the spectral variability of the SSA (dSSA/d𝜆) provides information on both the particle size and
chemical composition. An increasing SSA with increasing 𝜆 can be a sign of dust particles or coarse-mode
particles in general (Ackerman & Toon, 1981; Kaufman et al., 2001), whereas a negative dSSA/d𝜆 could
indicate anthropogenic pollution and soot aerosols without the contribution of large particles (Bergström,
1973; Dubovik et al., 2002). Here, we use the difference of the SSA between 450 and 700 nm as a measure of
dSSA/d𝜆.
3.2. Optical Methods for Determining Aerosol Types
Long-term PM10 optical measurements from MCOH are here utilized to calculate the AAE, SAE, and SSA.
These intensive optical particle properties are then used to identify selected aerosol types, as described above.
AAE and SAE estimates that display a large temporal variability are considered less reliable, and therefore,
hourly averages are excluded if they exhibit a high standard deviation (std(AAE) > 2, std(SAE) > 0.5) to
make the aerosol classification more robust. A fairly high AAE standard deviation acceptance is chosen
since the general low particle absorption leads to a higher uncertainty in the AAE calculation. The results
are, however, found not to be sensitive to the choice of threshold, or inclusion of high-variability data points.
The following sections describe two different optical methods, which are chosen since they are based on in
situ measurements to a large extent compared to other studies. Here we use the same abbreviations for the
defined aerosol categories as in the original references.
3.2.1. Cazorla (CA13) Method
In the study by Cazorla et al. (2013) the relationship between the AAE and SAE in the wavelength range of
450–700 nm is used to group aerosols into several categories, which define the dominating absorbing constituents and the particle size. Cazorla et al. (2013) utilize the AERONET (Holben et al., 1998) data set from
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Figure 1. Aerosol categories from (a) the absorption Ångström exponent (AAE) versus scattering Ångström exponent
(SAE) relationship in the Cazorla (CA13) method (adapted from Cazorla et al., 2013) and (b) the SAE vs. dSSA*AAE
relationship in the Costabile (CO13) method (adapted from Costabile et al., 2013). The large accumulation mode in
(b) can be separated in large inorganic mode (LIM) and large organic mode (LOM), and the biomass burning
mode (BBM) as well as the small organic mode (SOM) are part of the small accumulation mode. EC = elemental
carbon; OC = organic carbon; dSSA = difference of the single scattering albedo.

a variety of Sun Photometer measurement stations around the world, with aerosol signatures dominated by
fossil fuel, biomass burning, or dust sources. Depending on the station locations and their prevailing aerosol
conditions, an aerosol classification is established (see Figure 2 in Cazorla et al., 2013). Additionally, they
use a set of in situ aircraft measurements of ambient particle optical properties and chemical composition
in California (USA) for evaluation of their aerosol categorization scheme. Hereinafter, we will refer to the
categorization approach as the CA13 method.
Figure 1a shows the aerosol categories of the CA13 method in an AAE-SAE matrix. In the CA13 method,
aerosols with increased absorption at shorter wavelength are identified with an AAE > 1.5, whereas SAE < 1
classifies a dominance of mineral dust particles and SAE > 1 indicates a stronger influence of OC. Low AAE
on the other hand (AAE < 1) can point toward either coated large particles with SAE < 1.5 or EC-dominated
aerosol particles with SAE > 1.5. According to Cazorla et al. (2013), coated large particles might also be BC
with sulfate coating or polluted dust. In their study, SAE = 1.5 is found to differentiate coarse and fine-mode
particles rather well. Aerosols with an AAE around 1 are dominated by mixtures of EC and dust for low SAE
values, or mixtures of EC and OC for high SAE.
Hence, the size differentiation through the SAE results in a limited selection of aerosol types, which are
then divided by the AAE. Note that low aerosol concentration can lead to low signal levels and hence to
high uncertainties, which might misleadingly categorize measurements in the large particle section (Cappa
et al., 2016).
3.2.2. Costabile (CO13) Method
In addition to the AAE–SAE dependence, Costabile et al. (2013) add information on the spectral variability
of the SSA (dSSA/d𝜆) to classify different aerosol types. They use the wavelength range of 467–660 nm to
calculate the intensive optical properties. We will refer to this approach as the CO13 method. To divide the
aerosol groups, the relationship between the SAE and the product of dSSA and AAE (i.e., dSSA*AAE) is used
because the correlation between SAE and dSSA*AAE for the in situ measurements in Costabile et al. (2013)
was found to be higher than for SAE versus AAE. With dSSA*AAE on the x axis (see Figure 1 b) aerosols with
similar SAEs are separated more effectively. Based on in situ measurements of particle optical properties in
Rome (Italy) under dry conditions (RH < 50%), Costabile et al. (2013) found a inverse linear relationship
between the SAE and dSSA*AAE. Then, they use Mie simulations (explicit calculation of aerosol scattering
and absorption) for eight different aerosol types, defined by their particle size and spectral refractive index, to
reproduce these results theoretically in the same SAE versus dSSA*AAE plot. A distinction is made between
Aitken mode (AKM), soot mode (STM), biomass smoke, small organic mode, large organic and inorganic
mode, coarse marine, and coarse dust mode (CDM; see Figure 4 and Table 3 in Costabile et al., 2013). They
found furthermore a good agreement when using their method for dry and ambient measurements globally.
As shown in Figure 1b, the coarse-mode particles (Dp > 0.8μm) are identified by SAE < 0.5, dSSA*AAE > 0,
and SSA (530 nm) > 0.8. The coarse mode can be subdivided into coarse marine mode (CMM; sea salts
and organic matter) and CDM, whereas lower dSSA*AAE and larger SSA (>0.95) represent the CMM.
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Figure 2. (a) Backward trajectory clusters in the marine boundary layer (400 m) at Maldives Climate Observatory
Hanimaadhoo from a 10-year data set and (b) the related frequency of occurrence in each month. Trajectories were
calculated for 2005–2015.

Large accumulation mode particles (Dp = 300–800 nm) have SAE between 0.5 and 3, the dSSA*AAE is
in the range between −0.01 and 0.07, and they have SSA (530 nm) > 0.9. There is an additional separation between the large inorganic mode (LIM), representing inorganic matter, and the large organic mode
(LOM), which includes light-absorbing organic particles. LIM has lower dSSA*AAE and larger SSA values
(>0.95) compared to LOM. Small accumulation mode particles (Dp = 120–300 nm) exhibit SAE > 1.5 and
−0.15 < dSSA*AAE < 0.1. The SSA (530 nm) for these particles can be as low as 0.8. The small accumulation mode includes biomass burning mode (BBM) particles with SSA (530 nm) < 0.85 and the small organic
matter (SOM) mode with SSA (530 nm) > 0.85. Fresh combustion particles should be found in SOM and consist mainly of EC and OC. If BBM particles age and increase in particle size, they are found in the LOM, and
if the OC content from the biomass burning is high, the particles can be found in the SOM. AKM and STM
(Dp = 60–120 nm) have high SAE ≈ 4 and low dSSA*AAE (−0.4 to −0.2). STM particles (BC and OC from
combustion processes) could also be mixed with coarse-mode particles (STM+CMM or STM+CDM) and
extend across almost the entire matrix (−0.2 < dSSA*AAE < 0.2, 0 < SAE < 3) with SSA < 0.8 (Costabile
et al., 2013).
3.3. Trajectory Analysis
Seven-day backward trajectories calculated every 6 hr with the HYSPLIT model from the National Oceanic
and Atmospheric Administration Air Resource Laboratory (Draxler, 1999) were used to classify air mass
origins and relate to each of the aerosol composition categories of the CA13 and CO13 methods. The Global
Data Assimilation System meteorological data archive available from December 2004 until present was used
for the HYSPLIT calculations. Here, backward trajectory cluster analysis was performed for the years 2005
until 2015 to create a climatology of the yearly distribution of air mass origin at MCOH, similar to Sheesley
et al. (2012). Each trajectory was calculated for an arrival height of 400 m, which is typically inside the
tropical marine boundary layer (Höpner et al., 2016). The trajectories were separated in six different clusters
based on if they passed predefined regions within 7 days before arrival at MCOH. The resulting subjective
air mass clusters are Southern India and Southeast Asia (SAE), Bay of Bengal and the Indo-Gangetic Plain
(IGP), Western India (WI), Arabian Sea and Arabian Peninsula, Iran or Pakistan (AS), Northern Indian
Ocean and Africa (AFR), and the Southern Indian Ocean (SIO). In section 4, each data point is collated to
the closest individual trajectory and accordingly assigned to its air mass cluster.
Figure 2 displays the clusters and the histogram of the relative frequency of occurrence of a trajectory
within each cluster in each month. The 10-year trajectory data set clearly represents the annual cycle of
the Asian monsoon. During the wet monsoon (June–September), the dominant air mass sources are the
southern Indian Ocean or East Africa (cluster SIO and AFR). Mainly warm and moist air is transported,
and most of the annual rainfall occurs during that season (Corrigan et al., 2006). In the premonsoon season
(March–May), air masses originate from the Arabian Peninsula, Iran, or Pakistan (often including mineral
dust) and travel over the Arabian Sea (cluster AS) or can also be transported from AFR and WI. From November to February (and part of March), air masses typically come from India (SEA, WI, and IGP), but also,
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long-range transport from Southeast Asia, Pakistan, and Iran can occur during the winter months. This season is called the dry or northeast monsoon and is especially interesting since the transport and alteration of
pollution aerosol from the Asian continent can be studied (Krishnamurti et al., 1998; Verver et al., 2001).
Hence, the change in air mass source region during the year is expected to induce a change in physical
and chemical aerosol characteristics. It has been shown that during the dry monsoon season, polluted air
masses with increased concentration in particle number and BC mass are transported from the Asian continent over the northern Indian Ocean (e.g., Corrigan et al., 2006; Engström & Leck, 2017; Budhavant et al.,
2018; Ramana & Ramanathan, 2006; Ramanathan et al., 2001), while low particle number and mass concentrations as well as mainly marine particles with Dp > 1 μm are observed during the summer months
(Budhavant et al., 2015; Corrigan et al., 2006; Engström & Leck, 2017). But transport of long-lived pollution
compounds over the southern Indian Ocean can also occur during the summer.
It has been also reported that local emission sources in the southern part of Hanimaadhoo are small and
rarely transported to the observatory (e.g., Bosch et al., 2014; Sheesley et al., 2012). However, it is possible
that emissions from the ship tracks north of the island are captured.
3.4. Evaluation Method
After using the intensive properties to classify here measured aerosol particles according to the CA13 and
CO13 methods, we evaluate their applicability for MCOH as a marine observatory. First, more general characteristics as PM10 particle absorption, particle number concentration, air mass origin, and PM2 mean
composition of major inorganic ions are used for evaluation. In that way, we create an overview of the two
optical approaches and can judge how well they reflect the general aerosol physical and chemical properties. It must be noted that the inorganic ion filter samples have a size cutoff at Dp = 2 μm and hence only
give information about the chemical composition for the lower fraction of the coarse-mode and all smaller
particles. Possible errors connected to the size differences of the chemical and physical particle observations
are discussed further in section 3.5.
In a next step, a number of particle components are selected as representative of different aerosol types
to evaluate the two optical methods in more detail. For example, non-sea salt (nss) SO2−
and NH+4 can be
4
used to identify aerosol particles from anthropogenic sources. Ca2+ , Na+ , and Cl− are typically related to
natural aerosol sources such as oceans or deserts and should therefore be mainly found in, for example,
the “coarse-mode” category of the CO13 method. However, sea spray particles can be also found in the
small-particle categories due to the emission as film droplets at the air-sea interface.
Here, the mass ratio nssCa2+ /nssSO2−
is used to estimate the relative dominance of either mineral dust
4
or anthropogenic particles, as the marine contribution is excluded with the calculation of the non-sea salt
fractions of Ca2+ and SO2−
. These are determined using the average seawater composition from Wilson
4
(1975) and the measured sodium concentration. In order to detect the influence of marine particles, the
mass ratio of chloride to sodium (Cl− /Na+ ) is used as a tracer (Leck et al., 2002). Also, the total sea salt (ss)
fraction can be used to identify particles with marine origin. The sea salt fraction is calculated from the sum
mass concentration of all sea water components (Na+ , Cl− , Mg2+ , ssK+ , ssCa2+ , and ssSO2−
) divided by the
4
total PM2 mass (e.g., Sciare et al., 2005).
Additional information on anthropogenic emissions sources can be obtained from EC, OC, and nss potassium (nssK+ ) mass fractions. High nssK+ mass fraction can be a sign of biomass burning aerosol (Leck et al.,
2002), and the PM2.5 EC mass fraction can be used as an indicator of the BC-containing aerosols in the CA13
method. EC has only primary sources from both fossil fuel combustion and biomass burning, while OC can
also be formed through gas-to-particle conversion or be emitted primary from plants. Hence, the OC to EC
mass ratios can give information on the emission sources as well as on the atmospheric transformation processes (Bosch et al., 2014). For example, high OC to EC mass ratios can be a sign of biomass combustion
sources or biogenic secondary organic aerosol contributions. The OC to EC ratio at a receptor location might
be changed in comparison to the source region due to differences in atmospheric lifetime (OC has a shorter
lifetime than EC) and transformation during the long-range transport in the form of secondary aerosol formation, photochemical aging, or washout (Bosch et al., 2014; Budhavant et al., 2015). The reported OC to
EC ratio at MCOH is usually lower than that from source regions in South Asia (e.g., Bosch et al., 2014;
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Budhavant et al., 2018). Furthermore, a strong correlation between OC and EC suggests common sources
of both carbonaceous components.
3.5. Potential Uncertainties of the Optical Methods Evaluation at MCOH
The largest uncertainty in evaluating the above introduced methods lies in the consideration of relative
humidity. The optical properties used for this study are not measured at dry conditions. Hence, they give
qualitative results for the ambient aerosol, which can be easily compared to, for example, remote sensing estimates. Cazorla et al. (2013) uses remote sensing and also in situ measurements at ambient relative humidity.
The CO13 method, on the other hand, uses measurements and Mie calculations of dry aerosol populations.
Hence, the evaluation of the latter approach needs to consider the aspect of the different humidity conditions. However, we like to emphasize that Costabile et al. (2013) also found a good agreement when applying
their method to remote sensing measurements, which are at ambient conditions.
It is expected that the SAE increases and the SSA decreases under dry conditions because the particles will be
smaller and less scattering. The change in particle absorption with increasing relative humidity is dependent
on the chemical composition. BC particles are thought to experience absorption enhancement when coated
by nonabsorbing compounds (e.g., Schnaiter et al., 2005). The study by Lee et al. (2012) concludes that
the mixing state of BC has a greater influence than the relative humidity. BC AAE is found to decrease
with increasing coating (Liu et al., 2018). Thus, at MCOH the AAE might be lower than in comparable dry
measurements. On the other hand, with filter-based absorption coefficient measurements, as those of the
Aethalometer, some of the coating may be destroyed (Chung et al., 2012), potentially resulting in a similar
AAE as during dry conditions. Furthermore, the change in SSA should be quite substantial when we go from
ambient to dry conditions. Since the humidity appears to have the largest influence on the CO13 method,
the results of the CO13 approach will be first presented for ambient conditions in sections 4.3 and 4.4, while
theoretical simulations of the CO13 aerosol types under humidified conditions, based on Mie theory, are
presented in section 4.5.
Second, the evaluation method compares PM10 particle optical properties with PM2 and PM2.5 particle
chemical composition, respectively. Thus, larger natural coarse-mode particles as dust and sea spray might
be undetected with the filter samples but visible in the CA13 and CO13 optical methods. Previous comparisons between the PM10 and PM2.5 particle chemical composition from filter samples at MCOH show that
Cl− , Na+ , and nssCa2+ are mainly found in particles with Dp > 2.5 μm (Budhavant et al., 2018). This might
especially lead to a biased mean inorganic ion composition for the coarse-mode and “large particle”/“dust”
groups in the CO13 and CA13 method, respectively, as shown in Figures 4b and 6b. The difference in size
sampling does probably not influence particles from anthropogenic sources as much since they hardly grow
into particles with diameters larger than 2 μm. This can be also confirmed by the MCOH filter analysis from
Budhavant et al. (2018). They found a dominant contribution of nssSO2−
, NH+4 , nssK+ , and EC in the PM2.5
4
samples compared to the total mass. OC, on the other hand, is also found in particles with Dp > 2.5 𝜇 m, but
dominantly in smaller particles.
Another potential reason for misclassification could be the sensitivity of AAE to the applied Aethalometer
correction. Here, we correct the Aethalometer data according to Corrigan et al. (2006), who adapted the correction method by Arnott et al. (2005) for MCOH. The significant fraction of scattering particles such as sea
spray can lead to an overcorrection for multiple scattering and thus to biased results (Corrigan et al., 2006).
Depending on the correction method, the AAE can vary to some extent and thus may place the measurements in different aerosol groups. Also, different utilized optical instruments can lead to varying SAE and
AAE values.
Moreover, potential errors could result from varying temporal resolution of the measurements. As discussed
in section 2, the continuous optical properties are measured every minute or 5 min, respectively, and are
averaged over 1 hr, whereas the filter samples for subsequent particle composition analysis have a temporal
resolution of 24–48 hr for the long-term measurements and 12 hr during the intensive campaign CARDEX.
There are even a few samples with weekly sampling periods in 2012. The air mass origin and their optical
properties can be highly variable within 2 days; hence, the mean of the AAE and SAE for a longer time period
might contain large uncertainties, possibly leading to misclassifications in the CA13 and CO13 method.
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Figure 3. CA13 method: absorption Ångström exponent (AAE) versus scattering Ångström exponent (SAE) overlaid
with the aerosol categories; color scale indicates (a) the single scattering albedo (SSA) at 550 nm and (b) particle
number concentration (number/cm3 ). (b) shows only a subset of the AAE and SAE data since less particle number
concentration measurements are available. OC = organic carbon; EC = elemental carbon.

4. Results
4.1. Classification of Aerosol Types at MCOH Using the CA13 Method
The MCOH particle optical properties are first applied to the CA13 method, and Figures 3a and 3b present
the AAE versus SAE matrix results with points colored according to SSA (550 nm) and particle number
concentration, respectively. Note that a smaller data set of the particle number concentration is used (only
February 2005 to January 2008). A gradual decrease in SSA (Figure 3a) and increase in particle number
concentration (Figure 3b) with increasing SAE, and thus with decreasing particle size, are clearly visible.
The majority of the data can be divided into the following groups: “coated large particles” (62%), “dust/EC
mix” (13%) and “EC/OC mix” (12%). “Dust-dominated” and “EC-dominated” aerosol particles account for
4% and 6%, respectively, and particles in the mixture category (“Mix”) contribute only 2%. “OC-dominated”
aerosols or “OC/dust” mixtures are almost never identified.
The EC/OC mix, EC-dominated, and mix aerosol groups exhibits the highest median particle absorption,
scattering, and particle number concentration as well as a fairly low SSA. Slightly higher SSA values appear,
as expected, in the dust categories and mixtures (dust/EC mix and dust-dominated). The coated large particle
group shows a large range of particle absorption and particle number concentration in the figure, which
depend strongly on the SAE. Table 2 summarizes the median and mean optical particle properties, particle
mass concentration, and the number of optical and filter measurements for each of the categories defined
in the CA13 method.
4.2. Evaluation of the CA13 method
Figure 4 presents the evaluation of the CA13 method extended to a remote marine observatory by air mass
origin, mean particle composition of major inorganic ions, and specific chemical components. Figure 4a
shows the fractional air mass origin for each aerosol category. The most common air mass origins for
particles in the EC/OC mix and EC-dominated categories are WI, IGP, SEA, and partly AS, which all indicate anthropogenic influence. This is also noticeable in the dominance of nssSO2−
and NH+4 in the mean
4
inorganic ion composition as shown in Figure 4b.
The other aerosol categories show a higher contribution of SIO air masses. Particles from the 'coated
large particles', 'dust/EC mix' and 'mix' categories (Figure 4 a)) seem to come from various different air
mass sources. Also, the mean inorganic ion composition (Figure 4 b)) shows rather a mixture of natural
, NH4+ ) compounds for the 'coated large particles' and 'dust/EC
marine (Na+ , Cl− ) and anthropogenic (SO2−
4
mix' groups. The mean inorganic ion composition from the 'coated large particles' category would show
more influence from natural compounds if the SAE threshold had been lower (SAE < 1) as suggested in
Cappa et al. (2016). The mean inorganic ion composition shows more anthropogenic influence for the 'mix'
group. However, the contribution of the marine compounds in the inorganic ion composition might be
underestimated since the chemical analysis was performed for PM2 particles.
Figure 4a also shows that dust-dominated aerosol particles come almost exclusively from SIO, AS, and AFR.
Accordingly, their inorganic ion mass fraction is strongly affected by Na+ and Cl− , but dust particles are
also likely to contribute to the particle composition. As an indicator of dust, Ca2+ shows a slightly elevated
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Table 2
Statistics of the Optical Properties and Mass Concentration (Including Median, Mean, and 25th and 75th Percentile) and
the Number of Filter and Optical Measurements for the Five Aerosol Categories in the CA13 Method
Coated

Dust

EC/OC

domi-

EC
Dust/EC

large

domi-

mix

nated

mix

particles

nated

Median

7.09

6.83

2.30

3.78

1.13

4.54

Mean

7.27

7.14

3.12

5.17

1.28

5.37

520 nm

75th Percentile

9.52

9.21

3.80

7.36

1.82

7.49

(Mm−1 )

25th Percentile

4.82

4.70

1.53

2.05

0.62

3.02

scat.

