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Abstract. Smoke aerosols from biomass burning are an im-
portant component of the global aerosol system. Analysis of
Aerosol Robotic Network (AERONET) retrievals of aerosol
microphysical/optical parameters at 10 sites reveals vari-
ety between biomass burning aerosols in different global
source regions, in terms of aerosol particle size and sin-
gle scatter albedo (SSA). Case studies of smoke observed
at coastal/island AERONET sites also mostly lie within the
range of variability at the near-source sites. Differences be-
tween sites tend to be larger than variability at an individual
site, although optical properties for some sites in different
regions can be quite similar. Across the sites, typical midvis-
ible SSA ranges from∼ 0.95–0.97 (sites dominated by bo-
real forest or peat burning, typically with larger fine-mode
particle radius and spread) to∼ 0.88–0.9 (sites most influ-
enced by grass, shrub, or crop burning, typically smaller fine-
mode particle radius and spread). The tropical forest site Alta
Floresta (Brazil) is closer to this second category, although
with intermediate SSA∼ 0.92. The strongest absorption is
seen in southern African savannah at Mongu (Zambia), with
average midvisible SSA∼ 0.85. Sites with stronger absorp-
tion also tend to have stronger spectral gradients in SSA, be-
coming more absorbing at longer wavelengths. Microphys-
ical/optical models are presented in detail so as to facilitate
their use in radiative transfer calculations, including exten-
sion to UV (ultraviolet) wavelengths, and lidar ratios. One
intended application is to serve as candidate optical models
for use in satellite aerosol optical depth (AOD) retrieval al-

gorithms. The models presently adopted by these algorithms
over ocean often have insufficient absorption (i.e. too high
SSA) to represent these biomass burning aerosols. The un-
derestimates in satellite-retrieved AOD in smoke outflow re-
gions, which have important consequences for applications
of these satellite data sets, are consistent with the level of
underestimated absorption.

1 Introduction

For several decades, satellite observations have provided a
powerful tool for monitoring many aspects of the earth sys-
tem, including the atmospheric aerosol loading. Quantities
such as aerosol optical depth (AOD) have generally been re-
trieved with lower uncertainties over oceans than land sur-
faces, due to the comparative homogeneity of open ocean
surface properties and general lack of strong oceanic aerosol
point sources. Despite this, significant differences can still
exist between AOD retrieved using different instruments or
algorithms, in both clean and polluted conditions, and for real
measurements as well as simulated data, and uncertainty in
other relevant aerosol properties can be larger (Remer et al.,
2008; Kokhanovsky et al., 2010; Sayer et al., 2012a).

To some extent, these differences can be the re-
sult of differences between sensor radiometric calibra-
tion, cloud screening, or sampling/averaging-related issues
(Mishchenko et al., 1999; Kaufman et al., 2005; Kahn et al.,
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2007; Levy et al., 2009; Sayer et al., 2010b). However,
even over oceans, measurements made by past and cur-
rent spaceborne sensors do not provide sufficient informa-
tion to retrieve unambiguously all relevant (surface and at-
mospheric) parameters of interest (Hasekamp and Landgraf,
2005). Thus, algorithms must make assumptions about these
quantities, tied to the particular strengths and weaknesses
of the instrument in question. Ocean surface reflectance can
generally be modelled with lower uncertainties than that
over land, and most algorithms parametrise oceanic surface
reflectance as a combination of wind-roughened sun glint
and foam, with an additional contribution linked to oceanic
chlorophyll concentration (e.g.Sayer et al., 2010a). How-
ever, aerosol properties present greater difficulty.

The aerosol microphysical composition (particle size,
shape, mixing state, chemical composition) and vertical lo-
cation are the chief inherent aerosol properties of inter-
est. In satellite AOD retrieval algorithms these are often
parametrised as a combination of aerosol components, each
with specified size distribution and spectral refractive in-
dex, whose total abundance and relative weight are varied
in order to best match the top-of-atmosphere (TOA) radi-
ance observed by the sensor (e.g.Martonchik et al., 1998;
Mishchenko et al., 1999; Remer et al., 2009; Thomas et al.,
2009; Sayer et al., 2012a).

Several apparent optical (i.e. radiative) properties arise
from this information. The first is the spectral dependence of
the AOD itself, often parametrised in terms of the Ångström
exponent,α = −d lnτλ/d lnλ, over some wavelength range.
Throughout this study, the AOD is denotedτλ (whereλ is
the wavelength in nanometres, and is used to indicate a spec-
trally varying quantity). The second is the scattering phase
matrix, particularly the phase function. The cosine-weighted
average of the phase function (asymmetry parameter,gλ) is
related to the extent of scattering in the forward vs. backward
hemispheres by aerosol particles at a given wavelength, and
is often presented as a diagnostic of directionality of aerosol
scattering or used in radiative transfer calculations. The third
optical property is the single scattering albedo (SSA, orω0λ),
defined as the ratio of scattering AOD to total AOD, and
is thus a measure of the extent of light absorption by the
aerosol at a given wavelength. A further derived quantity is
the absorption Ångström exponent,αabs, which is an ana-
logue ofα based instead on the absorption optical depth (i.e.
τλ[1− ω0λ]) which has been used as an indicator of aerosol
composition (Andreae and Gelencsér, 2006; Russell et al.,
2010). Values ofαabs∼ 1 suggest pure black carbon aerosol
(Bergstrom, 1973; Bond, 2001), while larger values suggest
the increasing presence of organic carbon or dust.

Multiple permutations of inherent aerosol properties can
lead to similar apparent aerosol optical properties, which of-
ten limits the ability of satellite measurements to distinguish
between aerosols of different compositions but which never-
theless appear optically similar. A corollary is that for some
applications (e.g. radiative calculations) knowledge of chem-

ical composition may not be necessary if the apparent opti-
cal properties are known. Thus, although aerosol properties
in satellite AOD retrieval algorithms and radiative calcula-
tions are often specified as microphysical models, it may be
more appropriate to think in terms of optical models for these
applications.

As AOD increases, so does its contribution to the ob-
served radiance in the shortwave (and in some cases long-
wave) spectrum, and so does the sensitivity of the retrieval
algorithm to these assumptions about aerosol composition
(e.g.Hyer et al., 2011; Lee et al., 2012). It is therefore im-
portant that these assumptions are realistic, in order to min-
imise errors in retrieved AOD. Existing satellite data sets
typically use microphysical properties derived from in situ
measurements, semi-empirical considerations, or else lever-
age retrievals of microphysical properties from sources with
a higher information content, such as those in the Aerosol
Robotic Network (AERONET;Holben et al., 1998). An
exception to this is the Polarization and Directionality of
the Earth’s Reflectance (POLDER) sensor, whose multidi-
rectional and polarisation measurements offer increased in-
formation content, allowing algorithms to use weaker con-
straints about microphysical assumptions as compared to
other sensors (Dubovik et al., 2011; Hasekamp et al., 2011).

The aerosol burden over the ocean is typically composed
of a combination of hydrated sea salt particles and biogenic
organic aerosols (O’Dowd and de Leeuw, 2007), with (re-
gionally and seasonally dependent) contributions from trans-
ported continental aerosols (such as sulfates, nitrates, car-
bonaceous aerosols from industry or biomass burning, and
mineral dust). Biomass burning is an important contribu-
tor to the global aerosol burden. Smoke aerosols near their
source regions are strongly optically dominated by fine-
mode absorbing particles, with properties dependent on the
substance which is burning as well as type of combustion
(flaming vs. smouldering) and temperature/moisture content
(e.g. regional/global reviews byStreets et al., 2003; Reid
et al., 2005a, b; Janhäll et al., 2010). Some chemical changes
within the aerosol occur rapidly (minutes–hours) after emis-
sion, changing aerosol microphysical and radiative properties
from those at the burning location (Radke et al., 1991; Hobbs
et al., 1997; Martins et al., 1997; Reid et al., 1998; Abel et al.,
2003; Magi and Hobbs, 2003; Vakkari et al., 2014). Com-
paratively less well-studied are properties after longer-term
(i.e. days) transport, particularly to the oceans, where fur-
ther ageing, partial wet/dry deposition, and mixing with air
masses of different origins may further alter the properties of
the aerosol (e.g.Reid et al., 1999).

The foci of this study are first to use AERONET inversions
of aerosol microphysical properties from key biomass burn-
ing sites to develop optical models for use in applications
such as satellite AOD retrieval or radiative calculations. This
aspect is an extension of an earlier effort byDubovik et al.
(2002), albeit in greater detail (in terms of model descrip-
tion and range of biomass burning sites considered), with
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around a decade more of observations to draw from, and with
an enhanced AERONET inversion algorithm with signifi-
cantly improved data quality screening. The second focus is
then to identify whether isolated cases of smoke-dominated
air masses observed at coastal/island AERONET sites fall
within the range of apparent optical properties of smoke from
these near-source biomass burning sites, to assess whether
these optical models derived from over-land data are also ap-
plicable for over-ocean cases. Although this similarity has
been assumed to be the case, it has not to the authors’ knowl-
edge been examined on a large scale; ageing on timescales
of several days has been observed to alter optical proper-
ties of smoke aerosols (e.g.Reid et al., 1998, 1999), but it
is not clear whether, on the whole, their optical properties re-
main within the range of nearer-source properties. Individu-
ally these coastal/island sites lack sufficient sampling to cre-
ate climatological models directly. The ability of the mod-
els to represent the variability of optical properties within a
given site, and the level of similarity in apparent optical prop-
erties between sites with diverse underlying microphysical
properties, are also discussed.

The analysis proceeds as follows. Section2 introduces
the AERONET inversion algorithm data and assorted no-
tation used. Then, the properties of smoke aerosols from
AERONET sites near major global biomass burning source
regions are examined in Sect.3. As there are limited in
situ measurements or AERONET sites located in the com-
mon biomass burning oceanic outflow regions, these clima-
tological properties are then compared to cases of occasional
smoke observed at coastal/island AERONET sites in Sect.4.
Section5 illustrates potential biases in existing over-ocean
satellite AOD data sets as a result of insufficient absorption
in presently assumed aerosol microphysical properties, and
Sect.6 provides a perspective on the results.

2 AERONET direct-sun and inversion data

2.1 Overview and terminology

The sun photometers used by AERONET measure spectral
direct-beam solar radiation, as well as directional diffuse
radiation in the solar almucantar. The former are used to
determine columnar spectral AOD and water vapour, pro-
vided at a temporal resolution of approximately 10–15 min.
AERONET direct-sun AOD has a typical uncertainty of
0.01–0.02 (Holben et al., 1998; Eck et al., 1999) and is
provided at multiple wavelengths (dependent on site) from
340 to 1640 nm, together withα over certain wavelength
ranges. Unless otherwise specified, references toα andαabs
herein indicate that calculated over the wavelength range
440–870 nm (by regression of all availableτλ over that wave-
length range);α was calculated over the 440–870 nm range in
order to be more sensitive to fine/coarse relative AOD magni-

tudes rather than to fine-mode particle size (Eck et al., 1999;
2010; Reid et al., 1999).

The spectral AOD is also used, along with almucantar
measurements of sky radiance taken over a large range of
scattering angles, in the inversion algorithm ofDubovik
and King (2000), and Dubovik et al. (2006). This re-
trieves aerosol volume size distribution (in 22 logarithmi-
cally spaced bins with radiir from 0.05 to 15 µm) and spec-
tral complex refractive index at 440, 675, 870, and 1020 nm.
These retrieved quantities are further used to derive var-
ious aerosol size distribution parameters, as well as SSA
andg. Cloud screening and other quality checks (Smirnov
et al., 2000; Holben et al., 2006) are performed in order to
remove potentially unreliable retrievals. Retrievals passing
these checks are denoted “level 2”; these level 2 data from
the current version 2 algorithm are used in this study.

The notation adopted herein for aerosol microphysical
properties follows that ofSayer et al.(2012b) and numerous
other AERONET-based studies. The number size distribution
d N(r)/d ln(r) describes the number of aerosol particles with
radius in the infinitesimal size ranger ± d ln(r); the related
volume size distribution is obtained (for spherical particles)
by multiplying this by a factor of(4/3)πr3. Total columnar
aerosol particle number (Cn) and volume (Cv) are obtained
by integrating these distributions over ln(r). The logarithmic
volume mean radius (rv) is a frequently used metric of aver-
age aerosol particle size, defined as

ln(rv) =

∞∫
−∞

ln(r)
d V (r)

d ln(r)
d ln(r)

∞∫
−∞

d V (r)

d ln(r)
d ln(r)

; (1)

also often-used is the effective radius (reff), which is the ratio
of the third to the second moment of the size distribution.
The broadness of the distribution is often characterised by its
spread (also called width),σ , where

σ =

√√√√√√√√√√√√

∞∫
−∞

(ln(r) − ln(rv))
2 d V (r)

d ln(r)
d ln(r)

∞∫
−∞

d V (r)

d ln(r)
d ln(r)

. (2)

The geometric standard deviation,eσ in this notation, is
sometimes used instead ofσ . The above definitions are in-
dependent of the shape of the size distribution. In practice,
aerosols are often represented as a combination of lognor-
mally distributed components, for which the number size dis-
tribution is defined as a summation overnc components as
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d N(r)

d ln(r)
=

nc∑
i=1

Cn,i
√

2πσi

e
−

1

2

(
ln(r) − ln(rn,i)

σi

)2

, (3)

and the modal radius for each component is also its median
and geometric mean. The equivalent formulation for aerosol
volume is arrived at by substitutingrn with rv, andCn with
Cv. Transformations between number and volume quantities
for lognormal components are also provided using this nota-
tion bySayer et al.(2012b).