Median

124.17

139.07

63.34

75.06

58.84

102.27

coeff.

Mean

130.55

109.13

81.69

86.48

65.79

117.50

550 nm

75th Percentile

169.29

137.68

88.76

119.77

78.94

171.24

(Mm−1 )

25th Percentile

86.93

77.08

42.78

40.51

37.09

67.72

Median

0.945

0.936

0.965

0.946

0.983

0.956

Mean

0.943

0.934

0.959

0.942

0.979

0.951

75th Percentile

0.954

0.952

0.975

0.962

0.988

0.963

25th Percentile

0.932

0.920

0.946

0.929

0.972

0.942

mass

Median

10.80

9.86

11.65

8.55

12.57

9.53

conc.

Mean

11.40

12.27

11.97

9.63

10.67

8.89

PM2

75th Percentile

12.37

14.00

13.12

11.97

16.63

13.55

(μg∕m3 )

25th Percentile

7.98

8.62

6.74

5.27

7.29

8.08

No. of

PM2 filter sampl.

31

15

54

305

15

3

No. of

optical meas.

2,867

1,354

3,061

15,815

1,034

577

Optical
properties
abs.
coeff.

SSA
550 nm

Mix

Note. OC = organic carbon; EC = elemental carbon; SSA = single scattering albedo.

mass fraction in the mean particle composition. However, Ca2+ is also part of marine particles. As verification, Figure 4c displays the mass ratio between nss calcium and nss sulfate (nssCa2+ /nssSO2−
) to better
4
indicate the influence of mineral dust. High values are a sign of increased influence of mineral dust, while
low values reflect stronger contribution of anthropogenic aerosol particles (Lee et al., 2012). The majority of measurements with high nssCa2+ /nssSO2−
mass ratios are indeed found within the dust-dominated,
4
dust/EC mix, and coated large particle aerosol categories with typically low SAE values, whereas EC/OC
mix, EC-dominated aerosols, and coated large particles with higher SAE values exhibit low nssCa2+ /nssSO2−
4
mass ratios. Some isolated measurements with low nssCa2+ /nssSO2−
mass ratio can also be found in the
4
dust-dominated category. Again, we point out that a high fraction of the coarse-mode dust particles might
not be included in the PM2 filter measurements. Thus, in reality the nssCa2+ /nssSO2−
mass ratios are
4
probably higher for measurements with low SAE values.
The presence of the main marine compounds Na+ and Cl− in all aerosol groups imply that marine particles,
such as the inorganic ion fraction of sea spray, play an important role at MCOH, especially in the large particle groups even though the chemical comparison is performed with PM2 aerosol particles. Marine particles
are not specifically considered in the CA13 method; Cappa et al. (2016) observe mixtures of sea spray and
dust and therefore call the dust/EC mix rather large particles/BC mix in their study in order to incorporate
sea spray particles. Figure 4d presents the sea salt fraction as calculated from their component concentrations (see section 3). Measurements with high sea salt fraction are concentrated in the aerosol groups with
low SAE values, which shows that the size differentiation using the SAE seems to be appropriate. Sea salt
fractions close to one are mainly classified as dust-dominated particles, dust/EC mix aerosol, or coated large
particle. This indistinct AAE for marine particles can be caused by generally low particle absorption combined with low particle concentration or varying OC contribution, which can lead to variations in particle
absorption and hence changing AAE. Surprisingly for the marine location, the sea salt fraction can also be
as low as 1% in the PM2 samples, especially for the EC/OC mix and EC-dominated aerosol types.
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Figure 4. CA13 method evaluation: (a) number of trajectory cluster and (b) mean relative inorganic ion composition
for five of the CA13 method aerosol categories. (c–f) absorption Ångström exponent (AAE) versus scattering Ångström
exponent (SAE) overlaid with the CA13 method aerosol categories; color scale indicates (c) nssCa/nssSO2−
mass ratio,
4
(d) sea salt mass fraction, (e) elemental carbon (EC) mass fraction, and (f) organic carbon (OC) to EC mass ratio. AAE
and SAE standard deviations in (e) and (f) are shown because these are weekly means.

In Figure 4e the MCOH optical data are classified according to the CA13 method with the in situ measured
EC mass fraction in color. EC and OC mass concentration data are only available from 12-hr samples in
February and March 2012 and from a few weekly measurements during the rest of the year 2012 (see Table 1).
Since the optical particle properties might be very diverse during a week, the standard deviation of SAE and
AAE or dSSA*AAE (as for the CO13 approach) can be large and is shown for the weekly averages to evaluate
this variability.
Particles with high EC mass fraction are found to have high SAE and an AAE close to 1 in agreement with the
general description of BC-containing particles. These measurements are classified as coated large particles
with high SAE or EC-dominated aerosols. None of the measurements are identified as EC/OC mix, probably
because of low data availability.
The OC to EC mass ratio in the CA13 method is shown in Figure 4f. Measurements with the lowest OC to
EC mass ratios have AAEs close to 1 and are in the CA13 method located in the coated large particles and
EC-dominated categories while high OC to EC mass ratios appear in the dust-dominated, dust/EC mix, and
coated large particles groups. The low OC to EC mass ratios were mainly measured during the CARDEX
campaign in February and March 2012, which indicates the existence of aged BC-containing particles. The
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Figure 5. CO13 method: absorption Ångström exponent (AAE) versus dSSA*AAE overlaid with selected aerosol
categories; color scale indicates (a) the single scattering albedo (SSA) at 530-nm wavelength and (b) particle number
concentration (#/cm3 ). The gray shaded area indicates the not included soot mode mixed to coarse-mode aerosol
group. dSSA = difference of the single scattering albedo; LIM = large inorganic mode; LOM = large organic mode.

mean OC to EC ratio during CARDEX was as low as 1.2 ± 0.5, and according to the results in Bosch et al.
(2014), the OC to EC mass ratios were probably decreased during the transport between source and the
receptor MCOH due to photochemical aging or washout. A strong correlation between OC and EC (R2 =
0.72) during CARDEX suggests that those aerosol samples are most likely emitted from the same sources
such as fossil fuel combustion and biomass burning.
The higher OC to EC mass ratios (>2) were mainly measured on days with strong marine influence and
hence low mass concentration in general of both EC and OC. In those cases, OC may originate from secondary particle formation or primary biogenic emissions. Furthermore, the correlation between OC and EC
from the filter samples between May and September 2012 is weak, which is also a sign that OC has another
source than biomass burning or fossil fuel combustion.
4.3. Classification of Aerosol Types at MCOH Using the CO13 Method
The results from the application of the MCOH ambient particle optical properties to the CO13 method are
shown in Figures 5a and 5b with color coding depending on the SSA (550 nm) and particle number concentration, respectively. In comparison to the SAE and dSSA*AAE range in the original plot (see Figure 1 here
as well as Figures 1 and 4 in Costabile et al., 2013), only a part of the CO13 matrix and a smaller SSA range
is covered by the MCOH data. Twenty-one percent of all aerosols detected are identified as coarse-mode
particles (CMM and CDM). Most aerosols (63%) are classified as large accumulation mode particles (LIM
and LOM), while 8% are identified as small accumulation mode particles (BBM and SOM). A small fraction
of 1% could be either in the small or large accumulation mode category according to the boundaries of the
CO13 method (see section 3.2.2).
The particles in the large accumulation mode category shown here are rather located at the bottom left
corner of this aerosol type. In Costabile et al. (2013), no data points from the simulations and observations
are found in that part of the matrix. However, they state in their study that this section of the matrix should
comprise more “real” aerosol mixtures of STM and CMM particles.
There are only 100 cases out of over 23,000, which are classified as STM mixed to coarse-mode particles for
the ambient measurements because the SSA (550 nm) rarely drops below 0.8. Thus, this particle group is
not considered for the following evaluation but is still marked in the figures since about 8% of the data could
be attributed to the STM mixed to coarse-mode category if the SSA (550 nm) threshold would be increased.
Currently, these data points are outside any specified aerosol category.
Furthermore, smaller particles such as AKM, “soot,” or “biomass smoke” particles from the original
approach are not identified in the ambient measurements, most likely as aerosols arriving from continental sources are grown and transformed during the long-range transport and because the local emissions are
very low.
Similar to the CA13 method, there is a gradual change in SSA (Figure 5a) and particle number concentration (Figure 5b) from the top left corner to the bottom right corner of the graph. With increasing SAE and
decreasing dSSA*AAE, the number concentration is increasing while the SSA is decreasing. Low SSA, as in
the “small accumulation mode,” is caused by high particle absorption, which results generally from high
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Table 3
Statistics of the Optical Properties and Mass Concentration (Including Median, Mean, and 25th and 75th
percentile) and the Number of Filter and Optical Measurements for the Three Aerosol Categories in the CO13
Method
Optical

Large

Small

Coarse mode

accumulation mode

accumulation mode

Median

1.72

4.65

6.96

Mean

2.06

5.58

7.19

520 nm

75th Percentile

2.59

7.90

9.18

(Mm−1 )

25th Percentile

1.12

2.59

4.82

Median

49.00

92.07

107.17

property
abs.
coeff.

scat.
coeff.

Mean

53.83

108.09

110.48

550 nm

75th Percentile

65.33

152.57

137.93

(Mm−1 )

25th Percentile

35.37

53.24

78.66

Median

0.969

0.950

0.936

Mean

0.960

0.949

0.934

SSA
550 nm

75th Percentile

0.981

0.961

0.950

25th Percentile

0.949

0.937

0.921

mass

Median

9.67

9.00

9.86

conc.

Mean

9.77

10.56

11.38

PM2

75th Percentile

13.46

12.27

13.33

(μg∕m3 )

25th Percentile

5.63

6.36

8.62

No. of

PM2 filter sampl.

150

238

11

No. of

optical meas.

4,905

15,080

1,860

Note. SSA = single scattering albedo.

number concentrations of small anthropogenic particles and not necessarily from the particles' absorption
properties as already stated in Costabile et al. (2013). The coarse-mode aerosols, on the other hand, show
the lowest absorption coefficients and particle number concentration as well as the highest SSA. See Table 3
for a summary of all optical particle properties, the particle mass concentration, and number of filter and
optical measurements for each of the aerosol categories in the CO13 method.
4.4. Evaluation of the CO13 Method
Figures 6a and 6b show the evaluation of the CO13 method for the ambient measurements by air mass trajectories and mean fractional inorganic ion composition. The dominant air mass source of the coarse mode
particle group is the SIO with presumably marine aerosol particles (Figure 6a). Some aerosols classified as
“coarse marine” or CDM particles arrive from AFR and AS as well. The mean mass fraction in Figure 6b
shows that the particles consist mainly of the sea spray compounds Na+ and Cl− with a slightly increased
level of Ca2+ compared to the other aerosol types, indicating the presence of mineral dust.
The small accumulation mode aerosols in Figure 6a show a clear dominance of continental origin (WI, IGP,
and SEA), while the aerosols in the “large accumulation mode” category have rather mixed air mass sources.
This is also reflected in the mean mass concentration; the small accumulation mode particles consist mainly
of the more anthropogenic compounds nssSO2−
and NH+4 , and the large accumulation mode aerosols are
4
more mixed with the marine tracers Na+ and Cl− .
Furthermore, the relative fraction of air mass clusters and mean chemical composition is shown for the 8%
of the data, which are not part of any of the aerosol type groups. It appears that they exhibit a similar origin
and mean chemical composition as the small accumulation mode particles.
Figures 6c and 6d present the evaluation of the CO13 method with specific particle compounds. Here, the
nssK+ mass fraction is chosen as an indicator for combustion aerosols mainly from biomass burning but also
from fossil fuel combustion (Engström & Leck, 2017). Figure 6c shows a general gradual increase in nssK+
mass fraction toward small accumulation mode particles. This is reasonable since combustion aerosols are
rather small particles with low SSA. The highest nssK+ mass fractions appear in the middle of the matrix,
HÖPNER ET AL.

8756

Journal of Geophysical Research: Atmospheres

10.1029/2018JD029685

Figure 6. CO13 method evaluation: (a) number of trajectory cluster and (b) mean relative inorganic ion aerosol
composition for three of the CO13 method aerosol categories. (c–e) scattering Ångström exponent (SAE) versus
dSSA*AAE overlaid with the CO13 method aerosol categories; color scale indicates (c) nssK mass fraction, (d) sea salt
mass fraction, (e) elemental carbon (EC) mass fraction, and (f) organic carbon (OC) to EC mass ratio. AAE and SAE
standard deviation in (e) and (f) are shown because this are weekly means. The gray shaded area indicates the not
included soot mode mixed to coarse mode aerosol group. AAE = absorption Ångström exponent; dSSA = difference of
the single scattering albedo; LIM = large inorganic mode; LOM = large organic mode; SSA = single scattering albedo.

namely, the large accumulation mode particles, mostly in the LIM. But, as mentioned in section 3.2.2,
biomass burning particles are rather supposed to move to LOM particles as they are transformed during
atmospheric transport, which is not seen clearly here.
Isolated cases with nssK+ mass fraction higher than 0.05 occurred often during summer months when air
masses come from the southern Indian Ocean. Possibly, nssK+ coming from local fires or from marine
biological material (Heintzenberg et al., 2000) were sampled at those occasions. The highest nssK+ mass
fraction with 0.27 was detected in January 2012 when the air mass origin was southern India and Indonesia
and hence probably connected to biomass burning in that area.
The sea salt mass fraction for the CO13 method is shown in Figure 6d. Here, an increased density of particles
with high sea salt mass fraction is correctly found in the CMM. It seems that using the product of AAE
with dSSA for classification, the measurements with high marine influence are more efficiently separated
compared to the CA13 method even though the AAE is not always larger than 2 as assumed in the simulation
from Costabile et al. (2013).
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Table 4
Aerosol Types Used for Mie Simulations With Its Mean Particle Diameter (Dp ) and Standard Deviation for Derivation of Lognormal Particle Number Size
Distributions and Mean Refractive Index Depending on the Wavelength in Accordance With Costabile et al. (2013)
Aerosol

Dp

Refrac. index dry

Humidification

type

(nm)

std

𝜆 = 467 nm

𝜆 = 530 nm

𝜆 = 660 nm

STM

90–100

1.05, 1.1

1.52 + 0.047i

1.52 + 0.047i

1.52 + 0.047i

SOM

200–230

1.1, 1.2

1.5 + 0.02i

1.486 + 0.011i

1.496 + 0.012i

Coating with

BBM

200–230

1.1, 1.2

1.512 + 0.027i

1.51 + 0.021i

1.511 + 0.022i

ammonium sulfate

LOM

350–400

1.1, 1.2

1.46 + 0.012i

1.454 + 0.008i

1.512 + 0.0075i

sulfate or water

CDM

1,100–1,500

1.2 1.5

1.56 + 0.008i

1.55 + 0.004i

1.56 + 0.005i

LIM
CMM

process

350–400

1.1, 1.3

1.43 + 0.00002

1.43 + 0.00001

1.43 + 0.000013

Hygroscopic growth

1,100–1,500

1.2, 1.5

1.55 + 0.00019i

1.55 + 0.00006i

1.55 + 0.00011i

water uptake

Note. STM = soot mode; SOM = small organic mode; BBM = biomass burning mode; LIM = large inorganic mode; LOM = large organic mode; CDM = coarse
dust mode; CMM = coarse marine mode. The type of humidification is also indicated.

The EC mass fraction and OC to EC ratio from the fewer PM2.5 samples are also visualized for the CO13
method (see Figures 6e and 6f). Most of the measurements with the highest EC mass fraction are not identified as one of the three main categories. On the other hand, low EC mass fraction appears correctly mainly
in the CMM category.
Measurements with high OC to EC mass ratios (see Figure 6f) are often defined as large accumulation mode
aerosols. Particles with a larger fraction of OC can be, for example, aged aerosols with organic coating that
have grown into the accumulation mode. However, most of the measurements with high OC to EC ratio were
detected during low mass concentration periods in summer 2012 when air masses were of marine origin,
which might indicate biogenic organic contribution.
As already stated in section 4.2, low OC to EC ratios were detected mainly during the CARDEX campaign,
and it has been shown that they strongly correlate as well. Thus, points with low OC to EC ratio represent
here mainly anthropogenic aerosols with biomass burning and fossil fuel combustion sources. These measurements are found in both “accumulation mode” groups as well as in the part of the matrix without a
defined aerosol class.
4.5. Theoretical Humidification of the CO13 Method
Since the CO13 method is based on a dry aerosol population, we present in the following an analysis on the
change of aerosol type categorization under humidified conditions with Mie theory simulations. The same
aerosol types (except AKM) as in Costabile et al. (2013) are used, and Table 4 specifies each aerosol type and
its mean diameter (Dp ) and standard deviation for derivation of example lognormal size distributions and
the utilized complex refractive indices m for three wavelengths under dry conditions. The real and imaginary
part of the refractive index are varied in the calculations by a maximum of ±0.01 and ±0.001, respectively.
Figure 7a shows the results of the Mie calculations under dry conditions and is comparable to Figure 4 in
the original study by Costabile et al. (2013).
In order to simulate humidification, each individual aerosol type is either coated with different substances
or assumed to undergo hygroscopic growth due to water uptake. Coating with water (m = 1.33 + 1 · 10−9 i),
sulfate (m = 1.43 + 1 · 10−8 i), or ammonium sulfate (m = 1.51 + 1 · 10−5 i) with a coating thickness of
up to 100% is applied to STM, LOM, SOM, BBM, and CDM, while LIM and CMM that are known to be
highly hygroscopic are assumed to grow in size due to water uptake with a growth factor of up to 2. The
new refractive index of CMM and LIM is calculated with a simple mixing rule as described in Zieger et al.
(2010). The only mixed aerosol population STM-CMM-mix is calculated by adding the resulting scattering
and absorption of STM and CMM and subsequently deriving the AAE, SAE, and dSSA. We choose here
not to show the mixed mode STM-CDM, since dust-dominated aerosol populations are of less relevance in
this study.
Figures 7b and 7c show the change of SAE and AAE*dSSA in the CO13 matrix depending on the level of
coating or hygroscopic growth for each individual type and the STM-CMM-mix, respectively. With increasing coating, STM moves further toward BBM with decreasing SAE because of increasing particle size and
SSA. Similarly, BBM, SOM, LOM, and LIM decrease their SAE, while the SAE of the coarse-mode aerosols
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Figure 7. Mie theory results for the aerosol categories of the CO13 method under (a) dry and (b and c) humdified
conditions (comparable to Figure 4 in Costabile et al., 2013). (c) shows only the mixed mode soot mode (STM)-coarse
marine mode (CMM) under humidified conditions. SAE versus dSSA*AAE with SSA (530 nm) indicated by color. The
bigger the markers in (b) and (c), the stronger the humidification specified by coating thickness or hygroscopic growth
through internal mixing. (d) shows the results from the ambient measurements at MCOH. SAE = scattering Ångström
exponent; dSSA = difference of the single scattering albedo; AAE = absorption Ångström exponent; SSA = single
scattering albedo; MCOH = Maldives Climate Observatory Hanimaadhoo; LIM = large inorganic mode; LOM = large
organic mode; BBM = biomass burning mode; CDM = coarse dust mode.