Observed aerosol size distributions are typically (although
not exclusively) bimodal (nc = 2); e.g.Dubovik et al.(2002).
In these cases, and adopted here, the smaller (fine) mode
properties are denoted with a subscripted f (i.e.rv,f , σf)
and the larger (coarse) mode properties with a subscripted
c. Analogously, fine- and coarse-mode AOD are denoted
τf,λ and τc,λ, respectively. This AERONET data set de-
fines fine- and coarse-mode properties by locating the in-
flection point in the retrieved size distribution (in the range
0.44< r <0.99 µm); results are mostly numerically only
weakly sensitive to the precise fine/coarse demarcation point.
Throughout this work, “fine” refers to accumulation-mode
aerosols; smaller “nucleation-mode” aerosols may also be
present, with some of these existing on the smaller-r tail of
the fine mode, and others below this limit (although in that
case so small as to be optically inactive in this spectral range).

2.2 Uncertainties on retrieved quantities

Dubovik et al. (2000) performed an error analysis for the
version 1 AERONET inversion algorithm, and presented un-
certainties in retrieved size distribution and refractive in-
dex/SSA under different conditions. For level 2 data at mod-
erate aerosol loadings (τ440 ∼ 0.4) and microphysical prop-
erties corresponding to biomass burning aerosols, associated
one-standard-deviation uncertainties for such retrievals are
25 % on the binned size distribution (for 0.1 <r < 7 µm; larger
on the tails), 0.04 on the real part of the refractive index, and
30 % on the imaginary part of the refractive index, giving
an uncertainty in SSA of approximately 0.03. Higher AOD
can decrease some of these uncertainties further. Size distri-
butions remain reliable at lower aerosol loadings, although
refractive index uncertainties increase significantly, leading
to correspondingly higher uncertainties in SSA.

An important refinement to the current version 2
AERONET inversion is the use of site-specific rather than
global average surface reflectance models, which can result
in significant differences in retrieved SSA (and, to a lesser ex-
tent, size distribution) between versions 1 and 2 (Eck et al.,
2008). AERONET’s version 2 algorithm also models parti-
cles as mixtures of spheres and spheroids (Dubovik et al.,
2006), while in version 1 only spheres were used; this is im-
portant for modelling larger nonspherical particles such as
mineral dust (Kahn et al., 1997; Mishchenko et al., 1997;

Dubovik et al., 2000), although small smoke aerosol parti-
cles (whether spherical or nonspherical) have been found to
be modelled adequately as spheres by Mie theory (e.g.Reid
and Hobbs, 1998; Reid et al., 2005b). AERONET version 1
and 2 data can therefore differ significantly in some cases.
A version 3 inversion algorithm is in development but at the
time of writing is expected to be a year from data release, and
differences in retrieved quantities between versions 2 and 3
are expected to be smaller than between versions 1 and 2.

Dubovik et al. (2000) present uncertainty estimates for
only volume size distribution, refractive index, and SSA.
Propagating these uncertainties onto the the higher-level size
distribution parameters (for a typical biomass burning model
from Dubovik et al., 2002, and assuming uncertainties in
each bin ofd V (r)/d ln(r) are uncorrelated) suggest uncer-
tainties on AERONET-derivedrv,f of 0.01 µm,σf of 0.06,
rv,c of 0.2 µm, andσc of 0.06 for individual retrievals. These
in turn lead to uncertainties of the order 0.015–0.04 on fine-
modeg (larger uncertainties at longer wavelengths) and order
0.01 or less (smaller uncertainties at longer wavelengths) on
coarse-modeg.

Although AERONET retrieves a spectrally varying refrac-
tive index, it is assumed to apply to all aerosol size bins (i.e.
it is size-independent). This will introduce additional errors
if the aerosols comprising the fine and coarse modes have
different refractive indices. However, as smoke aerosols are
strongly optically dominated by their fine modes (for the sites
considered in this study, the median fine-mode relative con-
tribution to total AOD for the data used was found to range
from 91 to 98 % at 440 nm, and 58–95 % at 1020 nm), the ne-
glect of separate fine-/coarse-mode refractive indices is likely
to introduce negligible additional error into the analysis.

The AERONET inversion products cannot be considered a
ground truth in the same way that the direct-sun data products
often are. Several studies have previously performed direct or
indirect comparisons between AERONET SSA and that de-
termined by other techniques (e.g. various in situ methods).
Reid et al.(2005a) reviewed aerosol optical properties, in-
cluding SSA, and noted that in situ SSA for smoke aerosols
was often lower than that retrieved by radiometric methods
(e.g. AERONET version 1), although this is thought in part
(but not necessarily in totality) to reflect a low bias in some
in situ techniques, for which corrections can be made (see
Reid et al., 2005a, and some discussion inEck et al., 2010).
More recently, several studies (Leahy et al., 2007; Lee et al.,
2007, Schafer et al., 2008; Johnson et al., 2009; Schafer et al.,
2014) have compared AERONET version 2 SSA against that
inferred from other techniques, and generally found good
agreement (within the stated data set uncertainties) across a
wide range of absorption strengths for fine-mode-dominant
aerosol cases.
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Locations of AERONET sites used
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Figure 1. Locations of AERONET sites used in this work. Red diamonds indicate the near-source sites, and blue triangles the coastal/island
sites with occasional cases of smoke-dominated aerosols.

3 Properties of smoke aerosol from near-source sites

3.1 Site selection

Level 2 version 2 AERONET inversion data (Holben et al.,
2006) from 10 AERONET sites, shown in Fig.1 (and with
key information and references in Table1), are used to inves-
tigate the microphysical properties of smoke aerosols over a
range of different burning regions. Some of these sites were
used in a similar analysis byDubovik et al.(2002); the analy-
sis here benefits from a decade more of observations, as well
as improvements made to the version 2 AERONET database
since that time (e.g. surface reflectance inputs;Eck et al.,
2008). Giles et al.(2012) also examined a few of these sites,
although that study was focussed on characterising global
aerosol absorption properties from a variety of types, rather
than creation of microphysical/optical models to represent
these aerosols. State/country information for each site is pro-
vided the first time a site is discussed in the text.

The geographic distribution of sites sampled is limited by
the available AERONET data record. Van der Werf et al.
(2010) provide a breakdown of estimates of the contribution
of different source regions and burning types to carbon and
certain trace gas emissions from 1997 to 2009. The largest
contributions were from tropical sources (Africa, followed
by Asia and the Americas); if stratified by type of burning,
the largest single contributor to carbon emissions has been
grassland and savannah fires, accounting for around 50 %
of carbon. The remainder was mostly from various types
of forest fires, with agricultural fires and peat burning com-
paratively minor on a global scale (although strong interan-
nual variability of peat burning, with enhancements during
El Niño periods). Thus, the boreal sites are perhaps overrep-
resented in number compared to their influence on the global
biomass burning emissions budget, but this increased number
of boreal sites (and examination of intersite similarity) is in-

tended to counterbalance their lower data volume compared
to many of the tropical sites.

Some regions contain several sites in relatively close prox-
imity; in this case, typically the site with the largest data
record and smallest influence from other aerosol sources
was chosen. Manual inspection reveals that data from these
nearby sites are generally similar. For example, Mukdahan
(Thailand) was chosen as a key site for south-eastern Asia,
although quantitatively similar results are obtained if data
from Pimai (also in Thailand) are used instead. Both sites pri-
marily sample nearby agricultural burning, and forest burn-
ing from elsewhere in the region. In contrast, the site in the
city of Chiang Mai (north-western Thailand) was not used as,
while close to biomass burning source regions, it also has a
significant urban contribution to the aerosol, coupled with the
local topography leading to a “trapping” of pollutants (Jan-
jai et al., 2012; Gautam et al., 2013). An exception is central
and eastern Russia, where two sites (Tomsk 22 and Yakutsk)
were included because the sites individually have a compara-
tively low data volume. Note that the Tomsk 22 site lies in an
area fairly remote from other aerosol sources, about 60 km
away from the similarly named Tomsk AERONET site; the
latter is in the outskirts of the city of Tomsk and thus more
susceptible to the influence of urban aerosols.

Although AERONET contains several long-term sites
in the Sahel, the peak season for biomass burning there
(November–February) coincides with strong dust activity,
such that the aerosol is normally a mixture of biomass burn-
ing smoke and dust (Pandithurai et al., 2001; Roberts et al.,
2009). Johnson et al.(2008) andEck et al.(2010) found cases
where these smoke aerosols were highly absorbing, with
midvisible SSA as low as 0.76, although the more common
cases of mixed smoke and dust in this region are less absorb-
ing. Limiting to smoke-dominant cases leaves a small data
volume (and an unrepresentative sample of the true nature of
the aerosol in that region). Additionally, the smoke and dust
in this area often occur in distinct vertical layers and so a
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microphysical model based on column-average aerosol prop-
erties, when applied to real satellite data, could potentially
be misleading or inaccurate (Kim et al., 2009). A similar ra-
tionale applies to sites in the Indo-Gangetic Plain and Hi-
malayas (e.g. Pokhara, Nepal), as springtime biomass burn-
ing overlaps with transported dust, and some sites addition-
ally have a significant urban component to the aerosol (Gau-
tam et al., 2011). No sites located in the “Maritime Conti-
nent” are used in the near-source category in this study (al-
though Singapore is used later to provide case studies). This
is due to the lack of sites with a large data volume at present
(although some sites have been set up in recent years which
may alleviate this data gap, e.g.Salinas et al., 2013), due in
part to frequent cloudiness limiting observability (Reid et al.,
2013), and concerns about potential for residual cirrus cloud
contamination in data from this region (Chew et al., 2011;
Huang et al., 2011).

3.2 Data filtering

At each site, in order to remove likely nonsmoke cases from
the data (as burning is seasonal and aerosol of other types
may be transported periodically to sites), two sets of filters
are applied. Firstly, it is required thatτ440 ≥ 0.4 andα ≥ 1.4,
to ensure reliability of retrieved refractive index/SSA and re-
move potential cases dominated by other aerosol types such
as mineral dust (which has smallerα, e.g.Eck et al., 1999)
or mixed conditions. An exception are the boreal sites (Bo-
nanza Creek in Alaska, USA, and Moscow, Tomsk 22, and
Yakutsk in Russia), which can sample peat burning, whose
large fine-mode particles (particularly in high-AOD condi-
tions) can lead toα in the range 1–1.4 even without signifi-
cant contributions from coarse-mode aerosols (e.g.Eck et al.,
2003a, 2009); thus,α ≥ 1 is used for these sites. Resulting
median values ofα are approximately 1.5–1.9, dependent on
site. Secondly, data are restricted to the main burning season
for those sites where this is well-defined (see Table1); some
sites, such as Mongu (Zambia), exhibit fairly constant burn-
ing throughout a period of several months, while others, such
as Bonanza Creek, have a comparatively low baseline AOD
punctuated by episodes of burning (which tend to occur in lo-
cal summer months in dry years). As biomass burning is the
dominant reason for high-AOD conditions at all these sites,
the main effect of these filters is to remove some outlying
results.

Due to suspected instrument calibration problems which
may lead to retrieval biases, certain years were excluded
from the analysis: 2008 from CUIABA-MIRANDA (Mato
Grosso, Brazil; hereafter Cuiaba); 2002 and 2004 from
Jabiru (Australia); and 2005 and 2006 from Yakutsk (Rus-
sia). For Moscow State University (MSU) in western Rus-
sia (hereafter Moscow for brevity), only data from 2002 and
2010 were considered, to minimise the potential for urban-
dominated aerosol cases, as these 2 years had extensive sum-
mertime burning (Chubarova et al., 2011).
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Figure 2. Median retrieved size distributions from biomass burning cases for near-source AERONET sites considered (Fig.1, Table1).
Figures in parentheses indicate the number of retrievals for each site/geographical region.

The restriction toτ440 ≥ 0.4 (corresponding, for typical
α ∼ 1.5–1.9, toτ550 ≥ 0.26–0.29) introduces a sampling bias
in that it favours cases of more intense smoke, which may
conceivably exhibit different microphysical/optical proper-
ties from less intense smoke. However, repetition of the anal-
ysis with a lower AOD threshold (τ440 ≥ 0.2) gave very sim-
ilar results in terms of size distribution; additionally, ap-
plications such as satellite AOD retrieval or radiative ef-
fect/forcing calculations become less dependent on SSA as
AOD decreases. Thus, this sampling bias is not thought to
affect the conclusions or presented aerosol models signifi-
cantly for these applications.

3.3 Overall and comparative microphysical/optical
properties

3.3.1 Overview of summary figures and tables

The median retrieved volume size distributions correspond-
ing to these biomass burning cases at each site are shown in
Fig. 2. These reveal the presence of a strong fine mode with
peak radius in the range 0.13–0.2 µm, and a secondary coarse
mode with peak radius in the range 3–5 µm. Both modes ap-
pear approximately lognormal, although the coarse mode has
a slight low-radius skew; the minimum in the overall aerosol
volume size distribution is most commonly from 0.5–0.9 µm.
The median fine-mode relative contributions to total aerosol
volume and AOD at 550 nm range between sites from 56 to
83 % and 86–98 %, respectively; on an individual-retrieval
basis, the higher values tend to be found for cases of higher
AOD.

The AOD dependence of aerosol size distribution param-
eters has previously been noted for a wide variety of aerosol
types (e.g.Dubovik et al., 2002). Therefore, these data were
also examined for any such tendencies. An example of this
process is shown in Fig.3 for fine-mode radius and spread
(rv,f , σf) at Alta Floresta (Mato Grosso, Brazil). To mitigate
the effect of outliers, size distribution parameters more than
two standard deviations away from the median at a given site
were discarded for this portion of the analysis, and then a
linear least-squares fit of parameter against fine-mode AOD
was performed. The exclusion removed typically∼ 5 % of
data, and did not lead to a significant difference in regres-
sion statistics, at most sites. Resulting linear regression re-
lationships are shown in Table2 for τf,550 (and Table3 for
τf,440, for reference). At some sites, AOD-dependent changes
in rv,f or σf were observed to level off for the highest-AOD
cases; as a result, a second logarithmic fit of these parameters
of the form y= a + b log(cx) was also performed. These fits
are also listed in Tables2 and3 where they appear to pro-
vide a better model (in terms of correlation coefficient and
inspection of the tendencies in the data) than a simple linear
fit, and are omitted otherwise, for clarity of use and to avoid
overfitting of the data. These logarithmic relationships are
used throughout where provided, linear otherwise, although
the differences are in most cases small. At the majority of
these sites the scatter about these relationships was similar
to AERONET retrieval uncertainty (Sect.2.2), suggesting
one underlying dominant regime. Note that the weak posi-
tive relationship betweenτλ andσf found at some sites was
not reported by the previous (version 1, smaller data volume)
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Figure 3. Example of linear and logarithmic fitting procedures used to arrive at relationships between AOD and fine-mode microphysical
model parameters, for Alta Floresta. Black diamonds indicate points used in the fits (green and blue lines for linear and logarithmic fits,
respectively), while excluded outliers are shown with red triangles. Panel(a) shows fine-mode volume radius (rv,f ), and(b) the fine-mode
spread (σf ).

Table 2. Size distribution parameters and parametrisations for biomass burning aerosols from the climatological AERONET smoke sites
(relative to fine/coarse AOD at 550 nm). Note that the fine-mode volume relationship is calculated forτf,550= 0.5 as in Fig.4 and so will
vary for different AOD.R indicates Pearson’s linear correlation coefficient.

Site Maximum Cv,f , rv,f σf Cv,c rv,c σc
τf,550 µm3 µm−2 µm µm3 µm−2 µm

Alta Floresta 2.64 0.185τf,550 0.148 + 0.012τf,550, R = 0.43 0.384 + 0.032τf,550, R = 0.41 1.52τc,550 3.20 0.65
0.176 + 0.010log(0.24τf,550), R = 0.45 0.396 + 0.029log(2.3τf,550), R = 0.47

Bonanza Creek 2.79 0.141τf,550 0.192 + 0.018τf,550, R = 0.43 0.514 + 0.018τf,550, R = 0.22 1.47τc,550 3.20 0.69
0.233 + 0.020log(0.37τf,550), R = 0.50 0.486 + 0.024log(7.9τf,550), R = 0.29

Cuiaba 2.43 0.190τf,550 0.135 + 0.024τf,550, R = 0.62 0.365 + 0.045τf,550, R = 0.50 1.59τc,550 3.27 0.63
0.155 + 0.016log(1.4τf,550), R = 0.63 0.354 + 0.035log(5.8τf,550), R = 0.55

Jabiru 0.671 0.208τf,550 0.142 + 0.016τf,550, R = 0.12 0.357 + 0.058τf,550, R = 0.20 1.09τc,550 2.55 0.73
0.146 + 0.0073log(3.4τf,550), R = 0.15

Mongu 1.58 0.168τf,550 0.133 + 0.025τf,550, R = 0.47 0.370 + 0.046τf,550, R = 0.29 1.57τc,550 3.34 0.67
0.161 + 0.013log(0.63τf,550), R = 0.49 0.469 + 0.023log(0.074τf,550), R = 0.29

Moscow 2.05 0.165τf,550 0.168 + 0.028τf,550, R = 0.69 0.495 + 0.014τf,550, R = 0.13 1.56τc,550 3.14 0.59
Mukdahan 1.63 0.178τf,550 0.157 + 0.037τf,550, R = 0.45 0.429 + 0.054τf,550, R = 0.32 1.41τc,550 2.95 0.63

0.185 + 0.022log(1.4τf,550), R = 0.45 0.577 + 0.034log(0.060τf,550), R = 0.34
Skukuza 1.07 0.202τf,550 0.138 + 0.017τf,550, R = 0.24 0.356 + 0.037τf,550, R = 0.21 1.27τc,550 2.81 0.69

0.167 + 0.0086log(0.21τf,550), R = 0.27
Tomsk 22 2.08 0.167τf,550 0.165 + 0.026τf,550, R = 0.49 0.481 + 0.012τf,550, R = 0.075 1.49τc,550 3.29 0.70

0.202 + 0.021log(0.68τf,550), R = 0.54
Yakutsk 2.98 0.169τf,550 0.164 + 0.015τf,550, R = 0.29 0.465 + 0.039τf,550, R = 0.29 1.49τc,550 3.36 0.73

0.692 + 0.051log(0.036τf,550), R = 0.45

analysis ofDubovik et al.(2002), and SSA/g and their spec-
tral dependences are also different in some cases.

The regression fits were performed against fine-mode
AOD as this is likely a more reasonable metric of the con-
tribution of biomass burning to the total aerosol burden than
the total AOD. This is consistent with the primary emis-
sions from biomass burning being small aerosol particles and
aerosol precursor gases. For all sites the coarse-mode AOD
was typically∼ 0.01–0.04 and roughly independent of the
total AOD. Hence, similar results are obtained if total AOD
is used instead. For a similar reason (low coarse-mode AOD
and noisier size distribution parameters), no regression was
performed for coarse-mode size distribution parameters as a
function of coarse AOD; instead, median values ofrv,c and
σc are given in Tables2 and3.

The aerosol refractive index was also found to be largely
independent of AOD, columnar water vapour (wv), and
coarse-mode spherical fraction (which could indicate the
presence of mineral dust and/or cirrus cloud contamination),
although real and imaginary components were often corre-
lated positively with each other (which is likely attributable
to the composition of the burning fuel at each individual
event). For this reason, site-median refractive indices are
used in the analysis. These, as well asα, αabs, SSA, andg
calculated using the relationships in Table2 for the case of
τf,550 = 0.5 andτc,550 = 0.03 at each site, are given in Ta-
ble 4. Although the AOD dependence of model parameters
means that SSA will itself be a factor of fine-mode AOD,
the AOD dependence of SSA is small according to these re-
lationships (generally becoming less absorbing by∼ 0.01 as
fine-mode AOD increases from 0.2 to 2). Bothα andg vary
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Table 3.As Table2, except expressed in terms of AOD at 440 nm.

Site Maximum Cv,f , rv,f σf Cv,c rv,c σc
τf,440 µm3 µm−2 µm µm3 µm−2 µm

Alta Floresta 3.78 0.125τf,440 0.148 + 0.0080τf,440, R = 0.40 0.383 + 0.022τf,440, R = 0.40 1.55τc,440 3.20 0.65
0.151 + 0.0099log(2.0τf,440), R = 0.42 0.426 + 0.029log(0.56τf,440), R = 0.45

Bonanza Creek 3.69 0.108τf,440 0.193 + 0.012τf,440, R = 0.39 0.513 + 0.015τf,440, R = 0.23 1.50τc,440 3.20 0.69
0.246 + 0.019log(0.13τf,440), R = 0.44 0.588 + 0.026log(0.10τf,440), R = 0.30

Cuiaba 3.28 0.129τf,440 0.135 + 0.017τf,440, R = 0.60 0.364 + 0.032τf,440, R = 0.49 1.62τc,440 3.27 0.63
0.177 + 0.016log(0.24τf,440), R = 0.61 0.446 + 0.035log(0.29τf,440), R = 0.54

Jabiru 1.11 0.141τf,440 0.147 + -0.00017τf,440, R = -0.0019 0.356 + 0.041τf,440, R = 0.21 1.12τc,440 2.55 0.73
0.155 + 0.0025log(0.099τf,440), R = 0.050

Mongu 2.29 0.114τf,440 0.133 + 0.016τf,440, R = 0.43 0.369 + 0.031τf,440, R = 0.28 1.60τc,440 3.34 0.67
0.175 + 0.012log(0.12τf,440), R = 0.44 0.400 + 0.023log(1.0τf,440), R = 0.27

Moscow 2.67 0.120τf,440 0.167 + 0.021τf,440, R = 0.66 0.496 + 0.0093τf,440, R = 0.11 1.58τc,440 3.14 0.59
Mukdahan 2.11 0.128τf,440 0.158 + 0.024τf,440, R = 0.40 0.430 + 0.037τf,440, R = 0.29 1.43τc,440 2.95 0.63

0.168 + 0.020log(2.2τf,440), R = 0.39 0.476 + 0.032log(0.79τf,440), R = 0.31
Skukuza 1.57 0.135τf,440 0.139 + 0.0093τf,440, R = 0.19 0.359 + 0.021τf,440, R = 0.17 1.30τc,440 2.81 0.69

0.143 + 0.0066log(2.2τf,440), R = 0.20
Tomsk 22 2.79 0.123τf,440 0.166 + 0.018τf,440, R = 0.44 0.483 + 0.0066τf,440, R = 0.052 1.52τc,440 3.29 0.70

0.249 + 0.020log(0.044τf,440), R = 0.49
Yakutsk 3.89 0.119τf,440 0.165 + 0.0090τf,440, R = 0.24 0.461 + 0.032τf,440, R = 0.31 1.52τc,440 3.36 0.73

0.551 + 0.053log(0.42τf,440), R = 0.45

Table 4. Spectral dependence of extinction, refractive index, SSA, andg for biomass burning aerosols from the 10 AERONET sites. Note
thatα, αabs, SSA, andg are calculated forτf,550= 0.5 andτc,550= 0.03 as in Fig.4 and will vary for different AOD.

Site α αabs Refractive index (n-ik), wavelengths in nm SSA, wavelengths in nm g, wavelengths in nm
440 675 870 1020 440 675 870 1020 440 675 870 1020

Alta Floresta 1.95 1.78 1.46–0.011i 1.48–0.0094i 1.48–0.0086i 1.47–0.0083i 0.92 0.92 0.92 0.91 0.68 0.63 0.57 0.50
Bonanza Creek 1.42 2.20 1.52–0.0072i 1.53–0.0047i 1.53–0.0040i 1.52–0.0038i 0.95 0.96 0.97 0.97 0.69 0.66 0.63 0.59
Cuiaba 1.91 1.68 1.46–0.016i 1.48–0.014i 1.49–0.013i 1.49–0.012i 0.89 0.89 0.89 0.88 0.68 0.62 0.56 0.49
Jabiru 1.88 1.62 1.43–0.018i 1.45–0.016i 1.47–0.014i 1.46–0.014i 0.88 0.88 0.87 0.86 0.69 0.62 0.56 0.48
Mongu 1.89 1.43 1.50–0.024i 1.51–0.024i 1.52–0.022i 1.52–0.021i 0.87 0.86 0.84 0.82 0.67 0.61 0.55 0.48
Moscow 1.62 1.92 1.47–0.0073i 1.48–0.0056i 1.49–0.0050i 1.48–0.0045i 0.95 0.95 0.96 0.96 0.70 0.67 0.63 0.58
Mukdahan 1.66 1.43 1.44–0.014i 1.46–0.014i 1.46–0.013i 1.46–0.013i 0.91 0.90 0.90 0.89 0.71 0.67 0.62 0.56
Skukuza 1.97 1.66 1.45–0.016i 1.47–0.014i 1.47–0.012i 1.47–0.012i 0.90 0.89 0.89 0.87 0.68 0.62 0.55 0.47
Tomsk 22 1.54 1.95 1.46–0.0083i 1.48–0.0061i 1.50–0.0054i 1.50–0.0051i 0.94 0.95 0.95 0.96 0.70 0.66 0.62 0.57
Yakutsk 1.74 1.99 1.48–0.0062i 1.48–0.0047i 1.48–0.0042i 1.47–0.0042i 0.95 0.96 0.96 0.96 0.69 0.65 0.61 0.56

more strongly depending on the relative optical balance of
the fine and coarse modes, and these are provided as repre-
sentative typical values. However if theτf,550 simulated is
doubled from 0.5 to 1 whileτc,550 remains 0.03,α andαabs
change by 0.05 or less andg by 0.02 or less. Note thatαabsfor
these sites is generally more positive by 0.2–0.5 than calcula-
tions performed byRussell et al.(2010) using the AERONET
version 1 smoke models fromDubovik et al.(2002); how-
ever, the differences between sites remain similar. Computa-
tions over other wavelength ranges (omitted for brevity) are
also in the range of values for smoke aerosols determined
in other studies (Kirchstetter et al., 2004; Bergstrom et al.,
2007).