increases with aging but does not exceed SAE = 0.5. The type of coating does not seem to play a big role in
the resulting distribution of points. The internal mixing of CMM and water leads to a more narrow distribution of points because dSSA becomes ≈0. BBM overlaps strongly with LIM, but the two categories can be
separated due to the lower SSA of BBM. The mixed mode STM-CMM mode moves toward dSSA*AAE = 0,
resulting in a large area which overlaps partly with BBM, LIM, and LOM. Also, the SSA is increasing and
cannot be used as a threshold of that category anymore. The suggestion made in section 3.5 that the AAE
is lower with increasing coating is found to be true for BBM, LOM, and SOM, whereas the AAE of STM is
actually increasing according to the Mie calculations, which is contrast to the findings about decreasing BC
AAE with coating of Liu et al. (2018).
In summary it can be said that, even under humidification, a categorization could be applied for an air
mass with less mixed aerosols close to an emission source. The individual aerosol populations theoretically
move in a cluster to a slightly different position in the CO13 matrix with some overlap areas. Here, however,
mixing cannot be excluded, and the combination of mixing and humidification collapses the distribution in
a way that makes categorization difficult.
Figure 7d shows the MCOH measurements with the humidified aerosol type classification. From this it is
clear that more measurements should actually be classified as mixed particles of different aerosol types and
that the fraction of large accumulation mode particles might be even higher since they can have SAE < 0.5.
The mean chemical composition of the dry CMM in Figure 6b similarly revealed a moderate contribution
from anthropogenic components as nssSO2−
.
4

5. Discussion
5.1. Applicability of the CA13 Method to Ambient Measurements at MCOH
The results in sections 4.1 and 4.2 show that the CA13 method performs reasonably well for the data collected
at MCOH. The differentiation into anthropogenic, natural aerosol particles, and mixtures of those is qualitatively supported by the chemical and trajectory analysis. For instance, dust seems to be classified correctly
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with high nssCa2+ /nssSO2−
ratios in both of the dust aerosol categories (dust dominated and EC/dust mix).
4
Most of the optical measurements are identified as coated large particles, which is reasonable for the remote
location of MCOH. Carbonaceous aerosols are transformed over long time periods (up to 7 days) due to
mixing with dust and marine particles, coating, or photochemical bleaching, which can change the AAE to
values below 1. (Coz & Leck, 2011) showed that BC particles arriving at MCOH from the Asian continent
are strongly altered due to organic coating. These altered carbonaceous particles appear most likely in the
far right part of the coated large particles group, which is also seen in the chemical composition analysis
from Figures 4d–4f.
Twelve percent of the optical measurements are found in the EC/OC mix and 2% in the mix category, but
almost none of the measurements fall into the OC-dominated and OC/dust mix aerosol group. The measurements of the EC and OC mass, which cover just a part of the long-term optical data set, show no results in
these categories. The highest OC mass fractions measured (not shown) are found in the coated large particles
group instead. It is difficult to determine if this is realistic or if some of the measurements might be misclassified due to, for example, the uncertainty in AAE as discussed in section 3.5. In general, the AAE can be
quite sensitive to either low particle concentration, the applied Aethalometer correction method, or the fact
that the aerosol properties change substantially during long-range transport in a way that the CA13 method
is not designed to account for. This AAE sensitivity can lead to misclassifications in the CA13 method.
Sea spray is not specifically defined in the CA13 method, and marine particles would theoretically fall into
the coated large particles aerosol group. At MCOH, measurements with strong marine influence, indicated
by the relative sea salt fraction in Figure 4d, occur frequently, and those samples spread over a broad range
in the CA13 matrix, typically with low SAE values and highly variable AAE. Additionally, in the coated large
particles group, they appear to a large extent as well in the dust influenced categories (dust/EC mix and dust
dominated). Comparison between Figures 4 and 4d indicates that the contribution from sea spray is stronger
than the dust influence in some cases. Thus, aerosols may be classified as dust even when the particles are
actually of marine origin. It should also be noted that coarse-mode dust and sea spray particles might not be
detected completely by the PM2 chemical filter measurements. In summary, it could be advisable to include
an underlying marine category to the CA13 method for particles with a SAE < 0.5 if the measurement
location is significantly influenced by marine air mass origins. Otherwise, in a location where dust and sea
spray coexist, the CA13 method might be of less benefit.
5.2. Applicability of the CO13 Method to Ambient Measurements at MCOH
Sections 4.3 and 4.4 present the results of the CO13 method, and in the following, these are reviewed for a
final statement of applicability in a remote marine environment. First, the sensitivity of the resulting aerosol
category to the AAE is not as high for the CO13 method as for the CA13 method since the AAE is combined
with the dSSA/d𝜆, although this may lead to a narrower distribution of data points around dSSA*AAE = 0.
The CO13 method classifies aerosol particles into rather broad aerosol type categories. Only part of the
aerosol grouping from Costabile et al. (2013) could be tested due to the lack of freshly emitted anthropogenic
particles, which are an essential fraction of the CO13 method. Basically, only a test of the small and large
accumulation mode as well as the coarse marine/dust mode categories is presented in this study.
Small and large accumulation mode particles seem to be represented fairly well according to the trajectory
and chemical composition analysis. Particles arriving from nearby continental sources usually grow into
the large accumulation mode during transport, and the majority of the measurements are thus identified
in that category. Also, the coarse-mode aerosol group displays the expected particle properties for natural coarse-mode particles. However, the differentiation between coarse marine and CDM particles, which
is presented in Costabile et al. (2013), cannot be confirmed with our data set since they suggest higher
values of dSSA*AAE (>0.1) for CDM particles than measured here. According to the analysis of major inorganic ions above, strong influence from dust particles is indeed not detected. Hence, it seems that the CO13
aerosol classification correctly reflects the dominant marine air mass with occasional impacts from mineral
dust aerosol transported over the ocean. Again, a fraction of dust particles might not be detected with the
chemical analysis since only PM2 particles were sampled.
Nevertheless, 8% of the measurements are outside of any aerosol category, primarily due to the low SSA
threshold for the STM mixed to coarse-mode group (SSA < 0.8). The lowest SSA values for MCOH and the
highest EC mass fraction are found in that area.
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Whereas the MCOH measurements are ambient, Costabile et al. (2013) base their method on dry measurements, and in section 4.5, theoretical Mie calculations are used to illustrate the implications of
humidification on the CO13 categorization. Considering internal mixing of the CMM with water only, less
in situ measurements would be categorized as marine particles since the CMM category becomes more narrow. The remaining particles might be rather mixtures of CMM and STM particles, large accumulation mode
particles, or even aerosols from biomass burning.
In summary, it can be said that the CO13 method does not give detailed information on the aerosol type if
ambient measurements are used even though Costabile et al. (2013) utilized both ambient and dry observations for comparison and found a good agreement. For MCOH, the measurements are too concentrated in
the center of the matrix because of high relative humidities and a strong aerosol aging, following long-range
transport. However, the method gives an idea which aerosol types might be involved. In general, the CO13
method seems to be primarily appropriate for dry measurements, which are close to the emission source.
5.3. Aeronet Versus In Situ Measurements at MCOH
Many optical classification studies are based on remote sensing measurements such as sun photometer measurements from AERONET since they are available for multiple stations all over the globe (e.g., Bahadur
et al., 2012; Cazorla et al., 2013; Schmeisser et al., 2017). A test with the AERONET retrieval products for
AAE and SAE from MCOH shows low data availability even for a multiyear period because one requirement
for the highest quality level 2.0 inversion routine is AOD (440 nm) ≥ 0.4 (e.g., Schuster et al., 2016). The
aerosol concentration and thus the AOD are often too low to give reliable results from the AERONET inversion routine. Only approximately 500 level 2.0 data points can be calculated with the inversion routine for
an almost 12-year-long data set (November 2004 to May 2015). These inversion routine results of AAE and
SAE are mainly available for winter and spring months when the aerosol loading is typically high and the
air masses originate from the Asian continent. Most of these points appear in the large SAE sections (mainly
SAE > 1) as the BC-dominated and small particles/low absorption mix aerosols in the CA13 method. Some
are classified as “dust/BC/BrC” or “large particles/BC” mixtures. In contrast, the in situ measurements
shown in Figures 3 and 5 display a sufficient data set for verification, and more than 2 years of continuous
in situ measurements demonstrate the appearance of various aerosol types at MCOH.

6. Conclusion
This study presents an evaluation of aerosol characterization methods from particle spectral optical properties by using a long-term physical and chemical aerosol data set from the northern Indian Ocean observation
site MCOH. The observatory is located on one of the northernmost islands of the Maldives and thus receives
air masses from different source regions due to the yearly monsoon cycle. The measurements were conducted between September 2004 and January 2008 and during a few months in 2012, including the intensive
field campaign CARDEX.
Here, we tested the two aerosol classification methods by Cazorla et al. (2013; CA13 method) and by Costabile et al. (2013; CO13 method) and evaluated them with aerosol chemical composition and other contextual
data testing their applicability in a marine humid environment. The methods define aerosol types by determining the relations between particle SAE and AAE as well as the spectral dSSA. Chemical measurements
of the aerosol population, yielding inorganic ion as well as EC and OC mass concentrations alongside with
trajectory analysis were used for verification.
Testing the applicability of the two methods at a location with strong marine influence and high relative
humidity was a key aspect of our evaluation. The definition of marine coarse-mode particles in the CO13
method agreed better with the MCOH in situ measurements than the CA13 aerosol groups. With the latter
method, marine particles would only be characterized in the coated large particles group with SAE values
below 1.5 and AAE values below 1, but here we found high concentrations of marine particles and high
frequency of marine air mass origin for larger AAE values as well. Hence, marine particles were also found in
the dust/EC mix as well as in the dust-dominated aerosol group. We suggested therefore that the possibility
of marine particles should be considered for SAE < 0.5 in the CA13 method if the measurement site has
significant marine influence.
The CA13 method on the other hand seemed to perform better than CO13 in terms of determining the
various anthropogenic aerosol compounds present in this remote marine receptor location, including EC
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and OC. Due to low data availability of EC and OC filter samples, the presence of OC-containing particles
could not be proven. A substantial fraction of the data, which was shown to be mainly of anthropogenic
origin, could not be identified with the CO13 method. Furthermore, the CO13 method was here mainly compared with ambient measurements while the method itself is based on dry measurements and simulations
of dry aerosol populations. Reproduction of the CO13 method classification with simulations of humidified
aerosols, based on Mie theory, shows that the aerosol types tend to aggregate in the center of the matrix at
higher relative humidity, making separation of aerosol categories more difficult.
In summary, our analysis of chemical composition and transport suggests that primarily the CA13 method
can be used to coarsely classify the aerosol population at a site with mixed and humidified aerosol. Still, it
cannot replace detailed chemical composition measurements, and similar validation to that presented here
in additional locations, with other aerosol signatures, is needed to improve and refine the optical classification methods and make them qualitatively applicable to a broader range of measurements. It has also been
shown that marine particles should not be ignored when using approaches like the CA13 method. The CO13
method has to be used with caution regarding the effect of humidification on ambient measurements and
seems to be primarily useful for dry measurements. We also point at the risk for misclassifications at the
remote location we focus on, not least due to marine influence and low particle concentration.
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Abstract
Black carbon (BC) aerosols are of great importance for estimations of aerosol-radiation interactions. The
quantification of BC-containing particles and determination of their physical and chemical properties can
be performed by several independent measurement techniques. To test the method dependence, this
study presents a comparison of ambient BC measurements from four instruments; an Aethalometer,
BC photometer, photo-acoustic spectrometer (PAS) and a thermal-optical transmission analyzer at
a marine receptor site, during an intense field campaign which took place in February and March
2012 on an island in the northern Indian Ocean. For the measured and corrected particle absorption
σabs the results may vary by more than 100% between the various instruments, while the utilized
correction method for the Aethalometer measurements is of minor influence. However, the used multiple
scattering correction parameter Cref can introduce large differences of σabs only determined from the
Aethalometer (up to 75%). The Aethalometer and PAS absorption timeseries are generally in agreement
during the measurement campaign (correlation coefficient R2 around 0.83), whereas the BC photometer
deviates more from the other methods (R2 = 0.47 − 0.63). The Absorption Ångström exponent (AAE),
determined from multi-wavelength observations of the particle absorption, is highly dependent on the
chosen Aethalometer correction method (on average 24% difference). The calculated mass absorption
coefficient (MAC) was found to range from 4.1 to 9.6 m2 /g for 870 nm for the various instruments
as well as different air mass sources. The equivalent BC (eBC) mass is strongly sensitive to both the
chosen measurement technique and correction method, with total deviations of up to 1 µg cm−3 .

1

Introduction

Atmospheric aerosols, or airborne particles, affect humans and the environment by impairing visibility,
and by constituting a severe health hazard (e.g. Charlson, 1969; Pope and Dockery, 1999). In addition,

1

atmospheric aerosols are of great importance for radiative forcing and climate (IPCC, 2013). Solar
radiation may be scattered or absorbed by aerosols in the atmosphere, thereby altering the direction of
the radiation or converting it to thermal energy, respectively (Charlson et al., 1992; Heintzenberg et al.,
1997). However, the magnitude of the aerosol-radiative effect on the climate is still uncertain, not least
due to the warming effect of black carbon (BC) aerosols which strongly absorb incoming solar radiation
(e.g. Bond et al., 2013; Boucher et al., 2013). BC aerosols have been estimated as the second largest
single contributor to anthropogenic warming (Ramanathan and Carmichael, 2008). Thus, the correct
quantification of BC particles, i.e. soot, in the atmosphere is very important.
BC is produced from incomplete combustion of fossil fuel, biofuel and biomass. In the atmosphere, ’fresh’
BC spheres are normally aggregated together in chain-like structures that have an opened and branched
structure (Andreae and Gelencsér, 2006; Smekens et al., 2007). When the combustion products cool
down, organic compounds are attached and accumulated to the elementary carbon core. As such, the
chain-like structures of ’fresh’ BC spheres basically consist of elemental carbon (EC) and organic carbon
(OC) with other elements such as oxygen, nitrogen, sulfur and hydrogen in smaller amounts (Seinfeld
and Pandis, 1998; Andreae and Gelencsér, 2006). During aging in the atmosphere these structures will
collapse to become a compact and closed structure coated with an organic or an inorganic layer (e.g.
sulfate, nitrate or ammonium) depending on the source region (Coz and Leck, 2011; Bond et al., 2013).
Hence, quantification of BC is not straight-forward.
As advances in measurement techniques continue, BC characterization can be performed using
a variety of instruments. Since the measuring principles are dependent on the optical, thermal or
physiochemical characteristics of the carbonaceous matter collected (Lack et al., 2014), the estimated
levels of BC may differ substantially. Therefore, Petzold et al. (2013) suggested to use BC more as
a descriptive term, and adopting additional specifications to define the type of quantification as for
instance equivalent BC (eBC) or light absorbing carbon (LAC) when presenting carbon mass determined
from absorption measurements. When detecting BC through its thermal stability, the mass should be
reported as EC only (Petzold et al., 2013). This study performs a comparison of several independent
optical and thermal measurement techniques, applied at a single site, and at a given time, which
together gives an evaluation of the performance and applicability of the different measurement methods
for determination of aerosol light absorption as well as eBC and EC mass.
Firstly, we use techniques which measure the particle absorption, and from that determine the eBC
mass based on soot being a strong absorber of light in the visible wavelength region (Bond et al.,
1999; Petzold et al., 2005). Optical techniques for measuring BC are often filter-based such as the here
utilized Aethalometer and BC photometer. They may suffer from systematic errors due to scattering
of co-deposited non-absorbing or low-absorbing particles, such as inorganic constituents (e.g., sulfate,
nitrate, mineral dust, and sea salt) or multiple scattering from the filter material (e.g. Weingartner et al.,
2003; Arnott et al., 2005; Engström and Leck, 2011). Additionally, the presence of OC co-deposited on
the filter-matrix can have a significant effect on light being absorbed by the collected aerosol with an

2

estimated absorption enhancement factor of about 1.3 as reported by Lack et al. (2008). Therefore, a
variety of empirical correction methods for the Aethalometer have been established in the past decades
to adjust the measurements for most of these effects (e.g. Weingartner et al., 2003; Arnott et al., 2005;
Schmid et al., 2006; Collaud Coen et al., 2010). Protocols for correction of light scattering from BC
photometer measurements based on the chemical quantification of the non-absorbing material collected
on filters and measured backscattered light was furthermore presented in the study by Engström and
Leck (2011).
Moreover, we use measurements from a photo-acoustic spectrometer (PAS) which is a thermal
method for determining the particle absorption and eBC mass (Arnott et al., 1999). The PAS is
recognized to be more accurate and often used to calibrate filter-based measurements (Lack et al., 2014).
Particle scattering is directly measured and thus corrected for by the PAS, whereas the Aethalometer
requires a separate scattering measurement (Lewis et al., 2008). Additional correction as for filter-based
measurements are not necessary. Concerns with the PAS are on the other hand disturbances from larger
particles (Dp > 2.5µm) and measurements under high relative humidity (Lack et al., 2014). A general
issue when applying optical measurements (filter-based or photo-acoustic) of ambient BC particles is the
possible interference with non-elemental carbon compounds such as OC which absorbs stronger towards
shorter wavelengths, yielding a brown or yellow color of the particles (known as brown carbon, BrC).
In addition, thermal-optical methods are used, which measure the actual mass of EC collected on a
quartz-fibre filter. To extract the EC, the filters are first heated in a purge gas in order to remove the
OC, and the remaining EC is then oxidized to carbon dioxide with subsequent conversion into methane
for flame ionization detection (Schauer et al., 2003). The main drawback applying the thermal detection
of EC is that different laboratories use different temperature protocols, which will have a major impact
on the results. Cavalli et al. (2010), for instance, report that the levels of EC-to-total carbon ratio
detected could vary by a factor up to 5.
The instruments and their results discussed in detail in this study are the Aethalometer, BC photometer, PAS, and the EC thermal-optical transmission analyzer. We discuss the application of these
measurements to determine the mass absorption coefficient (MAC) for obtaining the eBC mass from
particle absorption measurements as well as the Absorption Ångström exponent (AAE) and the range
of these parameters depending on the measurement method. Both MAC and AAE are fundamental
inputs for chemical transport models to calculate the radiative forcing of BC containing aerosols (Bond
et al., 2013). The eBC mass is additionally often used to evaluate general circulation models (Zanatta
et al., 2016). Thus, the investigation of their variability depending on the measurement technique and
correction methods, especially during field campaigns, is of great relevance.
The measurements for this study were made during the 2012 (February through March) CARDEX
(Clouds, Aerosol, Radiative forcing, and Dynamics EXperiment) campaign based on the island of Hanimaadhoo in the Republic of Maldives. CARDEX thus took place during the dry monsoon season when
anthropogenically influenced air from India and Southeast Asia dominate the sources of surface aerosol
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particles at the Maldives. Aerosol mass loadings are typically high at this time of year and affected
largely by particles from fossil fuel combustion and biomass burning (Ramanathan et al., 2001; Höpner
et al., 2016; Bosch et al., 2014; Engström and Leck, 2017).

2

Experimental data

2.1

Observatory and general atmospheric conditions

Aerosol measurements were conducted during the CARDEX campaign from 16 February 2012 to 30
March 2012 at the Maldives Climate Observatory (MCOH) on the island of Hanimaadhoo (6.776◦ N,
73.183◦ E), Republic of Maldives (see Fig. 1). Hanimaadhoo is part of the Thiladhunmathi Atoll,
the second most northern atoll of the nation, and is approximately 440 km southwest of peninsular
India. This island is approximately 4-km long (north-to-south) and 1-km wide (east-to-west) and the
observatory is located on its northern tip, largely isolated from local sources of pollution (Ramana and
Ramanathan, 2006).
The Indian Ocean is a location influenced by seasonal monsoon activity, involving the shift of the
Intertropical Convergence Zone (ITCZ) from the equatorial Indian Ocean in the winter months to the
Indian subcontinent during the summer months. As mentioned above, the CARDEX campaign was
performed during the winter (dry) monsoon, when the typical wind patterns are from the north and
northeast. This makes the Maldives, and particularly the island chains far north, where MCOH is
located, a uniquely suitable place for sampling the aerosol continental outflow with little interference
from local emissions.
MCOH houses two sampling set-ups. A 15-m tall tower, on which instruments and samplers are
mounted and an adjacent inlet connected to a 20-cm diameter stainless steel pipe that transports ambient
air to the inside of the observatory’s instrumentation room with a laminar flow of 300 dm3 min−1 . An
impactor on top of the pipe removed particles with an equivalent aerodynamic diameter (EAD) larger
than Dp = 10µm. The instruments that are located on the tower include meteorological instrumentation
(to measure e.g. relative humidity, pressure, temperature, incoming solar radiation as well as wind speed
and direction) and quartz-fiber filter samplers. All other instruments and filter samplers were located
in the temperature and humidity controlled instrumentation room. Most of the instruments and the
exact configuration of the inlet and sampling conditions at MCOH have been described earlier; e.g.
in Corrigan et al. (2006); Ramana and Ramanathan (2006); Engström and Leck (2011); Bosch et al.
(2014); Höpner et al. (2016). Note, that no drying is applied to the air flow if not specifically mentioned
in the following detailed instrument description. The instruments used for this study are summarized
in Table 1 .

4

Table 1: Instrumentation used during CARDEX at MCOH
Instrument
Aethalometer
Magee AE-31
BC
photometer
Photo-acoustic
Spectrometer
Thermal-optical
transmission analyzer
Nephelometer
TSI 3563

2.2

Observed Properties
particle abs. coeff. σabs,Aeth
λ = 370, 430, 470, 520,
590, 700, 880 nm
particle abs. coeff. σabs,BCP h
λ = 528 nm
particle abs. coeff. σabs,P AS
λ = 405 & 870 nm
EC and OC
mass concentration
particle scat. coeff σscat
λ = 450, 550, 700 nm

Meas. technique Temporal Res. Particle size
optical
5 min
Dp < 10µm
filter-based
optical
filter-based
thermal
filter-free
thermal-optical
filter-based
optical
filter-free

24h samples

Dp < 2µm

1 second

Dp < 10µm

12h samples

Dp < 2.5µm

1 min

Dp < 10µm

Optical techniques for measuring BC

Optical techniques for BC measurement use the dominating absorptivity of BC in the visible and nearvisible spectrum. Usually, the aerosol is collected on a filter and the particle absorption and BC mass
is continuously determined by measuring the transmission of light through the filter. However, not only
BC is collected on the filter and the other components such as OC and inorganic materials influence
the measurements due to additional absorption or scattering processes which typically lead to higher
uncorrected absorption coefficients (e.g. Arnott et al., 2005; Collaud Coen et al., 2010; Engström and
Leck, 2011).
There are several different filter-based optical instruments in use globally with a similar set-up. Here,
we present data from a widely used Aethalometer and custom made BC photometer. The main difference between these two is, that the BC photometer measures the particle backscattering directly
in the instrument, as opposed to the Aethalometer. Also the filter material differs, the Aethalometer
uses quartz filters while the BC photometer measures with polycarbonate membrane (PCMB) filter.
Furthermore, the BC photometer detects discretely and not continuously, as the Aethalomter and most
other instruments. Both instruments are described in detail below.

2.2.1

Aethalometer

A 7-wavelength (370, 430, 470, 520, 590, 700, 880 nm) Aethalometer (McGee Scientific, model AE31) is utilized for one estimate of the particle absorption coefficient σabs,Aeth (λ) and the eBC mass
concentration. The Aethalometer initially measures the attenuation (ATN), that can be transformed
to a wavelength-specific attenuation coefficient:
AT N = ln(
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I0
)
I

(1)

σatn (λ) =

AT Nn (λ) − AT Nn−1 (λ) A
·
∆t
V

(2)

, where I0 and I are the light intensities transmitted through a unexposed part, and the aerosol-loaded
part of the filter, respectively. σatn is the attenuation coefficient for a specific wavelength λ, ∆t the time
between two measurements n and n-1 (5 min), A the sample spot area (1.67 cm2 ) and V the volumetric
flow rate (3.9 dm3 min−1 ). σatn does not give the final particle absorption because it is also dependent
on the filter loading, multiple scattering of the filter material as well as the particle scattering. Hence,
the Aethalometer measurements need to be corrected for these effects. We compare four widely used
methods for correction (Weingartner et al., 2003; Arnott et al., 2005; Schmid et al., 2006; Collaud Coen
et al., 2010), shortly presented below.
Particle scattering coefficient (σscat ) measurements from the integrating 3-wavelength (450, 500
and 700nm) TSI Nephelometer (model 3563) were used for this correction. The determined total and
hemispheric back scattering data were corrected for truncation errors and the non-ideality in the instruments angular response as suggested by Anderson and Ogren (1998). The error of the Nephelometer is
estimated to be maximum 5%.
Weingartner et al. (2003) (hereafter W03) introduced the first correction approach based on
aerosol chamber measurements with a filter-loading (RW ) and multiple scattering correction (Cref ) to
determine σabs as follows:
σabs,Aeth,W =

σatn
σatn
=
lnAT N −ln(10%)
Cref · RW
Cref · [( f1 − 1) · ln(50%)−ln(10%)
+ 1]

(3)

where the parameter f is given for different aerosol types in W03 and here set to f = 1.025 for aged mixed
BC-containing particles as other studies which used remote ambient measurements (e.g. Collaud Coen
et al., 2010) . Cref is usually determined by averaging the ratio between the absorption coefficient after
applying only the filter-loading correction σabs,Aeth,f lc and σabs,ref from a reference instrument such
as PAS, multi-angle absorption photometer (MAAP) or the continuous light absorption photometer
(CLAP). Here, we choose the determination method using least-square linear regression with the PAS
as a reference instrument as proposed by Kim et al. (2018).
Cref = a =

N
σabs,f lc − b
1 X
N i
σabs,ref

(4)

with a being the slope and b the intercept from the least-square linear regression. The intercept b
is induced by measurement artifacts and hence important to include especially at a background station
like MCOH with occasionally low σabs and signal-to-noise ratios. Kim et al. (2018) showed that Cref is
less effected by measurement artifacts when determined through least-square linear regression.
Arnott et al. (2005) (hereafter A05) proposed another approach which included a scattering
correction using concomitant particle scattering measurements. Historically, the Aethalometer data at
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MCOH has been corrected with the A05 method with modifications from Corrigan et al. (2006) using
the following equation:

σabs,Aeth,A =

σatn − α · σscat
σatn − α · σscat
=
·
Cref · RA
Cref

s

1+

·∆t
(VA
)·
τ

P

σscat

(5)

where RA is the filter-loading correction, depending on V, A, ∆t and the filter absorption optical depth
τ . α is a factor to which extent the particle attenuation is corrected for particle scattering and Cref is
the correction parameter for multiple scattering in the filter material, which is wavelength-dependent
in A05. α and τ used here are given in Corrigan et al. (2006) who adjusted the parameters to ambient
marine aerosol instead of kerosene soot as in A05. With these parameters, the uncertainty of σabs,Aeth,A
was estimated to be maximum 40% at MCOH (Corrigan et al., 2006). As for the W03 correction,
Cref is here determined from comparison with PAS measurements, instead of using the given values in
Corrigan et al. (2006).
Schmid et al. (2006) (hereafter S06) is a combination of the two above described correction methods.
σabs,Aeth,S =

σatn
=
(Cref + Cscat ) · RW
(Cref + α ·

σatn
ω0
1−ω0 )

·

[( f1

− 1) ·

lnAT N −ln(10%)
ln(50%)−ln(10%)

(6)
+ 1]

with Cref and the filter-loading correction RW from W03. The scattering correction for non-absorbing
aerosol particles is here defined as Cscat depending on the single scattering albedo ω0 and α(λ) from
A05.
Collaud Coen et al. (2010) (hereafter C10) gives a detailed summary of the different correction
methods and proposed a new filter-loading correction to be used to complement the A05 and S06
correction. C10 define
Rnew = (

1
AT N
− 1) ·
+1
m · (1 − ω¯0 ) + 1
50%

(7)

where ω¯0 is the mean of single scattering albedo since the last filter spot change. ω¯0 is also used
for Cscat calculation in the S06 method. After applying the new filter-loading correction σabs,Aeth,f lc is
compared to a reference instrument and Cref will be determined with a least-square regression method
as described above.
Moreover, Collaud Coen et al. (2010) pointed out that the multiple-scattering correction is the most
important one and Cref seems to decrease for higher ω0 . For remote marine locations as MCOH, the
scattering correction also plays a bigger role. Cref is often found not to be constant for a measurement
station even though it should only reflect the filter properties. The filter matrix optical properties could
be changed due to condensing semi-volatile organic compounds or water vapor as well as adsorption of
liquid organic aerosols (Collaud Coen et al., 2010; Saturno et al., 2017). Additionally, it has been shown
that Cref is wavelength-dependent by e.g. A05 and Kim et al. (2018). However, many studies use a
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constant Cref over multiple wavelengths which subsequently affects the absorption Ångström exponent
(AAE).
In this study, we will present results with the Aethalometer correction methods from W03, A05
with parameters from Corrigan et al. (2006) referred to as A05/C06, as well as A05 and S06 with new
filter-loading correction according to C10 referred to as A05/C10 and S06/C10, respectively. We use
either a constant or wavelength-dependent Cref following the respective original correction method.

2.2.2

BC photometer

After collection, the particle absorption coefficient was furthermore determined in post sampling analR PCMB filter samples with a custom made BC photometer (also called soot
ysis of Nuclepore○

photometer). The BC photometer is also a filter-based optical method with the same basic principle of measuring the transmission through an aerosol-laden filter. Optical methods commonly
use glass fiber filters, as for the particle soot absorption photometer (PSAP) (Bond et al., 1999)
but, the choice of PCMB filters for the BC photometer measurements has been shown superior in
avoiding high chemical blank values and errors associated with length of the light path through
the filter characteristic for the commonly used filters (Engström and Leck, 2011).
The PCMB filter that was mounted in a filter cassette had a diameter of 37 mm and pore
size of 0.4 µm but was masked to a 8 mm sampling spot in order to increase the signal-to-noise
ratio for subsequent absorption measurements (Hansson et al., 1987). The sampling flow through
the filter was 2.0 dm3 min−1 , with a typical temporal resolution of 24h. An additional impactor
with a size cut-off of 2 µm equivalent aerodynamic diameter was attached upstream of the filter
cassette. After collection, the duplicate filter samples, still in their filter cassette, were sealed
with parafilm and stored for subsequent analysis at the Department of Meteorology at Stockholm
University.
The BC photometer was built in accordance with the set-up from Heintzenberg (1988) but using
a 528nm LED light source. The transmitted light intensities through the sampling spot (Iexp ) and
an unexposed part of the filter (Iunexp ) are detected to calculate the particle absorption coefficient
(similar to the attenuation of the Aethalometer) with an estimated error of 7% (Engström and
Leck, 2017). The absorption coefficient σabs,BCP h is given by:
σabs,BCP h =

Iunexp
A
ln(
)
V
Iexp

(8)

Similar to the Aethalometer, σabs,BCP h needs to be corrected for scattering effects of the
non-absorbing co-deposits (e.g. sulfates, sea spray, dust) and to perform such a correction, the
BC photometer measures simultaneously the backscattered light at 40◦ . A separate protocol for
correction of light scattering provided only by the chemical quantification of the non-absorbing
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material collected on filters has also been established, and detailed information about the BC
photometer and its correction methods can be found in Engström and Leck (2011, 2017).

2.3
2.3.1

Thermal techniques for measuring BC
PAS

During CARDEX, another estimate of the aerosol absorption coefficient was determined in realtime with two photo-acoustic spectrometer instruments (PAS), both built at the Desert Research
Institute (DRI) in Reno, Nevada, USA. A single-wavelength PAS operated at 870nm from 01
March with a time resolution of one second. A dual-wavelength PAS, was set-up to measure the
particle optical properties at 405 and 532 nm, but supplied measurements at only 405nm starting
18 March which thus will not be discussed in detail in this study. The in-situ instrument consists
of a resonator section with sample air, a laser and a microphone. The modulated laser beam power
transfers heat to absorbing components (aerosol and gas), and in turn causes the surrounding air
to expand creating an acoustic wave which can be detected by the microphone. The absorption
coefficient is directly proportional to the detected signal (Arnott et al., 1999, 2003). The rapid
heat transfer works best for small particles, whereas large particles (Dp > 2.5µm) absorb heat
slower which leads to a phase shift of the acoustic signal (Lack et al., 2014). In addition, the
particle scattering is measured with an in-line reciprocal nephelometer (Lewis et al., 2008).
Before entering the PAS, aerosol was conditioned with a silica gel drying agent to diminish
the potential effect of water vapor on the measurement of absorption and scattering coefficients
(Arnott et al., 2003). The relative humidity measured within the instrument never exceeded 40%
during the campaign while ambient conditions averaged at 77.4%. The PAS instruments were
calibrated with kerosene-flame soot and salt prior to the campaign according to Arnott et al.
(2000). The photo-acoustic spectrometer has been well characterized in terms of instrument
and measurement error. The uncertainties with regard to photo-acoustic aerosol absorption
coefficient measurements are 5% (Lewis et al., 2008).
2.3.2

Thermal-optical analyses of EC mass

Thermal-optical analysis is an evolved gas analysis and targets the property of EC, as the main
component of BC, to be thermally stable and only be oxidized at temperatures above 470◦ C
(Lack et al., 2014). Thus, this method gives another measure for the BC content in an aerosol
population.
Aerosols were collected on pre-combusted quartz-fiber and PTFE filters. Quartz-fiber filter
samples were taken with a PM2.5 high volume sampler (model DH77, Digitel A.G., Switzerland)
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on top of the 15-m tall measurement tower over 12h periods for subsequent analysis of mass
concentrations of EC, OC, and inorganic ions. EC and OC concentration were determined
with a thermal-optical transmission analyzer using the NIOSH 5040 protocol as implemented
in a Sunset Labs instrument. The sample collected on a quartz-fibre filter is first heated in a
helium atmosphere in order to remove the OC. The helium atmosphere is then replaced by a
helium/oxygen mixture, where the EC is oxidized to carbon dioxide with subsequent conversion
into methane for flame ionization detection (Schauer et al., 2003; Cavalli et al., 2010). The
heating process can however cause pyrolysation or charing of the OC, which may overestimate
the mass of EC determined. To reduce this source of error it is important that pyrolytic carbon
is monitored by measuring the transmission of a laser through the filter as in the NIOSH protocol
(Cavalli et al., 2010). Furthermore, the filter sample EC and OC measurement precision have
been calculated by the random sampling Monte Carlo error propagation scheme outlined in
Andersson (2011). Further detailed information on carbon measurements at MCOH can be
found in Bosch et al. (2014); Budhavant et al. (2015) and Dasari et al. (2019).

2.4

Techniques for measuring aerosol chemical properties and state
of mixture

To allow for the determination of major ionic constituents of the PCMB filters both samples
and blanks were carefully handled in a glove box (free from particles, ammonia and sulfur dioxide). The ionic determinations were conducted by chemically suppressed ion chromatography
(IC) at the Department of Meteorology, Stockholm University. The major anions; sulfate, chlorine and nitrate (SO42− , Cl− , N O3− ), were analyzed with Dionex AG11/AS11 columns and the
major cations; potassium, sodium, ammonium, and magnesium (N H4+ , N a+ , K + , M g 2+ , Ca2+ )
with CG16/CS16 columns. A Dionex ATC-1 column was used before the injection valve to
trap carbonates and other ionic contaminants. The injection volume was 25 µdm−3 . The ICanalyses were quality checked using both internal and external reference samples and systematic
errors were less than 2% (with the exception of Mg2+ with less than 3 %) for all ionic components. The analytical detection limits obtained for the various ions, defined as twice the level of
peak-to-peak instrument noise, were 0.05, 0.20, 0.10, 0.01, 0.01, 0.25, 0.02, and 0.01 µEqdm−3
for N H4+ , N a+ , K + , M g 2+ , , Ca2+ , Cl− , N O3− , and SO42− , respectively. The overall analytical
accuracy was better than 3% for the anions and better than 5% for the cations. Supporting
information is given in (Engström and Leck, 2011). The results from the IC determinations were
used to calculate the sum of ionic mass collected.
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2.5
2.5.1

Applications
AAE

Without direct measurements of the chemical composition, the Absorption Ångström exponent
(AAE) is often used to estimate the observed aerosol type (e.g. Russel et al., 2010; Cazorla et al.,
2013; Höpner et al., 2019). The AAE gives information on the wavelength dependence of the
particle absorption and can thus only be determined from multi-wavelength instruments such as
the Aethalometer. AAE is defined as
AAE = −

log(σabs (λ1 )/σabs (λ2 ))
log(λ1 /λ2 )

(9)

with λ1 and λ2 denoting the wavelength pair which will be investigated. It has been shown that
BC has an AAE of 1 (Yang et al., 2009; Russel et al., 2010) because it follows an λ−1 relationship
while OC or dust absorb much stronger at smaller wavelengths and hence exhibit a higher AAE.
2.5.2

MAC

The mass absorption coefficient (MAC) additionally converts the measurements of particle absorption coefficient to the desired eBC mass (Bond et al., 2013). An actual MAC can only be
determined with concurrent measurements of EC.
M AC[m2 /g] =

σabs [M m−1 ]
eBCmass [µg/m3 ]

(10)

MAC is often set to 10 m2 g −1 for multiple wavelengths for a first estimate of eBC mass. However,
the MAC varies strongly depending on the chemical composition and ageing state of the particles.
For instance, Bond et al. (2013) found an averaged MAC for 550 nm of 12.5 m2 g −1 for internally
mixed carbonaceous particles but MAC(550 nm) for freshly emitted soot particles is only 7.5
m2 g −1 . MAC is here determined according to the method by Yang et al. (2009), where the
absorption coefficient of 880 nm is compared to the actual EC mass. The wavelength 880 nm is
used since the influence of absorption from mineral dust and OC is assumed to be small (Yang
et al., 2009; Zanatta et al., 2016). BC MAC for lower wavelengths (550 nm) is further calculated
by assuming an AAE of 1.
Both the AAE and MAC are often generalized for BC to a single number each. Here, we assess
the sensitivity of both parameters depending on the utilized measurement technique, correction
method and air mass origin.
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Figure 1: 7-day backward trajectories calculated by the HYSPLIT model arriving at 400 m above
MCOH twice a day during CARDEX. The color indicates the three air mass cluster IGP (blue), AS+WI
(red) and SI (green).