The relationships between all these properties andwv

were also explored, but in most cases omitted for brevity due
to a lack of observed covariability. This is consistent with
the idea that biomass burning aerosols show weaker hygro-
scopicity than other fine-dominated aerosols (e.g.Reid et al.,
2005a; McMeeking et al., 2012), and that ageing processes

may have occurred rapidly and prior to the aerosols reaching
the AERONET site. This could also be linked to the small
gradient of the observedτf,550–rv,f relationships at these
sites, which are up to about an order of magnitude weaker
than observed for more hygroscopic urban/industrial aerosol
particles (e.g.Dubovik et al., 2002). Reid et al.(2005a) did
note that some measurements of biomass burning aerosols in
scattered regions showed larger hygroscopic growth factors
than expected, due to various factors, not all of which were
well-understood. Additionally, as the AERONET aerosol and
water vapour data represent column-averaged quantities they
do not provide information about the extent of vertical over-
lap between aerosol and moisture (or the history of a given
column of air mass). Changes due to moisture uptake may
also be masked amongst the variability of aerosol properties
from other sources. One corollary of this is that, when using
these parameters as optical models for radiative transfer cal-
culations, it may not be necessary to account for hygroscopic
growth of these particles for some burning types.
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To facilitate a comparison between the different sites,
Fig. 4 compares calculated size distributions and opti-
cal properties for the aforementioned case ofτf,550 = 0.5
and τc,550 = 0.03. Also shown are properties for the “fine-
dominated” aerosol model used in the Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) Ocean Aerosol Retrieval
(SOAR;Sayer et al., 2012a) algorithm, which is similar (reff,f
within 0.03 µm, SSA lower by∼ 0.02–0.03) to models used
in the operational over-ocean Moderate Resolution Imaging
Spectroradiometer (MODIS;Remer et al., 2009) algorithm,
and within the range of aerosol components included in the
Multiangle Imaging Spectroradiometer (MISR;Kahn et al.,
2010) algorithm.

The bimodal lognormal model employed here is an ap-
proximation of the AERONET (22-bin) inversion, which is
itself an approximation of the true aerosol size distribution.
As a result the distributions in Fig.4 show subtle differences
from the median AERONET distributions in Fig.2; specifi-
cally, the coarse modes in the AERONET data at some sites
are broader and more skewed. Despite this, for the reference
τf,550 = 0.5 andτc,550 = 0.03 the bimodal approximation re-
produces spectral SSA andg within 0.01. Spectral biases in
AOD (illustrated later in Sect.3.5) are also small. This con-
firms the basic validity of the bimodal lognormal approach
for calculating the column-average optical properties of these
aerosols.

3.3.2 Discussion of aerosol properties

Although all optically dominated by their fine modes, the 10
sites span a range of size distributions and optical proper-
ties. Bonanza Creek, Tomsk 22, and Yakutsk, boreal forest
burning sites with contributions from peat fires (likely mostly
dominated by smouldering combustion), show the weakest
absorption with roughly spectrally neutral SSA (ω0 ∼ 0.95)
and highestαabs∼ 2, and are among the sites with a larger
volume radius and broader distribution. Linear relationships
between aerosol properties and AOD or water vapour at this
site show strong scatter but, if plotted together as a function
of day of year (Fig.5), some seasonal tendencies become
visible. Bothrv,f andσf tend to be larger for higherτf,550,
which tends to be found later in the summer; this is likely
due to soil drying through the season, increasing flamma-
bility of both peat and large woody fuels (Turquety et al.,
2007). There is a suggestion of a bowl-shaped profile ofrv,f ,
with the lowest values from May to July and higher values
earlier and later in the season. Columnar water vapour be-
gins to increase around the start of June, and falls off during
September. At Tomsk there is a moderate correlation between
rv,f andwv (R = 0.53), although this appears to be driven
by three outlying points with low radius and water vapour;
without these points, the correlation drops to 0.33. Corre-
lations withwv at the other sites, and withσf , are weaker.
At small sample sizes, correlation coefficients can be some-
what unstable (e.g.Schonbrödt and Perugini, 2013), and so

should not be overinterpreted. The SSA of the smoke is gen-
erally higher from mid-May onwards. It is possible that these
seasonal changes reflect changes in moisture and/or vegeta-
tion phenology, resulting in a change of the nature of burning
(flaming/smouldering combustion), and/or varying combina-
tions of smoke from different sources present in the same
atmospheric column (Eck et al., 2009; Warneke et al., 2009),
including potentially the transport across the whole North-
ern Hemisphere (Damoah et al., 2004); increased scatter is
expected in parametrisations for these three sites as a result.

Aerosol properties retrieved at Moscow are similar to the
above sites. Biomass burning at Moscow during the period
considered (summers of 2002 and 2010) was influenced more
strongly by peat burning than the other boreal sites, although
forest burning contributed in some cases (Gorchakov et al.,
2004; Chubarova et al., 2011); 90 % of the inversions ob-
tained at Moscow were from intense (predominantly peat)
burning during summer 2002. A complication for Moscow
is that it is a large city and thus there will be an additional
contribution from local aerosol sources, which may also lead
to scatter in the parametrisations. However,Ulyumdzhieva
et al. (2005) reported, based on measurements early sum-
mer 2002 prior to the fires, a typicalτ500 around 0.15–0.2,
with little variability. Examination of (unfiltered) AERONET
direct-sun data for June–September yields a medianτ500 =

0.18, consistent with this. The inversions selected in this
study have the mediansτ500 = 0.86 andτ440 = 1.02, sug-
gesting that the smoke has a larger optical effect on the
total column than the background urban aerosol (although,
again, the local contribution cannot be discounted entirely).
Chubarova et al.(2012) also noted that the typical 675 nm
SSA at Moscow outside of burning cases was markedly lower
(∼ 0.88) than during the fire periods (∼ 0.96). This is con-
sistent with the inversions used in the present analysis be-
ing smoke-dominated. The nearby site of Zvenigorod (40 km
from Moscow) may be less prone to urban influence, al-
though it provides data only since 2006, thus missing the
2002 fires.

In contrast, Cuiaba, Skukuza (South Africa), and Jabiru
(grass, crop, and shrublands) are very similar to each
other, with narrower lower-radius distributions, and are more
strongly absorbing (ω0 ∼ 0.88–0.9 in the visible, and∼ 0.85
in the near-infrared). Note that Cuiaba can also sample
forest burning from the north, while Skukuza includes a
sulfate contribution from industrial sources (Piketh et al.,
1999). Mukdahan has a similar SSA to these sites, although
with a size distribution and asymmetry parameter closer to
Yakutsk/Tomsk 22. For this set of sites, relationships be-
tween aerosol properties and water vapour were not evident;
except at Mukdahan, where a weak increase (∼ 0.03) in SSA
from February to April was mirrored by an increase inwv

during these inversions from∼ 2.5 to 4 cm. However corre-
lations betweenwv andrv,f or σf were negligible (0.12 and
0.11, respectively). As a result it is suggested this is likely
linked to transport of air masses including pollutants from
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Figure 4. Properties of smoke aerosols for near-source sites, for a reference fine-mode AOD of 0.5 and coarse-mode AOD of 0.03 at 550 nm.
Also shown is the “fine-dominated” model ofSayer et al.(2012a) used in the SOAR data set. Panels show(a) size distributions, and the
spectral(b) extinction,(c) single scatter albedo, and(d) asymmetry parameter.
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(c) Annual cycle of fine mode volume radius
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(f) Annual cycle of SSA at 1020 nm
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Figure 5. Annual cycle of AERONET-retrieved aerosol properties and water vapour at Bonanza Creek, Tomsk 22, and Yakutsk. Panels show
(a) τf,550, (b) wv, (c, d) fine-mode size, and(e, f) aerosol SSA.

China/India, and an increase of forest burning relative to agri-
cultural burning during this period, rather than hygroscopic
growth of aerosols from a single air mass type.

Alta Floresta samples tropical forest burning from the
nearby area and properties are intermediate between these
two groups (typical SSA 0.9–0.92). Relationships between
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aerosol fine-mode size/spread and water vapour (not shown)
were found to be weak. The SSA at Cuiaba was found to
be∼ 0.05 higher in October than August, while at the same
time the monthly medianwv increased from∼ 2 to 4 cm;
a similar change inwv at Alta Floresta through this pe-
riod was not associated with any SSA change at this site.
This is consistent with the change in SSA at Cuiaba being
driven by an increase in air masses containing transported
smoke from forested regions through the season. However,
these sites both show positive correlations betweenrv,f and
wv (R = 0.44 and 0.51), which could indicate hygroscopic
growth; these correlations, while significant, are weaker than
those between AOD andrv,f (Table2). Schafer et al.(2008)
noted almost no dependence of AERONET aerosol proper-
ties on water vapour in Amazonia, except for the very high-
est AOD cases (τ550 > 1.5), so this is not entirely consis-
tent. Additionally, correlations betweenwv andσf are small
(R = 0.07 and 0.14), while those between AOD andσf are
much stronger (0.41 and 0.50). It is also worth noting that the
area around the Alta Floresta site has become less forested
due to agricultural conversion since the site was originally set
up; analysis of the time series of retrieved aerosol properties
at this site (not shown) reveals some interannual variability
but no apparent trends or secular changes.

Aerosols at Mongu and Skukuza have similar size and dis-
tribution properties, although the former is significantly more
absorbing (SSA lower by about 0.05), likely due in part to
the contribution from nonabsorbing sulfates to the aerosol at
Skukuza (Piketh et al., 1999); i.e. the aerosol columns here
are less “pure” smoke than elsewhere.Eck et al.(2013) found
an increase in SSA of about 0.1 through the burning sea-
son at Mongu (as well as inferred elsewhere in the region),
which is attributed to a likely decrease of black carbon con-
tent from July to November due to sampling fires of different
fuel types. The bulk of the inversions at Mongu in this study
are from August and September, and so the results are most
representative of midseason smoke (although if required for a
given application, the temporal dependence of the refractive
index discussed inEck et al., 2013could be implemented).
This temporal variability was also seen to be manifested as
temporal variability in bias of satellite-retrieved AOD. At
both of these sites,wv was low (typically∼ 1–2 cm) and
showed no links with aerosol properties.

The asymmetry parameter (g) is 0.66–0.71 at 440 nm for
all models/regions (Fig.4, Table4), but diverges to the range
0.45–0.59 at 1020 nm (due to the differences in fine/coarse
AOD partition at longer wavelengths, and fine-mode aerosol
size), again, roughly along the lines of the groupings men-
tioned previously. Similar values and spectral dependence
for fine-dominated aerosols were found in previous analy-
ses (e.g.Dubovik et al., 2002), while g for dust aerosols
tends to show less spectral variability. In terms of spectral
dependence of AOD, most models give about 140 % AOD
at 440 nm relative to 550 nm, and 30 % at 1020 nm relative
to 550 nm, yielding values ofα across the midvisible in the

range from 1.42 (Bonanza Creek) to 1.97 (Skukuza), with a
multi-site mean of 1.76. Note that although this linearα for-
mulation is useful, it is only an approximation and caution
should be taken when either usingα to extrapolate AOD, or
when comparingα determined across different wavelength
ranges (e.g.Eck et al., 1999).

Examining the regression relationships in more de-
tail, the fine-mode volume median radius for a moderate
τf,550 ∼ 0.3 is typically ∼ 0.14–0.15 µm for the aforemen-
tioned grass/shrubland sites and larger (0.15–0.2 µm) for
the wood-/peat-burning-dominant sites. The gradient of the
τf,550–rv,f relationship ranges from 0.012 to 0.040 (and
changes of similar magnitude for the logarithmic relation-
ships). Low to moderate correlations for these relationships
(0.12 at Jabiru to 0.69 at Moscow) reflect both the low range
of AOD spanned at some sites, possible contributions from
other aerosol sources, and the fact that the scatter around
these relationships (of order 0.01–0.02) has a similar size
to the estimated uncertainty on AERONET retrievals ofrv,f

(mentioned previously). Similarly, gradients and correlations
with τf,440 instead ofτf,550 are slightly lower as the same data
and scatter are essentially being stretched across the AOD
axis. Positive correlations betweenτf,550 andσf are also ob-
served, although they are weak, likely for the same reasons
of large scatter and limited dynamic range. All the above re-
lationships are statistically significant at the 90 % level, ex-
cept forτf vs. σf at Jabiru (although, again, many relation-
ships are numerically small). It is important to note that, al-
though these relationships have been derived in a climato-
logical sense, the scatter about them comprises a significant
fraction of the observed variability, due to both retrieval noise
and sources of true natural variability.