3
3.1

Results and discussion
Campaign overview

Results from the CARDEX campaign, including meteorological conditions, have been presented
in prior studies (e.g. Bosch et al., 2014; Höpner et al., 2016; Pistone et al., 2016) and it has
been shown that the structure of the atmosphere was typical for the dry monsoon season at the
Maldives. For detailed determination of the air mass origin in the marine boundary layer, sevenday backward trajectories were calculated with the HYSPLIT model from NOAA Air Resource
Laboratory (Draxler, 1999). The arrival height of the trajectories is chosen to be 400 m which
was found to be within the boundary layer during the campaign according to concurrent Lidar
measurements (Höpner et al., 2016).
Figure 1 shows the 7-day backward trajectories for February and March which indicate that
polluted air masses arriving at MCOH during the campaign originated from different areas of
South and South East Asia, as well as from the Arabian Sea. The air mass origin is separated into
the three following clusters: 1. Indo-Gangetic Plain & Bay of Bengal (IGP, blue), 2. southern
India & Indonesia (SI, green), 3. western India & Arabian Sea & Arabian Peninsula & Iran &
Pakistan (WI+AS, red).
Figure 2 displays timeseries of the particle number concentration, scattering coefficient, mass
concentration of EC, OC and inorganics as well as absorption coefficients from Aethalometer,
PAS and BC photometer measurements. The dashed vertical lines indicate separation between
the different air mass origins. Aerosol number concentration in Fig. 2 a) measured with the
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Figure 2: Timeseries of (a) PM10 particle number concentration (measured by CPC, black line) and
scattering coefficient (550nm,measured by Neph, blue line), (b) mass concentration of EC (black), OC
(blue) and inorganics (red) and (c) absorption coefficients (870nm) measured from the Aethalometer
(blue), BC photometer (black and grey) and PAS (red). Air mass source regions are indicated above
with color coding and abbreviation according to Figure 1.
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condensation particle counter (CPC, TSI 3022) varied between marine background concentrations
of ∼ 340 cm−3 (February 10-12) and peak concentrations of ∼ 3500 cm−3 during the most
polluted episodes. The particle scattering coefficient and the particle number concentration are
correlated with R2 = 0.51 for the time period given in Figure 2. If the period with high particle
scattering due to strong dust influence from air masses arriving across the Arabian Sea (WI+AS,
around March 24) would be excluded the correlation coefficient would increase to R2 = 0.67.
The sampling of dust is proven by detecting the highest mass fraction of non-sea-salt calcium
(as a tracer of mineral dust) for the entire campaign.
During the campaign, OC mass concentration ranged from 0-2.06 µg/m3 (mean: 0.80 ± 0.46
µg/m3 ) and EC mass ranged from 0.07-1.18 µg/m3 (mean: 0.65 ± 0.30 µg/m3 ). The first period
of the campaign exhibited rather high particle number as well as EC and OC mass concentrations
under strong continental influence (IGP, SI). Fairly low concentrations were measured during time
periods when the air mass was mainly coming from the north-west (WI+AS).
Figure 2 c) shows the timeseries of the particle absorption coefficients from PAS (870 nm),
BC photometer (adjusted to 870 nm) as well as a range of σabs,Aeth from the different corrections
of the Aethalometer measurements (870 nm). The PAS absorption coefficient for the entire campaign ranged from 0 to 11.66 M m−1 for 870 nm. σabs,Aeth (dark blue timeseries) shows almost
consistently higher values with a peak of 15.7 M m−1 . The reason for another σabs,Aeth timeseries will be discussed in the next section. The absorption coefficient from the BC photometer
(σabs,BCP h , black) adjusted to 870 nm peaked lower, at 7.4 M m−1 in the same period as the
other instruments. Generally, however, the absorption coefficient from the different measurements follow a similar shape and capture the dominating air mass features of the campaign, and
in particular all methods capture an increasing trend in absorption during the last third of the
period.
In the following, we focus on the determination of particle absorption and BC mass as well
as its uncertainty depending on instrument, and choice of correction method.

3.2

Aethalometer correction

Here, we present the determination of the absorption from the Aethalometer with different
correction methods, as described in section 2.2.1. After the application of the respective filter
loading correction, the multiple scattering correction coefficient Cref needs to be calculated by
comparing to a reference instrument, such as the filter-free measurement method PAS. Figure 3
a-c shows scatter plots of σabs,f lc against σabs,P AS for the different correction methods which are
used to apply a least-square linear regression method for Cref,LS determination in accordance
with Kim et al. (2018) (see Sect. 2.2.1). The S06/C10 correction is not shown separately here
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Figure 3: Comparison between σabs,f lc and σabs,P AS for the (a) W03, (b) A05/C10 (S06/C10) and
(c) A05/C06 correction method for Cref,LS determination from least-square regression method. Colors
indicate the air mass source region. (d) gives the timeseries of the ratio between σabs,f lc and σabs,P AS
and its median Cref,conv (dashed line) as well as Cref,LS from the least-square regression method (solid
line). Air mass source regions are indicated above with color coding and abbreviation according to
Figure 1.
because it uses the same filter loading correction as A05/C10 and hence will result in the same
Cref,LS value. Cref,LS for W03 is only determined by using σabs,f lc for attenuation below 10% as
described in W03 and S06.
The slope of the regression line, indicating Cref,LS , varies only slightly between the different
correction methods, with a range from 2.74 to 2.82 for λ = 870 nm. This is low compared to Kim
et al. (2018), who reported Cref,LS = 5.46 for λ = 781 nm during a high concentration period
at Gosan station in Korea, and Cref,LS = 3.67 for λ = 528 nm for multi-year measurements
at Gosan. They also utilized concurrent PAS measurements as the reference data. The linear
regression here might be influenced by observations of mineral dust which is known to cause
problems for PAS measurements as described in section 2.3.1. The intercept b, which gives an
indication of the influence of measurement artifacts, here displays a similar range as in Kim et al.
(2018).
Previously given Cref values typically range from around 2 for kerosene soot (A05) (using
PSAP as a reference instrument) to around 6 for ambient measurements in the Amazon rainforest
(Saturno et al., 2017) with MAAP as a reference instrument. These values are usually simply
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determined from the averaged ratio between σabs,f lc and σabs,ref . Figure 3 d shows a timeseries
of this conventional Cref,conv determined from the ratio between σabs,f lc and σabs,P AS for each
correction method. The multiple scattering coefficient Cref,conv ranges from 3 to 17, and shows
considerably higher median values (dashed lines) than Cref,LS from the least-square linear regression method. During one period (March 04-15) Cref,conv is particularly high, and also highly
variable. This might be connected to the low aerosol concentration and low particle absorption
in general during this period with air masses from WI+AS (compare Fig. 2). Low signal-to-noise
ratios in the Aethalometer measurements, as well as high uncertainty of the PAS measurements
when dust is observed may contribute to high Cref,conv values. This is in accordance with Kim
et al. (2018) who also found that Cref,LS from the least-square regression approach is less affected
by such low signal-to-noise ratios and hence produces less extreme values. For these reasons, we
choose to primarily use the least-square regression Cref,LS in the Aethalometer corrections. In doing so, we note, that the multiple scattering correction is the most impactful in the Aethalomter
data correction procedure, and using another Cref value, such as the Cref,conv would lead to
substantial changes as has been shown in Kim et al. (2018).

3.3

BC photometer correction

The BC photometer have previously been calibrated to MAAP measurements, using synthetic BC
and ammonium sulfate mixtures (Engström and Leck, 2011). This yields an empirical correction
function that, applied to the current measurements, gives rise to comparatively low absorption
values (see grey line in Fig. 2 c)). In addition, we here calibrate the BC photometer with PAS
measurements during the campaign period, in line with the utilization of the PAS as reference
instrument for the Aethalometer correction routine.
Following the correction methods for optical filter-based measurements from Bond et al.
(1999) and Virkkula et al. (2005), an on-site correction function can be established:
σabs,SP,corr = σabs,SP,uncorr · (−0.52 · ln(τ ) + 0.44) − 0.001 · σscat,BCP h

(11)

, where τ is the transmittance and σscat,BCP h is scattering coefficient for the backscattered light
at 40◦ .
Note that this bias correction primarily adjusts the mean level of the estimated BC photometer absorption, not its temporal variability.
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3.4

Absorption comparison

Figure 2 (c) shows the timeseries of the corrected absorption from the Aethalometer (σabs,Aeth )
with Cref,LS (blue) and Cref,conv (light blue) compared to that from PAS (σabs,P AS , red) and soot
photometer (σabs,BCP h ) with the on-site correction method as described above (black) and the
orginal correction function from Engström and Leck (2011). σabs,Aeth is each given as a range
from all different correction methods, indicating that the measurement method matters more
than the correction method applied to the Aethalometer data. However, if Cref,conv would be
applied σabs,Aeth (lightblue line in Fig. 2) would be considerably lower (≈ 40%). The highest
range of σabs,Aeth (1.8 M m−1 , 25% difference) is found towards the end of the campaign under
stronger dust influence; resulting in high values from the W03 correction and low values from
the A05/C06 correction. The reason for this discrepancy is probably the difference in particle
scattering correction. The high dust concentration during this period leads to a strong increase
in the scattering coefficient as seen in Figure 2 (a) which is not corrected for at all in the W03
correction and differently treated in A05/C06, compared to A05/C10 and S06/C10. Figure 4
shows the correlation between the Aethalometer absorption σabs,Aeth with Cref,LS and the PAS
σabs,P AS (a,c,e,g) and the BC photometer σabs,BCP h (b,d,f,h), respectively as well as the correlation between σabs,P AS and σabs,BCP h (i). Compared to the PAS measurements, the Aethalometer
absorption coefficient seems to be slightly overestimated for all correction methods. The regression lines appear close to a 1:1 regression with a correlation of R2 ≈ 0.83 which is statistically
significant (p-value  0.01). The Aethlometer absorption regardless of correction method seems
to have a constant offset, compared to the PAS. It has been reported earlier that the particle absorption from filter-based optical instruments is larger compared to filter-free instruments
(Arnott et al., 2003; Virkkula et al., 2005).
The correlations between the Aethalometer and BC photometer absorption (see Fig. 4b,d,f,h)
is lower (R2 ≈ 0.47) but statistically significant at 2·10−6 or less (with a number of samples of 47).
The Aethalometer always measures a considerably higher absorption than the BC photometer,
especially in the beginning of the campaign as can be seen in Figure 2 c) which yields a larger
slope of 1.28 – 1.41. We note however that using Cref,conv results in a smaller slope (closer to 1)
with an unchanged correlation.
The comparison between the PAS and BC photometer indicates a better agreement in magnitudes, close to the 1:1 line, as expected from the calibration described in section 3.3. The
correlation coefficient of R2 = 0.43 (statistically significant at 0.001) is affected by a single point
with a high σabs,P AS compared to a very low σabs,BCP h . Excluding this outlier, σabs,P AS vs.
σabs,BCP h yields a correlation of R2 = 0.88.
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Figure 4: Correlations of σabs,Aeth with σabs,P AS (a,c,e,g) and with σabs,BCP h (b,d,f,h) as well as the
correlation between σabs,P AS and σabs,BCP h (i). Error bars in b,d,f,h,i show the standard deviation of
the 24h average from σabs,Aeth and σabs,P AS (i). Best fit line equation and correlation coefficient R2 are
given in each Figure. Figures (a)-(h) indicate each the Aethalometer correction method.
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3.5

AAE

Figure 5: Absorption Ångström exponent frequency distribution for the different Aethalometer corrections W03,A05/C10, A05/C06 and S06/C10.

Figure 5 shows the frequency distribution of the Absorption Ångström exponent (AAE)
which reflects the wavelength dependence of the particle absorption between λ = 430 to λ =700
nm, as determined from the Aethalometer measurements. The AAE ranges from below zero
to a maximum of 3. An AAE of 1 is typically taken to represent BC particles, while larger
AAE values indicate contribution from mineral dust and OC (Yang et al., 2009; Russel et al.,
2010). Höpner et al. (2019) showed that aerosol particles with significant contribution from
BC (measured at MCOH and corrected with A05/C06) can exhibit an AAE slightly below 1.
Furthermore, AAE < 1 is often observed for large particles, such as aged coated particles, dust
and BC mixtures, or mixtures with sea spray (Cazorla et al., 2013; Cappa et al., 2016; Höpner
et al., 2019). The lower values (close to 0 or below) are likely to result from measurement
uncertainties, due to low particle concentrations, for instance (Bergstrom et al., 2007) or can be
associated with the sampling of larger particles such as dust (Schuster et al., 2016).
It is clear from Figure 5 that the A05 based correction methods lead to higher AAE compared
to the correction methods by W03 and S06/C10. On average, the difference is as large as
24%. This difference in AAE results from Cref being wavelength-dependent in the A05/C06 and
A05/C10 correction approaches, leading to a slightly lower multiple scattering correction factor
for lower wavelengths, while the W03 and S06/C10 correction methods use a fixed Cref . Thus, the
choice of multiple scattering correction method plays a major role when the AAE is determined for
further analysis. It has been shown in previous studies that Cref is in fact wavelength-dependent
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(e.g. Kim et al., 2018; Weingartner et al., 2003). Therefore, a wavelength-dependent Cref should
be chosen if possible. However, the strength of the wavelength dependency of Cref , i.e. Cref
Ångström exponent, can vary strongly depending on the used method and aerosol population,
and hence can not easily be generalized (Kim et al., 2018). The Cref Ångström exponent used
here is based on Cref (λ) gradient in Corrigan et al. (2006). A detailed investigation on the
Cref Ångström exponent depending on the particle composition would be beneficial but most
reference instruments measure only at one wavelength which makes it difficult to determine Cref
for multiple wavelengths.

3.6

MAC

Figure 6: MAC derived from the comparison of EC mass with the absorption coefficient from
Aethalometer measurements (including the different correction methods) as well as from PAS and
BC Photometer measurements. Squares indicate MAC for 550 nm, circles are MAC for 870nm, and
MAC(870nm) for the three air mass sources IGP (Hexagon), SI (diamond) and WI+AS (stars) are
shown for the Aethalometer and PAS measurements.

We determine MAC by executing a least-square regression method between the light-absorption
coefficients (from the Aethalometer, PAS and BC photometer) and the EC mass concentration
(see also Höpner et al. (2016)). For the entire campaign, PAS absorption coefficients and EC mass
concentrations have a correlation of R2 = 0.86 and yield an overall MAC(870 nm) of 7.42 m2 /g
(Figure 6). Similarly, MAC values for 880 nm can be determined from the comparison between
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the Aethalometer σabs,Aeth and the EC mass, yielding a range from 8.2 to 8.43 with a correlation
coefficient of R2 = 0.88. The integration of the PAS measurements in the Aethalometer correction contributes to the agreement between the two MAC estimates. For the BC photometer, on
the other hand the relation between σabs,BCP h (derived from on-site calibration with the PAS)
and EC mass (R2 = 0.32) leads to a much lower MAC(880nm) of 4.1 m2 /g, despite the good
agreement between BC photometer and PAS (Section 3.4.). It is noteworthy that the MAC
determined from Aethalometer measurements would be significantly lower (≈ 5 m2 /g) and close
to the BC photometer MAC, using Cref,conv . We would also like to point out that possible uncertainties in the EC mass from thermo-optical analysis (see Sect. 2.3.2) would have a large
influence on the MAC. However, these uncertainties and implications are not discussed further
here.
MAC values are often reported for 550 nm as for instance by Bond et al. (2013) who gave
MAC(550nm) ≈ 12.5m2 /g for internally mixed carbonaceous particles. Manufacturers of commercial instruments for particle absorption measurements often recommend a MAC of 10m2 /g
independent of the wavelength as for the Aethalometer for instance. This value has been shown
to be a good estimate for aerosols at European background sites at a wavelength of 637nm
(Zanatta et al., 2016). However, it is well known that the MAC is dependent on the wavelength,
aerosol source and ageing processes and empirically found to have a range from around 4 up to
22 m2 /g (e.g. Lack et al., 2014; Zanatta et al., 2016). Additionally, Zanatta et al. (2016) reports an uncertainty for the MAC (637nm) of up to 63% if the uncertainties from the absorption
measurements and thermo-optical EC measurements are allowed to propagate.
With the method from Yang et al. (2009), the MAC can be adjusted to 550 nm, which results
in MAC(550nm) = 11.73 m2 /g for PAS and 13.1–13.5 m2 /g for the Aethalometer measurements
with different correction approaches. These values are close to the MAC for internally mixed carbonaceous aerosol suggested by Bond et al. (2013). The adjustment of MAC from BC photometer
measurements to 550 nm results in a smaller MAC of 6.6 m2 /g.
We find that if we separate the MAC analysis into episodes, we get varied values that pertain
to particle sources and composition. Higher MAC values are found for air masses from more
polluted air masses (IGP) from the Aethalometer measurements while the PAS MAC values
are higher for air masses from closer emission sources (SI). However, the calculation of PAS
MAC is based on slightly fewer data points which would explain the differences in general. The
lowest MAC is found for aerosols which originate from dust dominated regions (WI+AS) for
both Aethalometer and PAS measurements. The lower MAC values might be explained by an
increased particle absorption that is not caused by an increase in EC mass, but is the result of
dust influence. However, the particle absorption at 870 nm should not be significantly effected
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by mineral dust.

3.7

BC mass determination

Figure 7: Time series of eBC mass determined from the (a) Aethalometer measurements (blue), (b) PAS
measurements (red) and (c) BC photometer measurements (magenta) compared to EC mass (black)
from the thermal-optical measurements. Air mass source regions are indicated above with color coding
and abbreviation according to Figure 1.

A main purpose of the absorption measurements is the determination of eBC mass which
can be used to evaluate general circulation models for instance. Figure 7 shows the comparison
of eBC mass calculated from absorption coefficients at 880 nm from the different instruments
as well as a range of correction methods and MAC values. The MAC values from section 3.6
were utilized for each instrument individually, producing a range of eBC mass estimates for the
Aethalometer and PAS measurements with a maximum absolute deviation of 1 µgcm−3 . It is
clear that based on the choice of correction methods and MAC values, the Aethalometer eBC
mass (Figure 7a, Cref,LS ) can vary strongly. However, the overall structure and features of the
eBC mass time series are comparable to the photo-thermal EC measurements. Using Cref,conv
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in the correction methods yields to a lower MAC value (see above) but the resulting eBC mass
would be almost the same. The PAS eBC mass range (Figure 7b) is much smaller, as it is only
determined by the range of MAC values. It seems that PAS measurements during instances of
low particle concentration give an eBC mass estimate that is low compared to the EC mass, but
here too there is an overall agreement with the photo-thermal EC measurements. The temporal
structure of the eBC mass from the BC photometer, however, does not agree as well with the
temporal appearance of the EC mass time series. Towards the end of the campaign, the influence
of mineral dust can explain the fairly low MAC that leads to a strong overestimation of the eBC
mass compared to the measured EC mass.

4

Conclusion

This study presents a comparison between different techniques and correction methods for measuring the particle absorption and calculating BC mass from the marine observatory MCOH in
the northern Indian Ocean. The dataset was collected during the field campaign CARDEX in the
dry monsoon season (Feb.-Mar.) in 2012 with air masses arriving from continental sources. The
focus instruments are two filter-based optical instruments, the Aethalometer and BC photometer, as well as a photo-acoustic spectrometer (PAS). Furthermore, a thermal-optical technique is
used to determine the actual EC mass.
It is shown that the chosen measurement technique can introduce a large difference (more
than 100%) in the determined particle absorption and eBC mass, whereas the results vary less
with the choice of correction methods for each of the instruments (9% on average). Even though
the Aethalometer and BC photometer use the PAS as a reference instrument, the absorption
coefficient from the Aethalometer is found to be generally larger than that measured by the PAS
and BC photometer. It is also shown that σabs,Aeth is more sensitive to the parameter for multiple
scattering correction Cref for a given correction method, than to the choice of correction method.
The BC photometer, on the other hand, occasionally shows large differences in magnitude of
the particle absorption for different correction functions. However, the temporal variation σabs
achieved with the different measurement techniques is comparable and leads to good correlations
(R2 = 0.47 − 0.83).
The subsequently calculated AAE, which can only be determined from multi-wavelength
measurements such as from the Aethalometer, is highly dependent on the chosen correction
method, especially on the choice of Cref . The AAE is on average 24% lower if the multiple
scattering coefficient Cref is ascribed to be independent of the wavelength. Several comparisons
of multi-wavelength instruments have indicated the wavelength dependence of Cref , suggesting
23

that a wavelength-dependent Cref (λ) should be used in all correction methods, as in the A05
correction (Kim et al., 2018; Arnott et al., 2005). Furthermore, MAC values are calculated from
the ratio between absorption coefficients and the EC mass concentration determined from thermooptical analysis. The MAC is also found to be more sensitive to the measurement technique
compared to the utilized correction method. MAC values determined from Aethalometer and
PAS measurements (7.4-8.4 m2 /g ) are shown to be in agreement with previously reported MAC
values for aged carbonaceous particles, whereas MAC from the BC photometer (4.1 m2 /g) is
found to be fairly low in comparison.
The final product of eBC mass which is dependent on the correct determination of the particle
absorption and MAC is found to compare well with the EC mass for the PAS and Aethalometer,
but the different Aethalometer corrections lead to a fairly large range of 31% on average. The
low MAC for the BC photometer results in a comparatively weak agreement with the EC mass
from the thermo-optical analysis and a large range depending on the applied correction method.
In general, estimates of particle absorption and eBC mass have to be viewed with respect
to the used measuring technique prior to the utilized correction method. Thus, eBC mass
determined from different instruments may not be directly comparable. The results presented
in this study represent a single marine receptor site. To test the wider applicability of the
conclusions reached, and give a more general quantification of the mean differences between the
estimates from different measurement techniques and correction methods, consistent filter-based
measurements combined with a reference instrument such as the PAS, at multiple measurement
sites around the world would be desirable. Furthermore, the instruments utilized should measure
at multiple wavelenghts in order to determine the influence of other absorbing components such
as BrC and dust as well as to determine the wavelength-dependent Cref . For future use of
BC mass measurements specifically at MCOH, it would be recommendable to deploy the PAS
instrument not only on campaign basis but at least for a full year to establish a climatology of
suitable corrections for the filter-based instruments depending on the air mass source.
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S., Kärcher, B., Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M.,
Venkataraman, C., Zhang, H., Zhang, S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z.,
Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz, J. P., Shindell, D., Storelvmo, T., Warren, S. G., and
Zender, C. S.: Bounding the role of black carbon in the climate system: A scientific assessment, Journal of
Geophysical Research: Atmospheres, 118, 5380–5552, 2013.

25

Bosch, C., Andersson, A., Kirillova, E., Budhavant, K., Tiwari, S., Praveen, P. S., Russel, L. M., Beres, N. D.,
Ramanathan, V., and Gustafsson, O.: Source-diagnostic dual-isotope composition and optical properties watersoluble organic carbon and elemental carbon in South Asian outflow intercepted over the Indian Ocean, Journal
of Geophysical Research, accepted, 2014.
Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G., Forster, P., Kerminen, V.-M., Kondo, Y.,
Liao, H., and Lohmann, U.: Clouds and aerosols, in: Clim. Chang. 2013 Phys. Sci. basis. Contrib. Work. Gr.
I to fifth Assess. Rep. Intergov. panel Clim. Chang., pp. 571–657, Cambridge University Press, 2013.
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Morán-Zuloaga, D., Pöhlker, M. L., Rizzo, L. V., Walter, D., Wang, Q., Artaxo, P., Prati, P., and Andreae,
M. O.: Comparison of different Aethalometer correction schemes and a reference multi-wavelength absorption
technique for ambient aerosol data, Atmospheric Measurement Techniques, 10, 2837–2850, 2017.
Schauer, J. J., Mader, B. T., DeMinter, J. T., Heidemann, G., Bae, M. S., Seinfeld, J. H., Flagan, R. C., Cary,
R. A., Smith, D., Huebert, B. J., Bertram, T., Howell, S., Kline, J. T., Quinn, P., Bates, T., Turpin, B., Lim,
H. J., Yu, J. Z., Yang, H., and Keywood, M. D.: ACE-Asia Intercomparison of a Thermal-Optical Method for
the Determination of Particle-Phase Organic and Elemental Carbon, Env. Sci. & Tech., 37, 993–1001, 2003.
Schmid, O., Artaxo, P., Arnott, W. P., Chand, D., Gatti, L. V., Frank, G. P., Hoffer, A., Schnaiter, M., and
Andreae, M. O.: Spectral light absorption by ambient aerosols influenced by biomass burning in the Amazon
Basin. I: Comparison and field calibration of absorption measurement techniques, Atmos. Chem. Phys., 6,
3443–3462, 2006.
Schuster, G. L., Dubovik, O., Arola, A., Eck, T. F., and Holben, B. N.: Remote sensing of soot carbon - Part 2:
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Abstract
Aerosol absorption constitutes a significant component of the total radiative effect of aerosols, and
hence its representation in models is crucial to radiative forcing estimates. We use here multiple
observations to evaluate the performance of CAM5.3-Oslo in respect to its aerosol representation.
CAM5.3-Oslo shows on average an underestimation of aerosol absorption in the focus region over
East and South Asia and a strong aerosol absorption overestimation in desert and arid regions compared to observations and other AeroCom phase III models. We explore the reasons of the model
spread and find that it is related to the column burden and residence time of absorbing aerosols,
in particular black carbon and dust. We conduct further sensitivity simulations with CAM5.3-Oslo
to identify processes which are most important for modeled aerosol absorption. The sensitivity
experiments target aerosol optical properties, and contrast their impact with effects from changes
in emissions and deposition processes, and the driving meteorology. An improved agreement with
observations was found with the use of a refined emission data set, transient emissions and assimilation of meteorological observations. Changes in optical properties of absorbing aerosols can
also reduce the under- and overestimation of aerosol absorption in the model. However, changes in
aerosol absorption strength between the sensitivity experiments are thereby small compared to the
inter-model diversity among the AeroCom phase III models.
Keywords: Absorbing aerosols, black carbon, global model
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Introduction

Aerosol particles play an important role in the Earth’s energy budget since they interact directly
with incoming solar radiation by scattering and absorption, and have the ability to change cloud
properties such as albedo and lifetime (Twomey, 1977; Albrecht, 1989). Absorbing aerosols are of
particular interest since their radiative forcing is estimated to be positive, reducing the magnitude
of the net aerosol cooling (Bond et al., 2013). The main absorbing aerosols are black carbon (BC),
brown carbon (BrC, i.e. the absorbing fraction of organic carbon) and mineral dust. Particularly,
BC has a strong positive radiative forcing which is estimated to be in the range from +0.05 to +1.37
W m−2 (Myhre et al., 2013; Peng et al., 2016). Rapid adjustments of the atmosphere can further
amplify the warming effect of BC. Circulation changes induced by the heating of an atmospheric layer
by aerosol absorption, can lead to cloud dissipation, or cloud thickening, dependent on the cloud
type and vertical position of the aerosol particles relative to the cloud (e.g. Koch and Del Genio,
2010; Wilcox, 2010; Wilcox et al., 2016). Absorbing aerosol particles can also contribute to a
negative radiative forcing through interaction with clouds since hydrophobic carbonaceous aerosols
can also act as cloud condensation nuclei (CCN) when aged and coated with sulfate (Wittbom et al.,
2014; Dalirian et al., 2018). Taken together, the aerosol-radiation and aerosol-cloud interactions of
absorbing as well as scattering aerosols are estimated to have a net negative radiative effect of
-0.9 W m−2 but there is still a large uncertainty in the magnitude of this forcing (-1.9 to -0.1
W m−2 ; Myhre et al., 2013). Hence, an accurate representation of absorbing aerosols in general
circulation models is crucial for estimating the total radiative forcing of aerosol-cloud-radiation
interactions. However, there are large inter-model differences, and major discrepancies between
models and observations of aerosol absorption (Samset et al., 2018). The absorption aerosol optical
depth (AAOD) is often underestimated in global models if compared to satellite retrievals or ground
based remote sensing measurements (Bond et al., 2013; Shindell et al., 2013).
BC, with its strong absorptivity, is the most widely studied absorbing aerosol component. It is
produced by incomplete combustion of fossil fuel, biofuel and biomass as a primary particle. BC
particles have a fractal morphology when they are emitted, quickly collapse and can further be coated
with other aerosol components. This ageing process of BC leads to changes in its ability to serve as
CCN or its absorption strength, for instance an absorption enhancement due to the lensing effect
(Peng et al., 2016). General circulation models are limited in representing the specific transformation
processes of BC. Typically, an aerosol mixing rule is used to calculate the absorption enhancement
or they assume a constant value; some models even treat BC as only externally mixed which means
that no absorption enhancement is included (Saleh et al., 2015; Samset et al., 2018). Recent studies
have also drawn attention to the representation of BrC in general circulation models (e.g. Saleh
et al., 2015; Brown et al., 2018). BrC which is produced by the combustion of organic matter
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exhibits higher absorption at shorter wavelengths (Russell et al., 2010) but its absorption strength
is highly variable and strongly dependent on the burning conditions (Saleh et al., 2014; Brown et al.,
2018). During its ageing, BrC can experience a so called photochemical bleaching, i.e. BrC reduces
its absorption with time (Zhong and Jang, 2014; Forrister et al., 2015; Zhao et al., 2015; Dasari
et al., 2019), but also a photochemical browning, i.e. the absorption ability of BrC increases while
ageing, has been observed (Tsigaridis and Kanakidou, 2018). BrC and the associated transformation
processes are typically not specified in general circulation models, it is simply included in organic
aerosol (OA). However, Brown et al. (2018) and Wang et al. (2016) showed that implementing
BrC as a separate aerosol component improves the agreement of aerosol absorption in general
circulation models with observations. Further discrepancies in aerosol absorption between models
and observations can be caused by the representation of mineral dust. Dust as a natural aerosol
component is primarily emitted due to friction over arid and semi-arid regions and global models
often calculate dust emissions directly depending on wind speed and soil moisture. Models often
assume a globally constant refractive index even though the optical properties of mineral dust can
be very different depending on the source region, composition, size distribution, particle shape and
ageing processes during atmospheric transport (Petzold et al., 2009; Samset et al., 2018).
In general, the model representation of aerosol absorption, and resulting radiative forcing, is
dependent on the representation of the life cycle of the different types of absorbing aerosols, including the aerosol emissions, transport and deposition processes, microphysical aerosol processes
and variations in particle optical properties. It has been suggested that a refined representation of
variations in aerosol properties constitutes a primary reason for discrepancies between models and
observations (Gustafsson and Ramanathan, 2016; Peng et al., 2016). In this study, we investigate
the relative importance of detailed and accurate representation of aerosol properties, compared to
the more general representation of physical processes such as sources, sinks and transport. The
representation of absorption by aerosol particles is investigated in the atmospheric model CAM5.3Oslo with the focus on large parts of Asia, ranging from the Arabian peninsula in the West to
the Japanese sea in the East and from the equator to Mongolia in the North. This region is particularly interesting because all three absorbing aerosol types described above can be found in a
high concentration either simultaneously or individually, depending on the specific area. It is well
known that the focus area is a hotspot for pollution aerosol from fossil fuel combustion and biomass
burning. Several desert areas as the Arabian peninsula or the Gobi desert are also included in the
focus region. We evaluate the model performance with a multi-model intercomparison, reanalysis
and remote-sensing observations. We identify processes which can help to improve aerosol absorption in this specific model through sensitivity experiments targeting aerosol emissions, deposition,
and meteorology, as well as optical properties. We focus here on aerosol-radiation interactions by
absorbing aerosols and do not investigate effects of absorbing aerosols on clouds. A description of
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the aerosol representation in CAM5.3-Oslo can be found in section 2, followed by a description of
the utilized data and methods in section 3. We present and discuss our results in section 4 and
summarize our findings in section 5.

2

CAM5.3-Oslo and its aerosol representation

We used the atmospheric component CAM5.3-Oslo (Kirkevåg et al., 2018) of the earth system model
NorESM1.2, which has an atmospheric core based on the Community Atmosphere Model version
5.3 (CAM5.3; Neale et al., 2012; Liu et al., 2016), and is coupled to a sophisticated aerosol module
OsloAero5.3 with 30 vertical model layers and a horizontal resolution of 0.9◦ in latitude by 1.25◦
in longitude. The aerosol representation is similar to the previous model version NorESM1-M (see
Kirkevåg et al., 2013), but with updated aerosol features.
Aerosol types represented in the model are dust, sea salt, sulfate, BC and OA, which includes
both primary and secondary organic aerosols. Anthropogenic fossil fuel and biofuel emissions are
emitted at the surface, while biomass burning emissions are inserted at 13 model levels following the
recommendations by Dentener et al. (2006). Sea salt, dust and secondary organic aerosol (consisting
of monoterpene and isoprene) emissions are wind-driven and calculated online following Zender et al.
(2003).
The aerosol number concentration is not a prognostic variable in the model, but is ’productiontagged’, i.e. the aerosol number concentration is calculated offline using look-up tables and is tagged
to the different production mechanisms. Both aerosol-radiation and aerosol-cloud interactions are
parameterized, so that the predefined ”background” lognormal modes can be changed by condensation, coagulation and cloud processing (Kirkevåg et al., 2018). Also, optical properties are calculated
a posteriori using look-up tables. For the pure aerosol components, prescribed refractive indices are
used. Sea salt and sulfate aerosols are prescribed as reflecting, dust and organic aerosols are mainly
reflecting and partly absorbing, whereas BC is mainly absorbing. All aerosol types can be internally
and externally mixed, so that also absorbing particles can become hygroscopic and activated as
CCN. The refractive index of internally mixed aerosol types is calculated from the Maxwell-Garnet
mixing rule.
All aerosol particles can be removed by dry and wet deposition in the model. Dry deposition includes gravitational settling, which depends on the size of the particles. Bigger particles in the coarse
mode, such as e.g. dust are thereby more affected by dry deposition compared to smaller particles.
Wet scavenging is divided into in-cloud and below-cloud scavenging, where in-cloud scavenging represents the formation of cloud droplets from aerosols by impaction and nucleation and below-cloud
scavenging refers to wet removal of aerosols by precipitation. A detailed model description can be
found in Kirkevåg et al. (2018).
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Data and method

We use ground and satellite based observations, MERRA-2 reanalysis as well as multi-model output
from AeroCom phase III models to evaluate the performance of CAM5.3-Oslo, in an Asian region
largely influenced by the three types of absorbing aerosols, BC, OA and mineral dust. Observational
data and MERRA-2 reanalysis was used for the years 2006 to 2012 while multi-model output is only
available for the year 2010.

3.1

Focus region

We define the focus domain as 0-50◦ N latitude and 40-150◦ E longitude, thereby including heavily
polluted regions such as East Asia (mostly China) and the Indo-Gangetic Plain (IGP) in the northern
part of the Indian subcontinent. Aerosols in these areas are well known to have effects on radiation,
clouds, atmospheric circulation and not least on human health (Ramanathan and Carmichael, 2008;
Pan et al., 2015). In particular, high emissions of biomass burning aerosols are found in the focus
area due to crop burning and wild fires in South and South-East Asia. Furthermore, natural mineral
dust has a large contribution in the studied domain, due to seasonal transport from Middle East,
e.g. the Arabian Peninsula and Iran, or from the Thar desert at the border between Pakistan and
India, towards South and Central Asia (Pan et al., 2015).
A large seasonal variability of absorbing aerosols occurs due to the Asian monsoon. The monsoon
cycle affects large parts of the focus region and leads to dry polluted conditions during winter
and strong precipitation in summer. The transition periods, pre- and post-monsoon, are often
characterized by dust events and/or heavy biomass burning (e.g. Ramana and Ramanathan, 2006;
Gautam et al., 2013; Singh et al., 2019). Pollution aerosol has also been found to be transported to
higher altitudes by convection and form so called atmospheric brown clouds mostly over southern
Asia and the northern Indian Ocean, thereby heating higher altitude atmospheric layers, while
cooling the surface (Ramanathan and Carmichael, 2008; Gustafsson et al., 2009).

3.2

Observations

The Level 1.5 total clear-sky aerosol optical depth (AOD) calculated from sun-photometer measurements and subsequently retrieved clear-sky AAOD provided by the Aerosol Robotic Network
(AERONET; Holben et al., 1998) version 3 (Giles et al., 2019) was used for several stations in the
studied area. The AOD and AAOD are the vertical column integrated aerosol extinction and absorption, respectively. AERONET provides both variables at different wavelengths, but AOD and
AAOD at 550nm are not available and were here derived using the Ångström exponent in order to
match the model output. The uncertainty in AOD is estimated to range from 0.01 to 0.02, with
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Table 1: Summary and short description of the used observational data.

Station name location
Kanpur
northern India
(26.45N, 80.33E)

variable site classification meas. type
AOD
urban
remote sensing
AAOD polluted
(AERONET)

meas. period
2001-2018

Beijing

eastern China
AOD
(39.98N, 16.38E) AAOD

urban
polluted

remote sensing
(AERONET)

Karachi

Pakistan
AOD
(24.95N, 67.14E) AAOD
Saudi Arabia
AOD
(24.9N, 46.39E) AAOD

urban
coast
continental
desert

remote sensing 2006-2014
(AERONET)
remote sensing 1999-2013
(AERONET)

Pokhara

Nepal
AOD
(28.19N, 83.98E) AAOD

continental
mountain

remote sensing
(AERONET)

2010-2018

Chiang Mai

Thailand
(18.77N, 98.97E)

urban
elevated

remote sensing
(AERONET)

2007-2017

Solar
village

AOD
AAOD

2001-2018

a maximum at shorter wavelengths (340 and 380 nm; Giles et al., 2019). The AAOD is retrieved
from an inversion routine and can be highly uncertain for measurements with low aerosol concentration (AOD(440nm)< 0.2). Level 2.0 AAOD retrievals exclude all measurements with too low AOD
(< 0.4) to reduce this uncertainty. This might lead to a bias towards high AAOD (Andrews et al.,
2017) and therefore Level 1.5 data was used in this study.
Here, the observations from all available AERONET stations within the focus region with a
minimum number of provided monthly means (> 12 months for long-term data from 2006-2012
and > 5 months for the year 2010) are used to allow a quantitative comparison. Furthermore,
six AERONET stations are selected by their different aerosol and meteorological signature for a
detailed discussion of the model performance. First, the stations Kanpur located in the IGP and
Beijing in China represent heavily polluted urban areas with strong fossil fuel and biofuel emissions.
Both stations are also highly influenced by mineral dust during spring and summer (Sessions et al.,
2015; Eck et al., 2015). Second, we use the stations Solar Village in Saudi Arabia and Karachi at
the coast in southern Pakistan since they are dominated by mineral dust emissions. Moreover, the
station Pokhara has been chosen, which is located in the densely populated and elevated Pokhara
valley in Nepal and receives pollution aerosol and dust from west and southwest during winter and
the pre-monsoon season (Singh et al., 2019). Last, Chiang Mai in Thailand has been selected for
its yearly recurring high aerosol concentration in the pre-monsoon season which is caused by strong
biomass burning activity on the Indochina peninsula (Gautam et al., 2013). A list of all utilized
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Table 2: Summary and short description of MERRA-2 and AeroCom phase III models.
Model/Reanalysis
MERRA-2
Short name
MERRA-2
Spatial resolution
0.5x0.5◦ , L72
BC refractive index
1.75 - 0.44i(1)
OA refractve index
1.53 - 0.009i(1)
Dust refractive index 1.53 - 0.0026i(1)
References
Molod et al. (2015)
Randles et al. (2017)

CAM5.3-Oslo
CAM5.3-Oslo
1x1◦ , L30
1.95 - 0.79i
1.53 - 0.006i
1.53 - 0.0055i

GEOS5-assimilate
GEOS-A
0.5x0.5◦ , L72
1.75 - 0.44i(1)
1.53 - 0.009i(1)
1.53 - 0.0026i(1)

GEOS5-freegcm
GEOS-F
0.5x0.5◦ , L72
1.75 - 0.44i(1)
1.53 - 0.009i(1)
1.53 - 0.0026i(1)

HadGEM3-GA7.1
HadGEM
N216 (60 km), L85
1.85 - 0.71i(2)
1.5 - 0i(2)
1.52 - 0.0015i(2)

Kirkevåg et al.
(2018)

Molod et al. (2015)

Molod et al. (2015)

Williams et al. (2018)
Mulcahy et al. (2018)
Mann et al. (2010)

The refractive index is given for 550 nm
Veselovskii et al. (2018)
(2)
Mollard (2018)
(1)

AERONET stations with location information can be found in table 1.
Additionally, the model was evaluated with monthly averaged satellite retrievals of clear-sky
AOD from MODIS (Remer et al., 2005) aboard the Terra satellite in the A-train constellation. The
satellite was launched in 2003, and we use here data from 2006 to 2012 of the MODIS Level 3
Collection 6 data set, with a spatial horizontal resolution of 1◦ latitude by 1◦ longitude (Platnick
et al., 2015).