3.4 Inter- and intrasite variability

Given the facts that the regression relationships exhibit scat-
ter (Table4, Fig. 3), and properties appear similar for some
sites (Fig.4), it is natural to examine to what extent these cli-
matological relationships for each site are able to represent
the variability at each site and, additionally, whether the rela-
tionships developed for one site are able to reproduce aerosol
optical properties at other sites. For this assessment, the out-
lier inversions (removed when developing the regression re-
lationships, as discussed in Sect.3.3.1) are left in. Each site’s
parametrisations (Table4) were used with the observedτf,550
andτc,550 to predict the AERONET-retrieved spectral AOD,
SSA, andg at each of the eight sites (i.e. applying parametri-
sations developed for a site to itself, and to each other site in
turn). A representivity/distinguishability score was then de-
fined as an analogue of theχ2 statistic,

χ2
=

1

12

3∑
i=1

4∑
λ=1

1

(∣∣∣∣qmod(i,λ) − qret(i,λ)

δret(i,λ)

∣∣∣∣2
)

, (4)

whereq represents the three key optical properties (τ,ω0,g)
at each of the four wavelengthsλ (440, 675, 870, 1020 nm),
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Figure 6. Inter- and intrasite model representivity/distinguishability scores; warmer colours indicate larger differences between the sites.

and1 the 68th percentile of the squared absolute error on
each of these quantities (model-predicted vs. AERONET-
retrieved,qmod−qret), relative to the nominal AERONET un-
certaintyδret (Sect.2.2); thus, this is comparing how well
the 68th percentile (i.e. one standard deviation) of each site’s
parametrisation reproduces the AERONET source data rel-
ative to AERONET’s uncertainty. The factor 12 arises as a
normalisation factor (three quantities at four quantities being
compared). If the parametrisations for a given site reproduce
spectral AOD, SSA, andg with approximately the same er-
ror as the level of uncertainty in the AERONET data then
χ2

∼ 1, while larger values indicate larger discrepancies.
The resulting representivity/distinguishability matrix of

χ2 is shown in Fig.6, colour coded to aid interpretation.
The lowest values are, as expected, generally found across
the diagonal; i.e. the parametrisations are (unsurprisingly)
most successful at reproducing the AERONET data for the
site they were developed at. In a few cases parametrisa-
tions tend to be slightly better at sites other than the one
they were developed at (e.g. the AERONET data at Bonanza
Creek are reproduced with lowerχ2 using the parametrisa-
tion developed for Tomsk 22); although, as the number of
samples at each site is finite, there is inherently some uncer-
tainty in computation ofχ2, and so small differences inχ2

should not be overinterpreted. In all casesχ2 > 1, indicating
the error in the parametrisations is larger than AERONET
direct-sun/retrieval uncertainty, which is again expected (as
the parametrisations represent a climatological average, they
will have smaller variance than the source data). However,
the diagonals are reasonably low (χ2

= 1.19–2.10, except
Bonanza Creek which hasχ2

= 5.16). The largest individ-
ual contributor toχ2 for the diagonal elements tends to be
τ440 (i.e. this is the quantity modelled least successfully),
while for off-diagonal elements all the different parameters
contribute. Bonanza Creek has the greatest variability in size
distribution parameters, and the highest diagonalχ2, because

of the large scatter at this site leading to enhanced variability
in spectral AOD andg.

Patterns ofχ2 for off-diagonal elements provide a measure
of the similarity of optical properties at the different sites.
Theχ2 between Alta Floresta, Cuiaba, Jabiru, and Skukuza
are often in a similar range to the diagonal elements (i.e. < 3),
suggesting that for some applications any of these models
may be applicable to these sites without the introduction of
large errors. Although Mongu has similar size distribution
parameters to these sites,χ2 is higher as the other models
are not able to reproduce Mongu’s low SSA. The similarity
between Tomsk 22 and Yakutsk is also evident; which also
cluster to a lesser extent with Bonanza Creek and Moscow.

3.5 Spectral biases and extension of model spectral
range

A limitation of the AERONET inversions is that they only
use (and so only provide) information from the wavelength
range 440–1020 nm. Some applications, such as radiative
transfer for satellite sensor bands or flux calculations, ad-
ditionally require inputs at ultraviolet (UV) and/or short-
wave infrared (swIR) and thermal infrared (tIR) wavelengths.
Due to the rapid decrease in fine-mode AOD with increasing
wavelength, the sensitivity of such calculations for smoke
aerosols to assumptions in these latter two regimes (partic-
ularly the tIR) is generally minor as aerosol optical effects
become dominated by coarse-mode particles. As such, sensi-
ble assumptions in many cases might include using 1020 nm
refractive indices for swIR wavelengths, or adopting spectral
dependence from other data sets (e.g. the well-used report by
Shettle and Fenn, 1979).

However, in the UV regime the issue becomes more im-
portant for these calculations, as AOD and absorption AOD
increase compared to the visible. Spectral dependence of UV
refractive index can have a large effect on satellite-inferred
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AOD (e.g.Jethva and Torres, 2011), and is strongly depen-
dent on composition, with black carbon having a roughly
spectrally neutral refractive index but absorption of organic
carbon increasing at shorter visible and UV wavelengths
(Bond, 2001; Kirchstetter et al., 2004, Andreae and Gelenc-
sér, 2006; Lewis et al., 2008). As such the spectral depen-
dence of UV AOD and absorption, as in the visible, may
show strong variations dependent on combustion phase and
fuel type (e.g.Sun et al., 2007; Lewis et al., 2008).

Although not used in the AERONET inversion algorithm,
direct-sun AOD at 340 and 380 nm are available for a large
fraction of the inversions used to generate the optical models.
Thus, an empirical approach can be taken to suggest repre-
sentative refractive indices to allow these models to be ex-
tended into the UV, by attempting to match the spectral de-
pendence of AOD predicted by the model with that from the
inversions. Unfortunately, only two sites have data at wave-
lengths longer than 1020 nm, and only for a limited portion of
the records, so this approach cannot be applied to these data
to also check the validity of extension of the models into the
swIR.

This analysis was performed as follows. First, the inver-
sions used to create the aerosol models at each site were
subsampled to consider only those whereτ340 andτ380 were
also available. The median AOD observed for these inver-
sions (from 340 to 1020 nm) was taken as a measure of typ-
ical spectral dependence. The medianτf,550 andτc,550 were
used to compute spectral AOD from the optical models, us-
ing the relationships from Table2. Refractive indices used
to computeτ340 and τ380 were taken from three methods:
use of 440 nm values directly, linear extrapolation using the
values from 440 nm and 675 nm, and quadratic extrapolation
using the four AERONET retrieval wavelengths. The result-
ing refractive indices/SSA at UV wavelengths are shown in
Table5.

The error in AOD spectral dependence (i.e. difference be-
tween modelled spectral dependence and direct-sun spectral
dependence) is shown for each UV method (and for the opti-
cal model itself for the non-UV wavelengths) in Fig.7. Fig-
ure 8 presents the same data, except expressed as percent-
age bias. The model bias is almost always within the uncer-
tainty (taken as the larger of the standard error on the me-
dian AOD, or the AERONET direct-sun uncertainty, for each
wavelength).

Use of 440 nm refractive indices for the UV spectral re-
gion tends to lead to an overestimate ofτ340 andτ380. This
assumption might be expected to be more reasonable in those
cases where the absorption is dominated by black carbon, i.e.
no spectral dependence of refractive index. The linear and
quadratic extrapolation methods tend to result in a smaller
real part and larger imaginary part of the refractive index;
this leads to a lower calculated AOD (absorption AOD in-
creases but scattering AOD decreases more strongly). Thus,
these might be expected to be more reasonable in cases where
the organic carbon contribution to absorption is more dom-

inant. It is visible in Fig.7 that there are differences in the
error introduced by these assumptions from site to site, and
in some cases also between the two UV wavelengths. How-
ever, in most cases, the average spectral behaviour at each
UV wavelength can be reproduced with small bias by at least
one of the methods for all sites. The differences between the
three approximations are often too small to permit the mean-
ingful attribution of compositional differences, particularly
as sampling plays a role in the differences too, and so these
results should be interpreted rather to guide suitable refrac-
tive index choices for UV applications. The exceptions are
Moscow and, to an extent, Bonanza Creek, Tomsk 22, and
Yakutsk; as discussed previously, greater scatter and model
uncertainty is expected at these sites due to the greater poten-
tial for smoke from different source types (peat vs. forests)
and of different ages (Damoah et al., 2004; Turquety et al.,
2007; Eck et al., 2009; Warneke et al., 2009), limiting the fi-
delity of the model. The spectral slope of AOD at UV wave-
lengths is more sensitive to the size of fine-mode particles
than the fine/coarse AOD split (Eck et al., 1999; Reid et al.,
1999), and thus large variability in fine-mode particle size at
these sites may in part be responsible. Additionally, the ur-
ban contribution at Moscow may have a comparatively large
influence at these wavelengths at this site. Note, however,
that the larger absolute biases at 340 nm at these sites rep-
resent relative biases approaching 5 % (10 % for Moscow)
because of the rapid increase in AOD with decreasing wave-
length (Fig.8). Empirically altering 440 nm real/imaginary
refractive indices by reasonable magnitudes (e.g. within 0.02
for the real part, or 30 % for the imaginary part) can decrease
these AOD biases by 0.01, but this is not sufficient to bring
them in line with median AERONET direct-sun values, and
larger adjustments result in other quantities (e.g. SSA) be-
coming less reasonable.

In contrast, the larger relative biases in Fig.8 tend to be
found at the longer wavelengths. However, these biases are
likely to be less significant in practical terms for applications
of these smoke models, because the absolute AOD is lower
at longer wavelengths.

The spectral biases arise in part due to the fact that the (true
unknown) aerosol size distribution is being approximated by
AERONET’s 22-bin inversion, which are then being further
approximated in this study by bimodal lognormal models.
Although Sect.3.4 illustrates that this works well for the
440–1020 nm spectral range, errors are expected to be am-
plified when the model is extrapolated outside of this range
(e.g. to UV wavelengths) because scattering and absorption
strength are strongly size-dependent. It is therefore not sur-
prising that the larger errors are observed for the sites with
broader fine-mode distributions at which there may be some
ambiguity as to fine/coarse aerosol separation points.

Sayer et al. (2012b) found that spectral AOD was
reproduced with smaller errors for cases of unpolluted
maritime aerosols by performing bimodal lognormal fits
to AERONET-retrieved size distributions than by using
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(h) Skukuza
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(i) Tomsk 22
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(j) Yakutsk
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Figure 7. Difference between model-predicted spectral AOD and median AERONET-observed values for the optical models at each site,
and various ways of extrapolating refractive index to UV wavelengths: red diamonds indicate use of 440 nm refractive indices directly; blue
triangles linear extrapolation from 440/675 nm; and green squares quadratic extrapolation of vis/nIR refractive indices. Resulting refractive
indices/SSA are shown in Table5. The solid black line indicates zero difference, and dashed black lines the greater of the standard error on
the median AERONET AOD, or the AERONET direct-sun AOD uncertainty (i.e.± 0.02 up to 440 nm,± 0.01 at longer wavelengths).
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(c) Cuiaba
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(d) Jabiru
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(e) Mongu

0.3 0.4 0.5 0.7 0.91.1
Wavelength, µm

-15

-10

-5

0

5

10

15

M
o
d
el

 A
O

D
 r

el
at

iv
e 

b
ia

s 
(%

)

(f) Moscow
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(h) Skukuza
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Figure 8. As Fig.7, expressed in terms of relative (%) bias instead of AOD bias.

retrievedrv,f andσf directly. Taking that approach with these
smoke data (omitted for brevity) was not helpful: the result-
ing rv,f andσf both tended to decrease, with the resulting
smaller particle size leading to increased AOD at UV wave-
lengths and decreased AOD at longer wavelengths, accentu-
ating the spectral biases and causing a high bias inα. Thus
it appears that in these cases using the AERONET-retrieved

size distribution parameters directly is the better approach.
Satellite-based AOD retrievals for current sensors typically
assume combinations of lognormal aerosol models; it may
be the case that decreasing errors in spectral AOD below
the 5–10 % biases obtained here with the bimodal lognor-
mal approach will require more complicated approaches to
parametrise aerosol size distribution shapes.
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Table5 also providesαabscalculated over the wavelength
range 340–1020 nm. The variability resulting from different
UV refractive index assumptions is of the order 0.01–0.2, de-
pendent on site. The difference between sites is larger than
this: αabs for Bonanza Creek, Tomsk 22, and Yakutsk (but
not Moscow), likely dominated by smouldering combustion,
is larger than for the other sites by typically∼ 0.4. These
values are similar to those determined by other techniques
over similar wavelength ranges (data analysed and collated
by Kirchstetter et al., 2004), i.e. generally∼ 1–2, with lower
values associated with increased soot, and higher with in-
creased organic carbon, although there is some sensitivity to
the precise wavelength interval used in such calculations.

3.6 Lidar ratios

Conversion of profiles of lidar backscatter to molecu-
lar, aerosol, or cloud extinction require knowledge of the
extinction-to-backscatter ratioSλ, also often called “lidar ra-
tio”, defined as

Sλ =

π∫
0

Pλ(θ)dθ

Pλ(π)ω0λ

, (5)

wherePλ is the scattering phase function. Some lidar sys-
tems are able to retrieve the lidar ratio (e.g.Burton et al.,
2012; Povey et al., 2014) while others, such as the space-
borne Cloud-Aerosol Lidar with Orthogonal Polarisation
(CALIOP), make use of prescribed lidar ratios dependent
on particle type (Omar et al., 2009). Calculated lidar ratios
for common lidar wavelengths (355, 532, and 1064 nm) for
each site are presented in Table6, as a function ofτf,550
and for the reference caseτf,550 = 0.5. These use the size
distribution parameters from Table2; refractive indices at
1064 nm use 1020 nm values, 532 nm use the average of 440
and 675 nm values, and 355 nm use either 440 nm values
(Alta Floresta, Cuiaba, Mongu, Moscow, Mukdahan, Tomsk
22, Yakutsk), linear extrapolation (Skukuza), or quadratic ex-
trapolation (Bonanza Creek, Jabiru), based on the discussion
in Sect.3.5. Note that the 355 nm data should be treated with
more caution as this represents a more significant extrapola-
tion than the other wavelengths.

The AOD dependence of size distribution parameters leads
to a near-linear (calculated over the range 0.2 ≤ τf,550 ≤ 2)
variation ofSλ with τf,550 of around 5 % at 355 nm, 10 % at
532 nm, and 20 % at 1064 nm (R2 > 0.9 for those cases with
appreciable AOD dependence). The relative uncertainty in
the calculated lidar ratio as a result of uncertainties in the
AERONET inversion is approximately 8–15 % (dependent
on site and wavelength). The AOD dependence and spec-
tral dependence are fairly robust to these uncertainties. The
coarse-mode contribution was neglected for this calculation
as the fine mode is optically dominant, and it is likely that in
an aerosol column containing fine smoke aerosols and coarse
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Table 6.Fine-mode lidar ratiosSλ for the optical models developed for each AERONET site. Data in parentheses are forτf,550= 0.5.

Site S355 S532 S1064

Alta Floresta 86.6–3.50τf,550 (84.9) 69.1 + 2.63τf,550 (70.4) 23.3 + 4.57τf,550 (25.6)
Bonanza Creek 52.5–5.90τf,550 (49.6) 59.3–4.65τf,550 (57.0) 37.2 + 4.91τf,550 (39.7)
Cuiaba 96.0–2.51τf,550 (94.8) 67.3 + 7.09τf,550 (70.9) 21.8 + 6.43τf,550 (25.0)
Jabiru 110–1.07τf,550 (109) 73.8 + 2.39τf,550 (75.0) 23.5 + 4.98τf,550 (26.0)
Mongu 100–3.33τf,550 (98.6) 72.0 + 6.86τf,550 (75.4) 24.8 + 4.89τf,550 (27.3)
Moscow 66.8–5.86τf,550 (63.9) 66.6–0.573τf,550 (66.3) 32.9 + 6.92τf,550 (36.3)
Mukdahan 93.6–3.56τf,550 (91.8) 77.5 + 3.83τf,550 (79.4) 30.6 + 8.65τf,550 (35.0)
Skukuza 101–0.857τf,550 (100) 69.6 + 3.88τf,550 (71.6) 22.2 + 4.06τf,550 (24.3)
Tomsk 22 73.8–4.32τf,550 (71.7) 67.3 + 1.24τf,550 (67.9) 31.6 + 6.25τf,550 (34.7)
Yakutsk 66.6–6.04τf,550 (63.6) 66.6–2.90τf,550 (65.1) 29.9 + 5.80τf,550 (32.8)

aerosols the two may (to an extent) be found in separate
vertical layers. Calculation of the coarse-mode lidar ratio is
also more error-prone because for these AERONET inver-
sions the coarse-mode contribution to the size distribution is
small, and the retrieved refractive indices are likewise heavily
weighted toward the fine mode. However, calculated coarse-
mode lidar ratios were found to be of similar magnitude to
those for the fine mode on average, and thus this is not ex-
pected to have a large numerical effect.

The sites fall, again, into two groups: boreal sites (Bonanza
Creek, Moscow, Tomsk, and Yakutsk) withS532 around 55–
70 and smaller spectral dependence, and the other six sites,
with S532 around 70–80 and larger spectral dependence.
CALIOP processing assumesS532 = 70 andS1064−40 with a
target uncertainty of up to 30 %, and therefore seem sensible
global average values; although, note that this was also based
on version 1 AERONET data (Omar et al., 2005), so these
values are not independent of this work. Other researchers
have estimated lidar ratios for smoke by independent meth-
ods.Müller et al. (2007) summarise the results of a decade
of Raman lidar observations, from which smoke in Canada
and Siberia was found to have on averageS355 = 46±14 and
S532 = 53± 11; Murayama et al.(2004) reportedS355 ∼ 40
andS532 ∼ 60 for Siberian smoke transported to Japan, both
in agreement with the results for Bonanza Creek, Tomsk 22,
and Yakutsk here. Smoke from China or Russia transported
to Korea was also found to be within this range byNoh et al.
(2008) (S355 = 46±7,S532 = 65±8).Sugimoto et al.(2010)
found S532 ∼ 50–75 for Mongolian smoke observed at two
sites in Japan;S1064was inferred as∼ 50–60, which is larger
than this study, althoughSugimoto et al.(2010) noted limited
sensitivity of their 1064 nm data.Müller et al.(2007) also re-
portedS532 = 65±16 for air masses in northern India thought
to be influenced by wood burning. Similar ranges have been
found for Amazonian smoke (S532 = 50–80; Baars et al.,
2012). Burton et al.(2012) classified airborne measurements
by prevailing aerosol type, and found the averageS532 = 30–
50 for fresh smoke andS532 = 60–80 for aged smoke.Ans-
mann et al.(2001) observedS532 ∼ 80 for small, absorbing
particles at Portugal (not explicitly linked to smoke). The li-

dar ratios at 355 nm of smoke from fires of different types
in Ukraine and Russia were found byAmiridis et al.(2009)
to range widely (averages for individual episodes from 39 to
94), with largerS355 associated with aged air masses, and an
anticorrelation betweenS355 andα. SimilarS355 = 69± 17,
and dependence onα, were found for fires transported to
Greece byGiannakaki et al.(2010). These are intermediate
between the typical values ofS355 found for the two group-
ings in Table2; howeverTesche et al.(2011) reported higher
values ofS355 = 87± 17 for dust-free smoke transported to
Cape Verde, which are more similar to Table2. Tesche et al.
(2011) also foundS532 = 79± 17, slightly higher but in the
range ofS532 = 60±6 found byVoss et al.(2001) for smoke
transported to the equatorial Atlantic. Thus, the spectralSλ

in Table6 appear supported by previous investigations.

4 Isolated cases of smoke at coastal/island sites

4.1 Identification of cases

As well as the sites used to develop optical models in Sect.3,
cases of smoke have been observed in smaller numbers at a
wide range of coastal or island AERONET sites. Figure9
shows smoke from several wildfires in California (USA),
which are not uncommon in the Northern Hemisphere’s sum-
mer and autumn, blown over the Pacific Ocean. Although
fires in this area often occur on an annual basis, these sites
are discussed in this section as there are insufficient cases
passing over the AERONET sites to create a meaningful cli-
matology of properties.

Figure10shows an example of more long-range transport,
namely Amazonian smoke transported south through South
America, eventually passing over the AERONET site in
Buenos Aires (Argentina) and out over the southern Atlantic
Ocean. This pathway is confirmed by the Hybrid Single Par-
ticle Lagrangian Integrated Trajectory (HYSPLIT;Draxler
and Hess, 1998) model back-trajectory, for air arriving over
Buenos Aires at∼ 2 km altitude (HYPSPLIT estimates of
the altitude of this air mass near the source were 3–4.5 km).

www.atmos-chem-phys.net/14/11493/2014/ Atmos. Chem. Phys., 14, 11493–11523, 2014



11510 A. M. Sayer et al.: Smoke aerosol properties

Table 7.Geographical/sampling information for smoke cases at AERONET coastal/island sites.

Site Latitude, Longitude, Elevation, Number of Dates (YYYYMMDD)
degrees degrees m a.s.l. retrievals

Ascension Island −7.97600 −14.4150 30 19 20030902-06, 20080904, 20080906-07,
20080919, 20080925, 20080928

Bach Long Vy 20.1330 107.733 5 10 20100506, 20100509, 20110209, 20110224,
20110314, 20110418, 20110421, 20110423

Barrow 71.3120 −156.665 0 5 20040703, 20100612
CEILAP Buenos Aires −34.5670 −58.5000 10 28 20010803, 20010921-22, 20040813-15,

20040827, 20040904, 20060722, 20060824,
20060910, 20060922, 20100821-22, 20110903

COVE 36.9000 −75.7100 37 12 20020706-09
Darwin −12.4240 130.892 29 20 20071013, 20071016, 20071018-19,

20091011-12, 20091104
Hornsund 77.0010 15.5600 10 6 20060502-03
Inhaca −26.0410 32.9050 73 33 20000823, 20000831, 20000902-03,

20000905-06, 20000910, 20000914,
20001004-05, 20001007, 20001009-10,
20010820-21, 20010823, 20010829,
20010908, 20010910-11, 20010916

La Jolla 32.8700 −117.250 115 7 20031028, 20070804, 20071024-25
Monterey 36.5930 −121.855 50 4 20080627, 20080710, 20080712
Noto 37.3340 137.137 200 5 20030606, 20080422,
San Nicolas 33.2570 −119.487 133 2 20031027
Saturn Island 48.7830 −123.133 200 22 20080630, 20080701-02, 20100802,

20100804, 20100806, 20100816-17
Sevastopol 44.6160 33.5170 80 28 20070809-10, 20070901-03, 20080801,

20100815-18
Singapore 1.29800 103.780 30 10 20090806-07, 20110905-06, 20120924
Trinidad Head 41.0540 −124.151 105 13 20060925-26, 20080709
UCSB 34.4150 −119.845 33 19 20031025-27, 20070817-18, 20071022-23,

20071025-26

Aerosol properties at the sites in this figure are shown in
more detail in Fig.11: τ440 at Buenos Aires is low for most
of the period, while at the other sites it is larger, approach-
ing 4 at Alta Floresta, and more variable (Alta Floresta and
Cuiaba lack observations prior to 18 August). Highτ440 and
α at these sites is consistent with biomass burning; the fine-
mode effective radius and SSA at Alta Floresta and Ji Paraná
(Rondônia, Brazil) track each other reasonably closely, while
the smoke at Cuiaba is slightly smaller and more absorbing.
During 21–23 August, the plume travelled from the northern
region to Buenos Aires (Fig.10), and the SSA matches that
at Alta Floresta/Ji Paraná (∼ 0.9 at 440 nm), from where the
plume is observed to travel. The absence of SSA retrievals
outside this period at Buenos Aires is due to the low AOD.
Note that the more-absorbing Cuiaba site lies outside of the
main path of this plume. The fine-mode effective radius at
Buenos Aires is slightly larger during this period than before
or after, and also larger than the near-source sites, which may
be coincidental or may result from mixing with another air
mass during transport. Following this event, AOD at Buenos
Aires returns to typical low levels. Towards the end of the

month satellite images (not shown) reveal that smoke from
the forested region is blown over Cuiaba; the SSA and fine-
mode radius at Cuiaba increase to more closely match Alta
Floresta/Ji Paraná.

Unfortunately, the number of cases where a smoke plume
is observed at an AERONET site near its source and is con-
veniently transported past other sites over the course of days,
thus providing the ability to track the evolution of the plume
with AERONET, is limited. Thus the comparison herein is
more of a categorical nature: comparing how the body of case
studies at island/coastal sites compares with the climatology
and variability of the sites in Sect.3. The main focus is to
examine whether the optical properties for these cases fall
within the same range as at the climatological sites, to de-
termine whether they are suitable to represent these isolated
smoke cases in radiative transfer calculations, rather than to
make statements about the origin or chemical composition of
individual case studies, or persistent transport pathways.

Table7 presents the list of AERONET inversions corre-
sponding to smoke identified at coastal/island sites (Fig.1)
used in this study. These data were individually identified
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Figure 9.True-colour image from MODIS aboard the Aqua satellite
showing smoke (grey-brown hues) blowing from fires in California
(USA) over the Pacific Ocean on 27 October 2003. Red diamonds
show, from north to south, the locations of the UCSB (34.4◦ N,
119.8◦ W), San Nicolas (33.3◦ N, 119.5◦ W), and La Jolla (32.9◦ N,
117.3◦ W) AERONET sites.

as likely having a significant contribution from smoke us-
ing the same techniques used to make the judgement in
Figs.9 and 10, i.e. by examination of MODIS true-colour
images and HYSPLIT back-trajectories, news/government
agency reports, and guided by previous studies (Que-
face et al., 2003; O’Neill et al., 2005; Eck et al., 2009;
Qin and Mitchell, 2009; Witte et al., 2011; Chubarova
et al., 2012; Castro Videla et al., 2013). More re-
cently, AERONET now provides a data synergy tool to
facilitate this type of multi-data-set analysis, found at
http://aeronet.gsfc.nasa.gov/cgi-bin/bamgomas_interactive.