3.3

MERRA-2 reanalysis

The Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2)
aerosol reanalysis assimilates besides meteorological also aerosol observations (Randles et al., 2017).
The reanalysis is built with the GOCART aerosol module, coupled to the GEOS5 Earth system
model. The AOD is thereby fitted to the bias-corrected AOD from the Advanced Very High
Resolution Radiometer (AVHRR), the Moderate Resolution Imaging Spectroradiometer (MODIS),
AERONET ground stations and over desert regions to AOD from the Multi-angle Imaging SpectroRadiometer (MISR). No observations of AAOD are assimilated, but aerosol mass which is used to
derive AAOD is constrained by the AOD assimilation (Buchard et al., 2017). Aerosol types represented in MERRA-2 are dust, sea salt, sulfate, OA and BC and optical properties of the absorbing
aerosols are listed in table 2. Aerosol emissions are transient, i.e. synchronous with the actual year.
Dust and sea salt emissions are wind-driven. Anthropogenic aerosol emissions additionally include
ship and aircraft emissions (Randles et al., 2017). We use the monthly mean output from MERRA2 of total AOD, total AAOD, as well as emissions, deposition and column burden for individual
aerosol types. A detailed description of MERRA-2 is found in Gelaro et al. (2017); Randles et al.
(2017); Buchard et al. (2017).
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3.4

AeroCom phase III models

Model output of the model intercomparison project Aerosol Comparisons between Observations
and Models (AeroCom) phase III was used to compare CAM5.3-Oslo to other state-of-the-art models. Only a subset of four models (CAM5.3-Oslo, GEOS5-assimilate (GEOS-A), GEOS5-freegcm
(GEOS-F), HadGEM3-GA7.1 (HadGEM)) out of 12 models provides aerosol absorption as output.
All models assimilate meteorological fields from reanalysis (nudging) to simulate the year 2010,
except GEOS-F, which is run in a coupled ocean-atmosphere configuration. Recommended aerosol
emissions are from the Hemispheric Transport of Air Pollution phase 2 (HTAP2; Galmarini et al.,
2017) or the Coupled Model Intercomparison Project (CMIP) phase 6 (CMIP6; van Marle et al.,
2017) and are fixed to the year 2000. Aerosol types represented in all models are dust, sea salt,
sulfate, OA and BC. HadGEM is the only model which includes representation of nitrate. Optical
properties of the individual aerosol types differ among the models (see table 2). We analyze monthly
mean model output of total AOD, total AAOD, and emissions, deposition and column burden for
individual aerosol species. For detailed model descriptions see the references in table 2.

3.5

CAM5.3-Oslo simulations

We perform a nudged control simulation (experiment Control, see table 3) with the CAM5.3-Oslo
model for the years 2006 to 2012. The model is thereby nudged to ERA-interim reanalysis, i.e.
assimilating horizontal winds and surface pressure, following the recommendations by Zhang et al.
(2014) for studying aerosol-cloud interactions. The aerosol emissions are fixed to the year 2000,
using emissions provided by CMIP phase 5 (CMIP5). We perform further sensitivity simulations
and the results are compared with the control simulation that serves as a reference. The sensitivity
experiments have the same configuration as the control simulation, except that they are conducted
only for the year 2010, for a better comparison with the AeroCom model output, which is only
available for the year 2010. Aerosol absorption in the model can be affected by changes in the
emitted aerosol mass, transport and removal processes and optical characteristics of the individual
aerosol types. Hence, the chosen sensitivity simulations target these processes and are split into
the four categories: emissions, deposition, meteorology, and optical properties. All changes in the
sensitivity experiments are applied globally, so that the studied domain may also be affected by
changes in the surrounding areas. The model simulations are described in detail in the following
and a summary of the experiments can be found in table 3.

3.5.1

Emissions

Although it has been suggested that representation of aerosol transport, residence time and deposition is of greater importance for inter-model variations in modeled aerosol properties than a
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Optics

Deposition

Meteorology

Emissions Control

Table 3: Summary and short description of control and sensitivity experiments.
Experiment name

Experiment description

Control

Control nudged simulation from 2006 to 2012

CMIP6 PD
CMIP6 transient
OM-OC 1.7
DUemissions tuned

CMIP6 aerosol emissions from 2000
CMIP6 aerosol emissions are synchronous with the simulated year
Factor for conversion of OC emissions to organic matter set to 1.7 for all emission sources
tuning of dust emissions to lower emissions

ERA5
AMIP

nudged with ERA5 instead of ERA-interim
AMIP-type simulation

BCscav lower
DUscav higher
DUdrydep increased

below-cloud scavenging coefficient of BC decreased by a factor of 2
below-cloud scavenging coefficient of dust increased by a factor of 2
higher fall velocity for dust

BCrefrac 1.0
OArefrac MERRA
DUrefrac MERRA

Imaginary part of the BC refractive index at 550nm increased from 0.79 to 1.0
OA refractive index at 550 nm same as in MERRA-2
Dust refractive index at 550 nm same as in MERRA-2

harmonization of aerosol emissions (Textor et al., 2007), it has also been found that BC emissions
are underestimated in current climate models (Chung et al., 2012; Gustafsson and Ramanathan,
2016). In addition to the default emission data set, we therefore here implement the new emission
inventory provided by CMIP6 (van Marle et al., 2017), using the fixed emission year 2000 (experiment CMIP6 PD) as in the control simulation. While the default emission data set provides
monthly mean data only until the year 2005, the new CMIP6 emission data set reaches until the year
2015, allowing for an additional experiment with a transient emission cycle (CMIP6 transient), i.e.
emissions are synchronous with the simulated year, to support analysis of year-to-year variability
in emissions.
Moreover, we evaluate the model configuration in terms of emissions of OA and dust. The representation of OA in CAM5.3-Oslo includes primary organic matter and secondary organic aerosols.
Organic carbon emissions are converted to organic matter by applying a prescribed factor of 2.6 for
emissions from biomass burning and a factor of 1.4 for emissions from fuel combustion. Here, we
chose a lower ratio of 1.7 for all organic carbon emissions (OM-OC 1.7 ) according to Wang et al.
(2016). Dust emissions in CAM5.3-Oslo were found to be overestimated (Kirkevåg et al., 2018). The
model uses a tuning factor to scale dust emissions, and to test the sensitivity of aerosol absorption
to dust emissions, especially in desert and arid parts of the focus domain, we adjust the emissions
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to a lower rate (DUemissions tuned ).

3.5.2

Deposition

Aerosol particles can be removed through dry and wet deposition in the model. To test the influence of deposition processes on aerosol absorption, we change here the efficiency of below-cloud
scavenging, which is parameterized using scavenging coefficients. The scavenging coefficients for
BC have been decreased by a factor of two (BCscav lower ), opposed to an increase for dust, also
by a factor of two (DUscav higher ). In the focus region, with large parts dominated by mineral
dust, we test the sensitivity to the dry deposition by increasing the fall velocity of dust by 10%
(DUdrydep increased ).

3.5.3

Meteorology

The control simulation is assimilated to ERA-interim reanalysis. To test the influence of meteorological variation and thereby differences in wind-driven emissions, transport and deposition processes,
we assimilate the model here to the new ERA5 reanalysis (ERA5 ), and thereby simply updating
boundary conditions in the model. In addition, we conduct a 10-year simulation with prescribed sea
surface temperatures and sea ice (i.e. an AMIP-type simulation), and with fixed aerosol emissions
of the year 2000 as in the control simulation.

3.5.4

Optical properties

In this category of sensitivity experiments, we implement changes concerning the absorption ability
of pure aerosol components. This experiment category evaluates thereby model-specific configurations rather than the representation of physical processes which influence the life cycle. The
absorption ability of a pure aerosol component is defined through the wavelength dependent imaginary part of the refractive index in the model. We increased the default value of 0.79 for BC, which
is based on Bond and Bergstrom (2006) to a value of 1.0 for the entire visible spectrum (BCrefrac 1.0 ), so that BC is prescribed as fully absorbing. The imaginary part of the refractive index at
550nm for OA is fairly low in CAM5.3-Oslo compared to the other AeroCom models and MERRA-2
reanalysis included in this study (see table 2). We adjust the absorptivity of OA and chose a higher
absorption ability according to MERRA-2 (OArefrac MERRA). In contrast, the absorptivity of dust
in CAM5.3-Oslo is high compared to the included AeroCom models and MERRA-2 reanalysis (see
table 2). We chose here the lower imaginary part of the dust refractive index at 550nm of MERRA-2,
so that dust becomes more reflecting (DUrefrac MERRA).
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4

Results and Discussion

4.1

CAM5.3-Oslo model evaluation

We evaluate the representation of absorption by aerosols in the model CAM5.3-Oslo in the focus
domain in section 4.1.1 by comparing the model control simulation with observations from MODIS
and AERONET and include also MERRA-2 reanalysis. We evaluate further the model performance
compared to other state-of-the-art climate models (AeroCom phase III) in section 4.1.2.

4.1.1

Regional distribution of AOD and AAOD

Figure 1 (left) shows the AOD spatial distribution of the observations (MODIS, AERONET), reanalysis (MERRA-2) and the model’s control simulation for the temporal mean of the years 2006
to 2012 as well as the direct comparison between monthly mean AERONET AOD and monthly
mean AOD of MODIS, MERRA-2 and the control simulation. MERRA-2 reanalysis seems to be in
agreement with MODIS and AERONET observations with a similar AOD distribution and a low
mean difference of 14% between MERRA-2 and MODIS, owing to the fact that MERRA-2 AOD
assimilation includes these observations, among others. The control simulation shows an overestimate of AOD by more than 100% over desert and arid regions, and locally even more than 200%
compared to MODIS observations, but underestimates over East Asia, the Indian subcontinent,
Tibet and the oceans often by more than 50%.
Comparing further the modeled AAOD with MERRA-2 and AERONET observations, the model
underestimates absorption by aerosols in large parts of the focus region (Fig. 2). However, a similar
spatial variability as seen in the AOD distribution is found; AAOD is underestimated if compared to
MERRA-2 data, especially over the IGP, East Asia as well as ocean areas and strongly overestimated
over dust-dominated areas within the focus domain, locally by over 100% (see Fig. 2). While
Buchard et al. (2017) showed that MERRA-2 AAOD agrees with estimates from observations on
the global scale, we find that MERRA-2 still underestimates the AAOD in some parts of the focus
region if compared to ground-based AERONET stations, especially over the Indian subcontinent.
To evaluate if the model CAM5.3-Oslo reproduces seasonal and interannual variability in aerosol
absorption, we compare monthly mean AAOD of the control simulation with MERRA-2 reanalysis
and AERONET observations from 2006 to 2012 at selected measurement stations within the focus
region (see Fig. 3). Moreover, the model-estimated AAOD of the three absorbing components BC,
dust and OA in the model simulation is shown in order to distinguish the contribution of each
component at the different stations. The model output has been linearly interpolated to the exact
station location from data of the two closest grid points according to Schutgens et al. (2016).
In accordance with the results above, the highest simulated AAOD is periodically evident at
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Figure 1: Left: Temporal mean of the years 2006 to 2012 of aerosol optical depth (AOD) for
MODIS (top), MERRA-2 reanalysis (middle) and the model control simulation (bottom) in
the focus region. AERONET observations are illustrated as coloured circles. Right: Scatter plots of MODIS, MERRA-2 and modeled AOD against AERONET retrievals (monthly
average).
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Figure 2: Left: Temporal mean of the years 2006 to 2012 of absorption aerosol optical depth
(AAOD) for MERRA-2 reanalysis (top) and the model control simulation (bottom) in the
focus region. AERONET observations are illustrated as coloured circles. Right: Scatter plots
of MERRA-2 and modeled AAOD against AERONET retrievals (monthly average).
the two dust-dominated stations Solar Village and Karachi (Fig. 3c, d), with a mean AAOD
overestimation of as high as +142% at Solar Village compared to AERONET retrievals. The strong
seasonality in the nudged model simulation is driven primarily by dust at these two locations since
neither BC nor OA contribute significantly to the modeled AAOD. Both timeseries indicate that
most likely the dust column burden or the absorptivity of mineral dust is overestimated in CAM5.3Oslo.
On the contrary, the clear signal of high AAOD values during winter/spring in Chiang Mai is
reproduced well in the model as seen in Fig. 3f. However, the modeled AAOD reaches only one
third of the observed maximum, and the underestimation in AAOD is with -58% highest among
all stations. In accordance with the biomass burning influence at the station, CAM5.3-Oslo shows
a large contribution of OA absorption to the total AAOD and discrepancies with the observations
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Figure 3: AAOD timeseries from the nudged control (blue) and AMIP (black, dashed) simulations compared to AERONET (grey bars) and MERRA-2 (grey line) AAOD monthly
means (Level 1.5). The AAOD contribution of BC (red), dust (yellow) and OA (green) to
the nudged control simulation is shown as well. The map in the bottom left corner shows the
respective locations of the AERONET stations.
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might be explained by too low OA emissions. As discussed in Sessions et al. (2015), model biases are
also known to be high at this station in the biomass burning season. The largest temporal variability
in absorption strength, with irregular maxima, is found at the urban stations Kanpur and Beijing.
However, the mean magnitude of modeled AAOD is not underestimated by more than -28% and
-37% respectively for Beijing and Kanpur. Besides a strong seasonality in dust column burden and
hence in dust AAOD, both urban stations exhibit significant contributions from BC and OA to the
total AAOD with a dominance of BC often during winter months (see Fig. 3a, b). Reasons for
the underestimation could be too low emissions for large metropolitan areas as for instance seen
in Pan et al. (2015) where anthropogenic fossil fuel and biofuel emissions were underestimated for
several cities in the IGP, including Kanpur. Another underestimation of AAOD occurs at the remote
Pokhara station as high as -53% in the control simulation compared to the observations (see Fig.
3e). Reasons for this discrepancy might be a deficiency in emissions and an incorrect representation
of air mass transport in high mountain areas in the model (Pan et al., 2015; Schutgens et al., 2017).
Consistent with Singh et al. (2019), dust dominates the AAOD during the pre-monsoon season in
the model while BC affects the AAOD mainly in other seasons. In summertime, most of the aerosols
are washed out due to the strong monsoon precipitation.
MERRA-2 reanalysis in many cases represents the AAOD timeseries often much better with for
instance negligible differences for Kanpur if compared to the AERONET retrieval. Even though the
AAOD is considerably overestimated for Beijing, the temporal evolution corresponds reasonably
well with the observations at both urban stations. The largest discrepancy between MERRA2 and AERONET occurs for Solar Village with +47% overestimation while the AAOD is also
underestimated in Chiang Mai (-44%) and Pokhara (-16%), similarly to CAM5.3-Oslo.
To summarize, CAM5.3-Oslo is able to reproduce seasonal and also interannual variability to
some extent, but the model performance varies between dust-dominated and polluted areas. At dust
dominated stations an overestimation of AAOD occurs compared to underestimation of AAOD in
polluted regions. Here, it is also important to note that differences between observations and the
model can be caused by differences in aerosol emissions since CAM5.3 Oslo has fixed emissions to
the year 2000 (see section 3.5).

4.1.2

AeroCom multi-model intercomparison and evaluation

In the following, we compare AOD and AAOD output of four AeroCom phase III models and
evaluate model performances in the representation of aerosol absorption in the focus region using
observations from AERONET. Figure 4 and 5 show the AOD and AAOD distribution of four
AeroCom phase III models (left), including CAM5.3-Oslo, for the year 2010 in the focus domain, in
comparison with AERONET station data. Furthermore, both figures show on the right side a direct
comparison between the monthly mean AOD (Fig. 4) and AAOD (Fig. 5) from the AeroCom phase
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Figure 4: Left: Annual mean of the year 2010 of aerosol optical depth (AOD) for four
AeroCom phase III models in the focus region. AERONET observations are illustrated as
coloured circles. Right: Scatter plots of modeled AOD against AERONET observations
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Table 4: AAOD, aerosol emissions, column burden and residence times for absorbing aerosols
for MERRA-2 and AeroCom phase III models on the regional scale for the year 2010.
Variable
AAOD
BC emissions (kg m−2 s−1 )
OA emissions (kg m−2 s−1 )
Dust emissions (kg m−2 s−1 )
BC burden (kg m−2 )
OA burden (kg m−2 )
Dust burden (kg m−2 )
BC residence time (days)
OA residence time (days)
Dust residence time (days)
(1)
(2)

MERRA-2
0.014
2.2·10−12
1.2·10−11
3.0·10−10
1.1·10−6
5.5·10−6
1.1·10−4
8.1
6.3
13.1

CAM5.3-Oslo GEOS-A
0.012
0.015
1.7·10−12
2.2·10−12
9.8·10−12
1.2·10−11
6.8·10−10
2.4·10−10
5.3·10−7
1.1·10−6
5.9·10−6
6.1·10−6
9.7·10−5
1.3·10−4
5.0
7.5
5.0
8.1
1.9
17.8

GEOS-F
0.012
2.2·10−12
1.2·10−11
3.1·10−10
7.8·10−7
4.4·10−6
1.2·10−4
7.9
7.6
18.3

HadGEM
0.018
2.7·10−12
1.3·10−11
2.8·10−10
8.7·10−7
4.8·10−6
2.9·10−5
5.7
6.2
1.3

Veselovskii et al. (2018)
Mollard (2018)

III models and the monthly mean AOD and AAOD retrievals from various AERONET stations.
As aforementioned in section 4.1.1, CAM5.3-Oslo overestimates AOD and AAOD over desert
and arid areas within the focus domain compared to remote sensing observations. A comparison
to the other AeroCom models reveals that this model bias in CAM5.3-Oslo does not occur in the
other models. Dust emissions which are wind-driven in all models, vary widely among the models.
CAM5.3-Oslo has the highest dust emissions and the highest averaged dust burden over desert
regions, which yields a high AOD and AAOD. In addition, this model prescribes the highest dust
absorptivity at 550 nm (see Tab. 2), which amplifies aerosol absorption over dust-dominated areas.
However, the regional mean burden of dust is low compared to the other models, consistent with the
short residence time of dust (see table 4). The residence time of each aerosol type is here defined as
the ratio between column burden of an aerosol species and its total deposition (wet and dry). The
two GEOS models show a slight overestimation of aerosol absorption over the deserts of the Arabian
peninsula and HadGEM with a fairly low dust absorptivity and short dust residence time seems
to compare best with AERONET AAOD retrievals over deserts. Model differences in the defined
dust size distribution can lead to the variety in residence time of dust due to the size dependence
of dry deposition; and moreover can result in diverse absorption strength in the longwave spectrum
by larger particles. According to Kok et al. (2017), many models tend to overestimate the fraction
of fine mode dust which leads to decreased aerosol absorption and is thought to be less realistic if
compared to observations.
Focusing on areas influenced by anthropogenic pollution within the studied domain, CAM5.3Oslo underestimates AOD and AAOD compared to remote sensing observations, in particular over
the IGP (see section 4.1.1). Comparing CAM5.3-Oslo to the other AeroCom models indicates that

17

Figure 5: Left: Annual mean of the year 2010 of absorption aerosol optical depth (AAOD) for
four AeroCom phase III models in the focus region. AERONET observations are illustrated
as coloured circles. Right: Scatter plots of modeled AAOD against AERONET observations
(monthly average)
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the underestimation over the IGP seems to be a common model bias, in agreement with Pan et al.
(2015). However, HadGEM shows an overestimation over the IGP and the whole Indian subcontinent
which is neither supported by AERONET nor MODIS observations as seen in Fig. 1. GEOS-A and
HadGEM give relatively high AOD over eastern Asia, for instance over the Sichuan Basin in China.
The free running version of the GEOS model, GEOS-F, shows in general lower AOD and AAOD
in comparison with the other models. The large discrepancies in AOD and AAOD in polluted
areas within the focus domain are consistent with differences in OA and BC emissions among the
AeroCom models (see table 4). CAM5.3-Oslo has the lowest emissions and shortest residence time of
BC among the models, which yields the lowest BC burden and is consistent with the underestimated
aerosol absorption as for instance seen over the Indian subcontinent in Fig. 5. However, according
to Lund et al. (2018) the BC residence time in CAM5.3-Oslo with < 5.5 days agrees better with
observations. HadGEM has a similar BC residence time and strong absorptivity (see Tab, 2) as
CAM5.3-Oslo but shows in contrast the highest AAOD in polluted regions. Since HadGEM is the
only model which prescribes OA as fully reflecting and non-absorbing, the differences in aerosol
absorption over the Indian subcontinent and East Asia between HadGEM and CAM5.3-Oslo seem
to be related to the higher BC emissions and column burden in HadGEM rather than differences in
optical properties. Also, HadGEM is the only model which includes nitrate aerosols, and as shown
by Pan et al. (2015) this has at least improved the AOD distribution over South Asia compared to
observations. GEOS-A on the other hand also slightly underestimates AAOD in polluted areas even
though the burden of BC and OA is higher compared to CAM5.3-Oslo as is the OA absorptivity;
albeit the BC absorptivity is lower.
Further, model differences were found for the treatment of aerosol mixtures; all models include
external mixing of aerosol components, but differ in their treatment of internal mixing. The two
GEOS models do not include internal mixing of aerosol components (Colarco et al., 2010), which
could result in a lower absorption compared to AERONET observations. However, AAOD underestimation is in the focus domain mainly prominent in CAM5.3-Oslo opposed to the GEOS models
(see Fig. 5). Also, as shown by (Klingmüller et al., 2014), the use of different mixing rules for
internal mixtures can furthermore lead to differences in the modeled absorption. But here, both
CAM5.3-Oslo and HadGEM use the Maxwell-Garnett mixing rule for internal mixtures involving
BC (Kirkevåg et al., 2018; Mann et al., 2010), so that model discrepancies between these two models
are not related to the treatment of internal mixing.
To conclude, the large model spread seen in the representation of total aerosol absorption in
the focus domain has a distinct spatial variability and model performances vary between dustdominated and heavily polluted areas. Model discrepancies are over desert areas mainly related to
dust emissions, burden and residence time whereas differences in BC and OA emissions and their
burdens matter most over polluted areas. Optical properties of individual aerosol species seem to
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be in general of less importance concerning model diversity, but at least the high absorbing ability
of dust in CAM5.3-Oslo could amplify an overestimation in AAOD over deserts.