4.2 Discussion

Derived aerosol optical properties for the near-source sites
are shown in Fig.12, split by geographic region, alongside
the cases of smoke at coastal/island sites originating in simi-
lar regions. Figure13shows the median SSA and its spectral
dependence in map form to provide a visual representation of
the spatial variability in biomass burning aerosol absorption.
Some geographical clustering is evident, along with the ten-
dency for biomass burning aerosols with lower SSA to also
show an increased spectral dependence of absorption (lower
SSA at longer wavelengths).

The main point of this analysis is to illustrate the over-
lap between the climatological site and island/coastal site
smoke aerosol optical properties, rather than to tie each in-
dividual case down to a specific burning type. For example,
smoke cases at Buenos Aires lie in between those at Alta
Floresta (more forest-influenced) and Cuiaba (more grass-

Figure 10.True-colour image from MODIS aboard the Terra satel-
lite showing smoke (grey-brown hues) spreading across South
America and into the southern Atlantic Ocean on 22 August
2010. Image acquired from two consecutive Terra orbits. Red di-
amonds show, from North to South, the locations of the Alta
Floresta (9.87◦ S, 56.1◦ W), Ji-Paraná SE (10.9◦ S, 61.9◦ W),
CUIABA-MIRANDA (15.7◦ S, 56.1◦ W), and CEILAP-Buenos
Aires (34.6◦ S, 58.5◦ W) AERONET sites. The green line shows the
HYSPLIT 10-day back-trajectory for the air mass ending at 2 km
above Buenos Aires at 00:00 UTC on 23 August 2010; triangles in-
dicate the position at 00:00 UTC each day.

/shrubland-influenced), reflecting the range of potential path-
ways of smoke transport across the South American con-
tinent. Smoke at Noto (Japan) was traced back to boreal
forest burning in Siberia, which is also observed at Tomsk
22 and Yakutsk, and shares similar optical properties with
those sites. Some geographic regions sample smoke with a
variety of optical properties (e.g. California), while others
do not (e.g. similar properties at Darwin and Jabiru, both
in northern Australia). In some cases smoke from unrelated
sources in different geographical regions can exhibit similar
optical properties to each other, even though the underlying
burning type and chemical composition can differ. The in-
tent is not to suggest a necessary commonality of underly-
ing chemical composition, size, and shape, but rather a sim-
ilarity in the apparent optical properties which are of most
relevance for satellite AOD retrieval applications. Some ad-
ditional variability is observed, attributable to factors such
as additional ageing of the aerosol particles and/or combi-
nation with aerosol particles from different air masses. For
example, burning at Barrow (Alaska, USA) is likely aged
smoke from boreal fires. The SSA is similar to that at Alta
Floresta (tropical forest/grassland burning) butg is 0.05–0.1
higher at Barrow. Conversely,g at Barrow is similar to the
boreal burning site Bonanza Creek, but SSA is∼ 0.05 lower
at Barrow. Optical properties at Barrow are, however, similar

www.atmos-chem-phys.net/14/11493/2014/ Atmos. Chem. Phys., 14, 11493–11523, 2014

http://aeronet.gsfc.nasa.gov/cgi-bin/bamgomas_interactive


11512 A. M. Sayer et al.: Smoke aerosol properties

(a) AOD at 440 nm

10 12 14 16 18 20 22 24 26 28 30
Day in August 2010

0

1

2

3

4

A
O

D
 a

t 
4

4
0
 n

m Alta Floresta
Buenos Aires
Cuiaba
Ji−Paraná

(b) α

10 12 14 16 18 20 22 24 26 28 30
Day in August 2010

0.0

0.5

1.0

1.5

2.0

2.5

α

(c) Fine mode effective radius

10 12 14 16 18 20 22 24 26 28 30
Day in August 2010

0.10

0.12

0.14

0.16

0.18

0.20

r e
ff

,f
, 
µ

m

(d) SSA at 440 nm

10 12 14 16 18 20 22 24 26 28 30
Day in August 2010

0.80

0.85

0.90

0.95

1.00

S
S

A

Figure 11. Time series of aerosol properties at AERONET sites
shown in Fig.10 for 10–29 August 2010. Panels show(a) τ440,
(b) α (both from the direct-sun AERONET observations),(c) reff,f,
and (d) SSA at 440 nm (both from the AERONET inversion data
set). The shaded grey area indicates 21–23 August, when the smoke
plume was observed at Buenos Aires.

to those at Mukdahan, although burning at Mukdahan is from
a completely different ecosystem (and different chemical ori-
gin and composition).

Many of the island/coastal sites are in or near urban areas,
and so even for these smoke cases there is likely a contri-
bution from local urban aerosol sources which is not present
to the same extent for the “climatological” sites. Examples
include Bach Long Vy in the gulf of Tonkin (off the coast
of Vietnam), COVE (off the coast of Virginia, USA), Sev-
astopol (Ukraine), and Singapore. The fact that the optical
properties for these cases still generally fall within the range
observed at these climatological sites reflects in part that the

optical properties for urban- and smoke-dominated aerosol
periods can be similar, i.e. fine-mode optically dominated
with variable absorption strength, as determined by sun pho-
tometry (e.g.Eck et al., 1999; Dubovik et al., 2002; Sali-
nas et al., 2009; Bovchaliuk et al., 2013) or other techniques
(e.g.He et al., 2009; Gyawali et al., 2012; McMeeking et al.,
2012). On the one hand this means that optical models based
on smoke may also be appropriate optical proxies for mixed
smoke/urban or urban aerosols in some cases (although again
commonality of optical properties should not be taken to im-
ply commonality of microphysical properties or origin). On
the other hand, similarity between optical properties for dif-
ferent aerosol origins highlights again that the limited infor-
mation content of many satellite instruments will be insuffi-
cient to discriminate between different smoke or smoke and
urban aerosol mixtures. AERONET and other optical data
have been used to find optical properties which can discrimi-
nate between different fine-mode-dominated aerosol “types”
(Russell et al., 2010; Giles et al., 2012), although there is
sometimes overlap in these classifications, and many of these
quantities are typically not accessible from satellite obser-
vations with fidelity. Inversions at COVE were for a case
of smoke from Canadian boreal forest fires in July 2002
(O’Neill et al., 2005), and most optical properties fall within
the central 68 % of data at the North American boreal burning
site Bonanza Creek (as well as Tomsk 22 and Yakutsk, which
sample primarily Siberian burning). However, a smallerσf
for some of these inversions leads to a higherτ440/τ550 ratio
(by ∼ 0.2) and increased spectral dependence of fine-mode
g. The background AOD before this episode at this site was
fairly low (τ550 ∼ 0.1–0.15), but increased to 0.25–1.4 during
the smoky period, indicating the smoke was optically domi-
nant over the background.

In south-eastern Asia, both Bach Long Vy and Singapore
differ more strongly from Mukdahan. Urban aerosols tend
to exhibit greater AOD dependence of microphysical/optical
properties than smoke, due in part to their tendency for higher
hygroscopicity (e.g.Hess et al., 1998; Dubovik et al., 2002;
Reid et al., 2005a), and so the background local urban con-
tribution may have been relatively higher at these sites, con-
tributing to the large variability at Bach Long Vy. However
differences in the type of burning are likely also responsi-
ble. For example, optical properties for inversions at Sin-
gapore are similar to the climatology for Moscow; as well
as potential urban influence, this may reflect that smoke at
Singapore is often a combination of peat and forest burning
from Indonesia, e.g.Langmann and Heil(2004), similar to
Moscow. Note that Sevastopol is also a close match to optical
properties at Moscow; some of the Sevastopol cases corre-
sponded to transported smoke from burning in August 2010
near Moscow.

Aerosol optical properties for the five island/coastal sites
with smoke cases in California show some diversity. Smoke
from wildfires in California can, on a case-by-case basis, be
influenced by varying combinations of forests and chaparral
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(b) Boreal North America, SSA
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(d) California (USA), fine AOD
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(e) California (USA), SSA
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(g) South America, fine AOD
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(h) South America, SSA
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(j) Boreal Europe/Asia, fine AOD

 440 675 870 1020  
Wavelength, nm

0.0

0.4

0.8

1.2

1.6

2.0

F
in

e 
A

O
D

/5
5
0
 n

m
 f

in
e 

A
O

D

Moscow
Tomsk 22
Yakutsk
Hornsund
Noto
Sevastopol

(k) Boreal Europe/Asia, SSA
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(m) South-east Asia, fine AOD
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(n) South-east Asia, SSA
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(p) Africa, fine AOD
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(q) Africa, SSA
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(s) Oceania, fine AOD
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(t) Oceania, SSA
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Figure 12. Optical properties of smoke-dominated aerosol from near-source sites, and coastal/island smoke cases, grouped by geographic
region. From left to right, columns show the spectral dependence of fine-mode AOD (relative to fine-mode AOD at 550 nm), SSA, and
fine-mode asymmetry parameter. Symbols indicate the median value for each site; lines show the central 68 % of retrieved values at the site
for the 10 near-source sites, and the range of values for the coastal/island smoke case sites.
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shrublands. Optical properties for cases of smoke transported
to La Jolla (aside from one very weakly absorbing case),
San Nicolas, and UCSB (University of California, Santa Bar-
bara) tend to be similar to Cuiaba, which is often influenced
by grassland/shrubland burning. However, a slightly smaller
particle size at these sites leads to a slightly higherτ440/τ550
ratio (by about 15 %), and lower fine-modeg (particularly
at longer wavelengths), and as such use of an optical model
based on Cuiaba data to represent these fires will lead to
an underestimate of AOD at short visible wavelengths. In
fact, τ440/τ550 for these sites is higher (∼ 1.5–1.8) than ob-
served for typical conditions at any of the climatological sites
(∼ 1.3–1.5). The cases of smoke observed at Monterey have
a higher SSA to these sites, perhaps suggesting more smoul-
dering combustion; SSA is more similar to that from boreal
burning at, for example, Bonanza Creek, althoughg at Mon-
terey is more similar to that at Cuiaba. Smoke properties at
Trinidad Head in northern California tend to be more similar
to smoke from Alta Floresta (perhaps reflecting a dominance
of wood-burning fires).

African burning sites show the strongest absorption; a
“river of smoke” is often responsible for transporting smoke-
laden air masses from burning near Skukuza out to the south-
east (Swap et al., 2003), and thus the aerosols observed
at Skukuza and Inhaca have similar optical properties. As-
cension Island samples air masses including mixed Saha-
ran/Sahelian dust and smoke aerosols from November to
February, and central African smoke from June to Novem-
ber (Ben-Ami et al., 2009; Adams et al., 2012); only this
second period contributed to the cases shown here. At this
site,σf and SSA are a very close match to data from Mongu,
while coarse-mode properties (not shown) are similar to the
pure maritime case (Sayer et al., 2012b). However,rv,f is
about 0.02 µm larger at Ascension Island than Mongu, which
leads to a slightly weaker spectral dependence of AOD, and
fine-modeg larger by typically 0.05–0.1. Ascension Island
is fairly remote and in a harsh environment (exposed to salt
from breaking waves, which may deposit on the instrument),
which can lead to instrument problems more frequently than
at some other AERONET sites. The most common symptom
of these problems is an anomalously low SSA (typically up
to 0.1 lower than expected), while retrieved size distribution
parameters and direct-sun spectral AOD are less strongly af-
fected. However, the AERONET inversions and source sky
radiance data from Ascension Island were examined and no
evidence of calibration/contamination problems was found
for the data used here.

Therefore it is likely that the higherrv,f at Ascension Is-
land than Mongu is a real characteristic of the aerosol trans-
ported to this area, rather than an artefact. The most likely
reasons include additional ageing (examination of HYSPLIT
back-trajectories for these cases suggests the air masses left
the African continent∼ 5 days before arriving at Ascension
Island) and the possibility that properties of the freshly emit-
ted aerosol are different from those near Mongu. Some air
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Figure 13.Maps of median(a) SSA at 440 nm, and(b) SSA change
from 440 to 870 nm (positive values indicate higher absorption at
870 nm) at the sites used in this study.

masses reaching Ascension Island pass over parts of Africa
north of Mongu, which are more heavily forested (Roberts
et al., 2009; Adams et al., 2012), and could lead to differ-
ent typical optical properties compared to savannah burning
(Ward et al., 1996; Reid et al., 2005b). Unfortunately, there
are no AERONET sites in this part of Africa.

Coarse-mode properties (not shown) show more diversity
between sites, and also often differ from pure marine aerosol
properties (Sayer et al., 2012b), although as the coarse-mode
contribution to total AOD is minor this is not likely to be a
significant source of error, particularly if the optical models
are used to represent only the fine-mode aerosols.