4.2

CAM5.3-Oslo sensitivity simulations

We present in the following the performed sensitivity simulations, which are motivated by the
aforementioned model biases in CAM5.3-Oslo compared to other state-of-the-art climate models and
are targeting aerosol emissions, deposition, driving meteorology and optical properties. Changes
in aerosol absorption between the control and sensitivity simulations are visualized in Fig. 6 as
changes in total AAOD over the focus domain. To illustrate changes in seasonal variability between
the sensitivity experiments in comparison with AeroCom models, we show further the seasonal cycle
of the year 2010 at selected AERONET stations in Fig. 7. Relative changes between the control
and sensitivity simulations in absorbing aerosol burden, residence time and mean AAOD are given
in table 5.

4.2.1

Emissions

Figures 6a and b illustrate the importance of the aerosol emission data set for the magnitude and
spatial distribution of absorption in the model. With the updated CMIP6 emission data set, but
with the same fixed emission year as in the control simulation (experiment CMIP6 PD) the AAOD
in South and East Asia increases (see Fig. 6a). In particular over the IGP, where the model in
section 4.1.1 was found to underestimate absorption compared to observations, the absorption is
here enhanced with up to +39%. However, a strong decrease in AAOD occurs over South East
Asia (locally up to -86%), so that the regional mean in AAOD increases by only +1%. The global
mean AAOD even decreases by -6%. The updated emission data set alters BC and OA emissions,
affecting the burdens of these absorbing aerosols (see table 5), but does not affect the wind-driven
dust emissions which are calculated online in the model. BC emissions and the column burden
increases by +7% and +12%, respectively, as opposed to a decrease in OA emissions by -23% and
column burden by -11%. However, according to van der Werf et al. (2017, 2010) an increase in OA
should be expected due to enhanced global fire emissions in the new CMIP6 emission data set which
uses GFED4 fire emissions instead of GFED2 in CMIP5.
A high year-to-year variability for aerosol emissions occurs in the studied domain, and a transient
emission cycle (CMIP6 transient) yields the strongest increase in AAOD among the sensitivity
experiments in the domain with a mean regional change of +21% and an enhancement of up to
+88% in remote mountain areas in south-central China and the Himalaya (see Fig. 6b). Globally,
the AAOD also increases by 12% with the transient emissions. The regionally substantial AAOD
response is here mainly related to an increase in BC emissions, with as much as +51% deviation
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Figure 6: Absolute differences in AAOD between model sensitivity experiments and the
nudged model control simulation for the year 2010 in the focus region.
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0
0.8
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0
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1.87
1.87
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1.86
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residence time residence time residence time
(days)
(days)
(days)
5.5
5.08
1.88

Table 5: Absolute regional mean in AAOD, aerosol emissions and column burden for the control simulation and the
relative regional mean changes between the control and sensitivity experiments for each property, as well as the global
residence time for each simulation.

from the control simulation. Even though the deposition of BC rises as well (not shown), the higher
BC emissions are sufficient to give a remarkable net increase in BC column burden of +58%, and
the BC residence time is with 5.9 days higher in this experiment than in any of the others (see table
5). However, the changes in lifetime obtained from the sensitivity experiments are small compared
to the spread among the different models. Changes in OA emissions and burden are relatively
small for this experiment, so that the strong increase in AAOD is here mainly associated with
an increase in BC aerosols. Comparing the two simulations using CMIP6 emissions (CMIP6 PD
and CMIP6 transient, see Fig. 6a, b) shows that not only the choice of data set but also the
actual emission year is crucial for the AAOD, particularly in areas influenced by pollution. Both
experiments give a higher absorption by aerosols in the focus domain, especially over the IGP.
A small decrease in AAOD of -2% occurs for the experiment with a fixed factor for converting
organic carbon emissions to organic matter, independently of the emission source (OM-OC 1.7, not
shown). This experiment affects only OA emissions and the reduced conversion factor leads, as
expected, to a decline in emissions by -16% which in turn results in a lower OA column burden
(-12%), but changes in residence time are small. This highlights that the model configuration in
regard to OA emissions is less important and that rather uncertainties in emission inventories contribute to underestimated modeled emissions of biomass burning aerosols, as seen in the experiment
CMIP6 PD and CMIP6 transient. As discussed in section 4.1.1, the AAOD over dust-dominated
areas is high in CAM5.3-Oslo compared to observations and other AeroCom models. Reducing the
dust emissions (DUemissions tuned ) decreases the regional mean AAOD only by -3% but locally by
as much as -27% (not shown). The residence time of dust decreases only slightly, so that changes
in AAOD seem to be mainly driven by changes in dust burden, which decreases by -6% and is
obviously dependent on the dust emission modifications.

4.2.2

Deposition

The aerosol column burden, as an important factor for controlling the total absorption by aerosols,
is constrained by deposition. However, decreasing the efficiency of BC below-cloud wet removal by
a factor of two (BCscav lower ), leads only to small changes in AAOD of +1% on average (-6% to
+9%) in the focus area (not shown). This low response is reasonable since the total BC deposition
decreases by less than -1% and only a small change in BC column burden of +1% occurs. The
underestimated AAOD found in the control simulation over polluted areas is related to low BC
emissions and burden, and reducing the below-cloud wet removal of BC is insufficient in the model
for improving the AAOD representation in the focus region.
Similarly, a higher efficiency for dust below-cloud wet removal and dry deposition (DUscav higher
and DUdrydep increased ) results only in negligible changes in AAOD (≈-1%) on average (globally
and regionally), which varies between -6% and +4% in the focus region (not shown). The change in
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dust dry deposition is below 1% and the dust column burden decreases only by 1%. The below-cloud
wet removal and dry deposition of dust is insufficient for reducing the overestimated AAOD over arid
and dust-dominated regions, found for the model in section 4.1.1. Deposition is linearly dependent
on emissions in CAM5.3-Oslo and hence higher emissions lead to an increased deposition. The
model seems to be less susceptible to the changed deposition parameters in this sensitivity category
and a negligible change in AAOD was found.

4.2.3

Meteorology

To test the influence of meteorological conditions on aerosol absorption, we use first another reanalysis data set for the nudging approach and second a non-nudged AMIP-type. We use the newer
reanalysis ERA5 to assimilate wind and pressure fields in the model, instead of the default configuration with ERA-interim reanalysis (experiment ERA5 ). In response to this, the AAOD shows a
decrease by only -1% on regional average, but the AAOD change can vary thereby between -21% and
25% within the focus domain (see Fig. 6c). Focusing on the regional distribution of AAOD changes,
the absorption over e.g. northern India, where the model underestimates absorption compared to
reanalysis and observations in general, does not improve but rather decreases even further. Also,
the found AAOD overestimation over the Arabian peninsula seems to increase even more with the
use of the ERA5 reanalysis.
Moreover, we performed a simulation with CAM5.3-Oslo in a non-nudged configuration. The
regional mean AAOD is decreased by -18.5% in the AMIP experiment compared to the control
simulation. Differences in aerosol absorption between the two model simulations can be driven
by changes in meteorology due to the assimilation of wind and pressure and subsequent transport
processes, wind-driven aerosol emissions, and deposition, in addition to the difference in model
resolution that may affect all these processes. A lower AAOD in the AMIP simulation over polluted
areas in the focus region is consistent with a shorter residence time and lower burden of BC and
OA, by -6% and -8%, respectively (see table 5). In the dust-dominated western part of the studied
domain (see Fig. 6d), a lower absorption compared to the control simulation is consistent with the
weaker wind-driven dust emissions and decreased residence time and column burden of dust.
Hence, the assimilation to observed meteorology leads to improved model representation of
aerosol absorption over the polluted areas in the domain, as opposed to the dust-dominated areas
where the model overestimate of absorption is larger in the nudged version, most likely due to
high dust emissions. Also, a too strong prescribed dust absorptivity in the model can lead to an
overestimation in AAOD compared to observations.
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4.2.4

Optical properties

Figures 6e, f and g illustrate the changes in AAOD due to altered aerosol optical properties. In
Figure 6e, the effect of prescribing fully absorbing BC (BCrefrac 1.0 ) is displayed. BC is already
in the default model configuration strongly absorbing compared to other state-of-the-art climate
models, with a refractive index of 0.79 (see table 2). The AAOD increases by only +11% on average
in the focus region, although the BC absorptivity is saturated in this experiment. Changes in AAOD
are here solely caused by the increased absorption ability.
Increasing the absorptivity of OA by choosing the same prescribed refractive index as used in
MERRA, leads to a regional mean increase in AAOD of 4.6%, see Fig. 6f with changes of up to
+23% in South East Asia. A decreased refractive index of dust at 550nm (DUrefrac MERRA) yields
the second lowest averaged AAOD and a relative high mean decrease by -16.7% in the focus domain
(Fig. 6g). The model shows an improvement of the AAOD representation especially over the desert
and arid areas with a maximal decrease of -46%.
Overall, the model response to changes in BC and OA optical properties is smaller compared to
the effects of a strong emission increase as in the CMIP6 transient experiment. On the other hand,
a high negative response of AAOD to changes in dust refractive index was found since mineral
dust is dominating the absorbing aerosol burden. Accordingly, a closing simulation (C ombined)
was performed with a combination of the experiments that led to the strongest response, namely
CMIP6 transient, ERA5 and DUrefrac MERRA (see Fig. 6h). The result of a combined simulation
seems to improve the spatial distribution of AAOD exactly in the correct regions with a decreasing
AAOD over desert areas of up to -84% and an increase in AAOD over the IGP and East Asia by a
maximum of 103%. On average the AAOD increases only by 3% in the region.

4.2.5

Seasonal variability

Figure 7 shows the seasonal cycle of AAOD for the year 2010, comparing thereby AeroCom models
and MERRA-2 with the AERONET retrievals at selected stations. Further, the range of AAOD
changes (maximum and minimum) due to changes in the sensitivity experiments (described in
section 4.2) is indicated and referred to as inter-experiment diversity (blue shading). The results of
the AMIP simulation is thereby displayed separately from the other sensitivity experiments because
it is the only non-nudged simulation.
First, the inter-model diversity in terms of the absorption strength at the different stations
reflects the findings in section 4.1.2 and shows a distinction for model performances between dustdominated and polluted areas within the focus domain (see Fig. 7). The overestimation in AADO in
CAM5.3-Oslo is still evident at the two dust-dominated stations Solar Village and Karachi (see Fig.
7c, d) in comparison to the other AeroCom models and AERONET. For the other four stations,
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Figure 7: AAOD seasonal variability for the year 2010 from the AMIP and nudged control
simulations compared to AeroCom phase III models and AERONET AAOD monthly means
(Level 1.5). The blue shaded area indicates the range of AAOD changes for all sensitiv26
ity experiments. The map in the bottom left corner shows the respective locations of the
AERONET stations.

CAM5.3-Oslo and the range of its sensitivity experiments is often lower compared to the other
AeroCom models. However, the AAOD magnitude and temporal evolution of CAM5.3-Oslo shows
a reasonable good agreement with the AERONET observations at the urban stations Kanpur an
Bejing, while HadGEM shows a strong overestimation in AAOD at these stations (see Fig. 7a, b),
which supports again the results in section 4.1.2. None of the AeroCom models seem to represent the
high AAOD at the Pokhara station (see Fig. 7e) during winter and pre-monsoon season (January
to May) which might be connected to the complex topography which can not be resolved in the
models. The GEOS models reproduce the high AAOD during the biomass burning season in Chiang
Mai much better compared to CAM5.3-Oslo (see Fig. 7f) although not sufficient if compared to
AERONET retrievals. HadGEM performs surprisingly well for this location even though the model
does not consider OA as absorbing at all.
Focusing on the seasonal variability for the AeroCom models during the year 2010 in Fig. 7, it
becomes clear that besides the absorption strength, there is poor agreement on seasonal variability
among the models. The seasonal variability in CAM5.3-Oslo does thereby not change in the sensitivity experiments and seems to be preserved. Only the experiment ERA5 which uses different
meteorological boundary conditions, is able to change the seasonal variability slightly (not shown).
The significant change in temporal evolution from AMIP to the other CAM5.3-Oslo simulations
indicates best that the seasonal cycle is bound to the driving meteorology. The seasonal cycle seems
to be not influenced by the changes made in the other chosen sensitivity experiments.
It is clearly evident that the large inter-model diversity is often well beyond the inter-experiment
diversity of CAM5.3-Oslo, which highlights that basic physical processes in the models such as
transport and deposition, possibly also cloud processes and precipitation, are causing a large model
spread rather than aerosol emissions or optical properties. This is similar to Wilcox et al. (2015)
who found also that the different parameterizations in the models lead to the largest diversity in the
radiative forcing of aerosol-cloud interactions instead of differences in sulfate loading, for instance.
However, we emphasize again that the largest inter-experiment diversity is often reached with
emission changes just as discussed in sections 4.2.1 to 4.2.4. The strongest increase in AAOD for
the urban stations Kanpur and Beijing as seen as the maximum of the blue shaded area in Figure
7a and b are achieved for the CMIP6 transient simulation which reduces the discrepancy to the
AERONET observations to only -18% at Kanpur and even to full agreement on average at Beijing.
For the dust-dominated station Solar Village, the best agreement with the observations is obtained
with the change to the MERRA-2 refractive index (DUrefrac MERRA) (see Fig. 7d). This points
out that the correct parameterization of dust absorptivity in the model plays a crucial role for
the total aerosol absorption. On the other hand, the general AAOD underestimation at the station
Chiang Mai (see Fig. 7f) is even enhanced for the CMIP6 PD experiment (-63%) due to a significant
decrease in BC and OA burden. Here, the optical experiment with fully absorbing BC yields the
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highest AAOD in the peak season.

5

Conclusions

In this study, we evaluate the representation of aerosol absorption in the climate model CAM5.3Oslo. A large spatial variability was found within the studied region, which covers large parts of
Asia, with a distinction between polluted and dust-dominated areas. The model underestimates
total aerosol absorption over polluted regions, dominated by BC and organic aerosols, compared
to AERONET observations and MERRA-2 reanalysis, while an overestimation occurs over dustdominated areas. A comparison between a nudged and AMIP-type model configuration highlights
the influence of meteorological variation on aerosol absorption, due to its influence on transport
processes and wind-driven emissions. Too high wind-driven dust emissions in the nudged simulation
are efficient in increasing the column burden and residence time of dust, which is in agreement with
(Kirkevåg et al., 2018).
A significant model diversity was found for a subset of four AeroCom phase III models. Main
differences between the modeled AAOD are related to aerosol residence time and column burden
of absorbing aerosols (BC, OA, dust), which reflects in turn differences in transport and deposition
processes. Optical properties of BC and OA were found to be of less importance, whereas the
absorptivity of dust seems to be crucial for the absorption by aerosols over desert and arid areas.
We performed further sensitivity simulations with CAM5.3-Oslo targeting both the physical
processes of aerosol emissions, meteorological conditions and deposition, and variations in optical
characteristics of aerosols, to mimic the effects of various observed ageing processes on the aerosol
absorption. Changes in aerosol absorption between the sensitivity simulations are mainly driven
by changes in the BC column burden. Aerosol emissions are thereby important to capture the
magnitude of aerosol absorption on the regional scale and both an updated emission data set and
transient emissions (i.e. emissions not fixed to a specific year) yield an improved agreement with
AERONET observations of aerosol absorption. Changes in optical properties of absorbing aerosols,
such as e.g. a saturated BC absorptivity in the model, are well beyond the inter-model differences in
prescribed optical characteristics, and lead to mean changes in AAOD of 10%. However, we found
that adapting the refractive index of mineral dust leads to a significant response in CAM5.3-Oslo.
Changes in emissions and meteorology corresponding merely to updates in emission inventories and
driving reanalysis data lead to mean changes of up to 20%. Thus, the representation of fundamental
processes like air mass transport and particle deposition in the model are very important and can
be readily addressed. To emphasize this further, we found that the inter-model diversity in AAOD
and also aerosol residence time is much larger than the changes among the various sensitivity
experiments. Hence, our results reveal that for purposes of improving the representation of absorbing
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aerosols in global models, it is advisable to prioritize improved emission inventories, and processes
affecting the aerosol residence time and amount, before refined parameterizations of complex aerosol
properties and microphysical processes.
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Dalirian, M., Ylisirniö, A., Buchholz, A., Schlesinger, D., Ström, J., Virtanen, A., and Riipinen, I.: Cloud
droplet activation of black carbon particles coated with organic compounds of varying solubility, Atmospheric Chemistry and Physics, 18, 12 477–12 489, 2018.
Dasari, S., Andersson, A., Bikkina, S., Holmstrand, H., Budhavant, K., Satheesh, S., Asmi, E., Kesti,
J., Backman, J., Salam, A., Bisht, D. S., Tiwari, S., Hameed, Z., and Gustafsson, Ö.: Photochemical
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Kirkevåg, A., Grini, A., Olivié, D., Seland, Ø., Alterskjær, K., Hummel, M., Karset, I. H. H., Lewinschal, A.,
Liu, X., Makkonen, R., Bethke, I., Griesfeller, J., Schulz, M., and Iversen, T.: A production-tagged aerosol
module for Earth system models, OsloAero5.3 – extensions and updates for CAM5.3-Oslo, Geoscientific
Model Development, 11, 3945–3982, https://doi.org/10.5194/gmd-11-3945-2018, 2018.
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