Overall, these results imply that additional ageing or air
mass mixing of these smoke-laden aerosol columns during
transport changes their optical properties generally to a lesser
extent than (i.e. within the range of) the variability of smoke
from different source regions. The main conclusion from this
is that the range of optical models based on fine-mode smoke
aerosol inversions near source regions are also representative
of the range of optical properties of smoke transported over
the ocean, and therefore suitable for use in satellite AOD re-
trievals far from source regions (e.g. over ocean), although
the optical properties for a given ecosystem type can in some
cases differ.

5 Implications for satellite AOD retrievals

Figure 4 revealed that the “fine-dominated” aerosol mi-
crophysical model used in over-ocean SeaWiFS processing
(Sayer et al., 2012a) is intermediate in strength of absorp-
tion between the more weakly absorbing boreal sites, and the
more strongly absorbing tropical forest and grass/shrubland
sites. Therefore, use of this model to retrieve AOD from
satellite measurements in these latter cases is likely to result
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in an underestimate of AOD (or conversely overestimated
AOD for cases of weakly absorbing smoke). The most ab-
sorbing fine-mode aerosol component in the widely used
MODIS operational processing over ocean is slightly less ab-
sorbing than this SeaWiFS model (Remer et al., 2009). This
suggests that the over-ocean AOD from some regional smoke
aerosols in both of these data sets, which are large and sea-
sonally repeating features in some parts of the world but have
been validated only sparsely due to a lack of ground truth
data in some regions, may be underestimated. In contrast,
the MISR aerosol mixtures include aerosols with a midvisi-
ble SSA down to about 0.8 (Kahn et al., 2010), which covers
a greater range of the observed variability in SSA. All al-
gorithms also include effectively nonabsorbing aerosol mod-
els. In addition to reported biases over ocean (e.g.Zhang and
Reid, 2006), it is worth mentioning that incorrect SSA also
leads to biased AOD retrievals over land (see, e.g.Ichoku
et al., 2003; Hyer et al., 2011; andEck et al., 2013, for smoke
examples).

Turning to observations, Fig.14 compares midvisible
AOD from these satellite products against AERONET direct-
sun data at Ascension Island. This site is chosen as its loca-
tion and atmospheric circulation permit filtering to include
only cases of transported smoke, with reasonable confidence.
The most recent versions of the satellite products are used:
MODIS Collection 6 (Aqua data only; Terra data are not yet
available), SeaWiFS version 4, and MISR version 22. Sev-
eral filters are applied to the AERONET data. First, data from
November to February are excluded to minimise the contri-
bution from transported dust, which mostly happens in this
season, while smoke transport is most frequent from June to
November (Ben-Ami et al., 2009; Adams et al., 2012). Sec-
ond, data withτ550 < 0.1 orα < 0.8 are excluded, as the for-
mer cases are likely dominated by maritime aerosols, and the
latter likely have little contributions from fine-mode (smoke)
aerosols. This removes∼ 75 % of the data but increases con-
fidence of the influence of smoke aerosols (mixed with ma-
rine aerosols) in the remaining points. Other than these fil-
ters, the satellite–AERONET matchup protocol is as inSayer
et al. (2012a); namely, AERONET data are spectrally inter-
polated to 550 nm and averaged within± 30 min of the satel-
lite overpass, and satellite data are averaged within± 25 km
of the AERONET site and restricted to only those retrievals
meeting the data set creators’ recommended quality assur-
ance flags.

The positive bias of MODIS and MISR data in low-AOD
conditions (0–0.2), and smaller SeaWiFS bias in these condi-
tions, has been noted in previous studies (Kahn et al., 2010;
Shi et al., 2011; Sayer et al., 2012a, c). However, all data sets
exhibit a low bias in AOD in conditions of elevated AOD.
This is most notable in SeaWiFS, where a weakly absorb-
ing (ω0 ∼ 0.99) model is often chosen. Note that the linear
fits are shown in Fig.14 as a guideline only, as the regres-
sions are subject to high uncertainty due to a fairly small data
volume (especially for MISR) and the decreasing number
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Figure 14. Error on retrieved AOD at 550 nm as a function of
AERONET AOD at 550 nm, from MODIS, SeaWiFS, and MISR
data products at Ascension Island, excluding likely maritime or
dust-dominated cases. Coloured lines indicate the least-squares lin-
ear fit of bias vs. AOD for each data set. The number of matches for
each sensor is shown in parentheses.

of matchups as AOD increases. Interestingly, although the
current MISR algorithm includes strongly absorbing aerosol
mixtures, the change of bias from low-AOD to high-AOD
conditions is similar to that in MODIS data. This suggests
that these mixtures may not always be chosen when needed
(and the selection of an appropriate aerosol optical model to
use in a system with a limited information content is a diffi-
cult problem in itself).

To test the effect of aerosol absorption on satellite mea-
surements, the 6S radiative transfer code (Vermote et al.,
1997) was used to simulate TOA reflectance at wavelengths
used for AOD retrieval by these sensors, for a variety of ge-
ometries, over an ocean surface with 6 m s−1 wind speed.
Three aerosol types were considered: strongly absorbing
aerosol using the model for Mongu (Table2; ω0 ∼ 0.85
at 440 nm), moderately absorbing aerosol using the fine-
dominated model ofSayer et al.(2012a) (ω0 ∼ 0.95 at
440 nm), and the pure marine model ofSayer et al.(2012b)
(ω0 ∼ 0.99 at 440 nm). Then, for each wavelength simulated,
the two latter models were used to retrieve AOD (reported
relative to 550 nm) in each band, taking the Mongu case as
“truth”, and so calculate the AOD retrieval error. Although
this does not mirror how the previously mentioned individual
satellite algorithms function, which would be out of the scope
of this study, it does provide a direct comparative baseline of
the sensitivity of each wavelength to the assumed strength of
aerosol absorption.

Figure15illustrates the results of this test for a solar zenith
angle of 45◦, viewing zenith angle of 10◦, and relative az-
imuth angle of 135◦. Similar patterns are observed at other
common sun/sensor viewing geometries (not shown). This
figure shows the increase of TOA reflectance with AOD,
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Figure 15. TOA reflectance and AOD retrieval errors for four wavelengths. Panels(a–d) show TOA reflectance as a function ofτ550, for
strongly (black), moderately (red), and weakly (blue) absorbing aerosol microphysical models over ocean. Panels(e–h) show the error in
AOD which would be retrieved if measurements at that wavelength were used and a moderately or weakly absorbing aerosol assumed, if the
true aerosol were instead strongly absorbing.

with the increase being less pronounced for more strongly
absorbing aerosols, leading to a low bias in retrieved AOD
if the real aerosol is less absorbing than assumed. The dif-
ference is larger for shorter wavelengths, linked to the larger
aerosol signal and increased Rayleigh–aerosol interactions.
This lends support to the interpretation of Fig.14, although
other factors (e.g. surface reflectance, calibration, pixel selec-
tion) may also contribute, and suggests that future versions
of satellite AOD retrieval algorithms should include an ana-
logue for these strongly absorbing aerosol particles.

6 Conclusions

Biomass burning is one of the major contributors to the
global aerosol burden, with both natural and anthropogenic
sources. The analysis of AERONET retrievals of size distri-
bution and refractive index revealed considerable variety be-
tween microphysical and optical properties of biomass burn-
ing aerosols in different global source regions. In line with
previous analyses, retrieved fine-mode radius tends to in-
crease with AOD; increases in fine-mode width as a func-
tion of AOD were also observed, but had not been re-
ported by previous studies for smoke aerosols (e.g. the early
AERONET database used byDubovik et al., 2002). The
gradients of these relationships differ between the sites, al-
though the site-to-site variability of size distribution parame-
ters could be similar to that within a single site. A corollary of
the AOD dependence is that techniques such ask-means clus-
tering, which can be very sensitive to the clustering variables
used and their dynamic range, may not be suitable for iden-

tifying properties characteristic of different biomass burn-
ing types, because of the interrelationships of microphysi-
cal/optical properties with each other and with AOD. As a re-
sult, the analysis was performed on a site-by-site basis, rather
than attempting a cluster analysis on the data set as a whole.

Of the 10 sites studied, the scatter of AERONET-
retrieved microphysical/optical parameters around the AOD-
dependent regression relationships was generally within the
AERONET uncertainty at six sites. This supports the use of
these relationships as optical models to represent climatolog-
ical aerosol properties representative of these biomass burn-
ing regions. Boreal sites (Bonanza Creek, Moscow, Tomsk
22, and Yakutsk) exhibited slightly increased scatter, at-
tributed to potentially different optical properties from sam-
pled burning of boreal forests and peat (and potentially an
urban influence at Moscow), and may additionally sample
smoke transported around the Northern Hemisphere,a pro-
cess which can take several weeks (Damoah et al., 2004),
during which additional ageing may occur. These boreal sites
are characterised by comparatively large fine-mode particles
and broader size distributions, with weaker and nearly spec-
trally neutral absorption (typical SSA of 0.95–0.97). At the
other extreme are sites dominated by grass/shrub burning
(smaller particles with narrower distributions and stronger
absorption, SSA∼ 0.88–0.9, becoming more strongly ab-
sorbing as wavelength increases from 440 to 1020 nm). Alta
Floresta (primarily tropical forest burning, with contributions
from grassland) is intermediate between these two groups,
with similar size distribution properties to the grass/shrub
sites (e.g. the comparatively nearby Cuiaba), but higher SSA
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due to the imaginary part of refractive index being approx-
imately one-third lower than these other sites. Mongu in
the southern African savannah exhibits strongest absorption,
with an average SSA around 0.85 in the midvisible, although
this varies through the burning season (Eck et al., 2013).

Derived aerosol properties were found to be within a sim-
ilar range to those observed in other studies by a variety of
techniques (e.g. reviews byReid et al., 2005a, b); an advan-
tage of AERONET is the long-term nature of observations
at some sites, and consistency in observation, retrieval, and
quality assurance procedures between sites, making it a use-
ful tool for region-to-region comparisons of this type. The
main advances over the previous AERONET-based analysis
by Dubovik et al.(2002) are use of the updated AERONET
version 2 inversion algorithm, longer time series, expanded
range of biomass burning sites considered, and presentation
of complete sets of microphysical/optical properties required
for a range of radiative transfer calculations, including as-
sessments of extension into the UV spectral range and the
lidar ratio.

These results can serve as candidate sets of aerosol micro-
physical/optical properties for use in satellite AOD retrievals,
which are reliant on assumptions about aerosol properties
due to the limited information content available from exist-
ing passive spaceborne imaging radiometers. This does not,
however, alleviate the difficulty of assuring that an appropri-
ate microphysical model is used for any particular individ-
ual pixel-level satellite retrieval. Additionally, case studies of
smoke retrievals at coastal/island AERONET sites were ex-
amined and also frequently fell within the range of variability
for these near-source sites. The similarity between these two
data sets implies that these models can be used for satellite
AOD retrieval over ocean, as well as over land.

As these models represent the climatological properties of
biomass burning at these sites, they cannot capture the full
range of variability at a given site, but variability between
sites tends to be larger than variability within individual sites.
At a given site the models are generally able to reproduce
the median spectral AOD to within∼ 5 %, which would then
represent a likely practical lower bound that such retrieval al-
gorithms for satellite sensors could achieve on spectral AOD
by using them (although there is some dependence on site
and wavelength). Larger uncertainties tend to be found at UV
wavelengths, and further improvement may require moving
beyond the bimodal lognormal size distribution approxima-
tion.

Despite different underlying physical sources and chemi-
cal compositions, optical properties between some sites are
similar to each other, and to typical optical properties for
urban/industrial aerosol mixtures. This suggests both that a
small set of optical properties may be useful for represent-
ing a range of smoke and mixed smoke and urban aerosols in
radiative transfer calculations, but also that inferring aerosol
composition or origin may often not be possible from some
observable optical properties alone.

A low bias has been found previously in some satellite
AOD data sets for cases of smoke aerosols (e.g.Zhang and
Reid, 2006; Kahn et al., 2010; Hyer et al., 2011; Shi et al.,
2011; Sayer et al., 2012a). The optical models used in these
satellite algorithms often do not encompass the lower end of
the SSA associated with AERONET inversions of biomass
burning, and the magnitude of biases in satellite AOD are
generally consistent with radiative transfer simulations in-
vestigating the effect of inappropriate SSA assumptions on
satellite measurements. Thus, it is likely that these assump-
tions make a notable contribution to the total retrieval error.
As these satellite data sets are increasingly used in climate
applications, and as an evaluation tool for chemistry transport
models, this is potentially a significant shortcoming. Rare
cases of Sahelian smoke where the fine mode is optically-
dominant suggest that even stronger absorption may be seen
(Johnson et al., 2008; Eck et al., 2010), which would fur-
ther exacerbate these biases (although in this particular sit-
uation the smoke is almost always mixed with more weakly
absorbing dust). Until the launch of future satellite sensors
with increased measurement capabilities, it is important that
the continual evolution of algorithms using existing sensors
includes the adoption of more realistic aerosol microphysical
models as our knowledge of aerosol properties increases.
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