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a b s t r a c t

We present an aerosol classification based on AERONET aerosol data from 1993 to 2012. We used the
AERONET Level 2.0 almucantar aerosol retrieval products to define several reference aerosol clusters
which are characteristic of the following general aerosol types: Urban-Industrial, Biomass Burning,
Mixed Aerosol, Dust, and Maritime. The classification of a particular aerosol observation as one of these
aerosol types is determined by its five-dimensional Mahalanobis distance to each reference cluster. We
have calculated the fractional aerosol type distribution at 190 AERONET sites, as well as the monthly
variation in aerosol type at those locations. The results are presented on a global map and individually in
the supplementary material. Our aerosol typing is based on recognizing that different geographic regions
exhibit characteristic aerosol types. To generate reference clusters we only keep data points that lie
within a Mahalanobis distance of 2 from the centroid. Our aerosol characterization is based on the
AERONET retrieved quantities, therefore it does not include low optical depth values. The analysis is
based on “point sources” (the AERONET sites) rather than globally distributed values. The classifications
obtained will be useful in interpreting aerosol retrievals from satellite borne instruments.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Studies of the Earth’s climate and its temporal variations require
having a detailed knowledge of gases and aerosol particles in the
atmosphere, including their optical properties, concentrations and
distributions. Aerosols are short lived, highly heterogeneous, and
difficult to characterize on a global or regional scale. It is well
known that the effect of aerosols is one of the greatest uncertainties
in carrying out climate studies. For example the IPCC Assessment
).
(IPCC AR5 (2013)) characterize aerosol-cloud interaction as having
a low confidence level. The aerosol radiation interaction confidence
level is characterized as high to medium, but both aerosol effects
have large uncertainty ranges. Since in situ aerosol measurements
are limited in time and space, a great deal of effort has gone into
measuring aerosols from orbiting spacecraft. Space-borne in-
struments that give information on aerosols include CALIPSO
(Omar et al. (2009)), MODIS (Remer et al. (2008)), MISR (Levy et al.
(2007)), and POLDER (Kacenelenbogen et al. (2006)). These systems
yield extensive information about the geographic and temporal
aerosol distribution (usually in terms of optical depth). Some sat-
ellite systems also measure or derive various optical parameters
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such as polarization or backscatter ratio that might be useful in
determining aerosol type. But the determination of aerosol type by
remote sensing is a difficult problem. One of the purposes of this
paper is to show that the aerosol type can be reasonably deter-
mined using a limited amount of information on the aerosol’s op-
tical properties. We based our analysis on data from the ground-
based network of sun photometers called AERONET (for AErosol
RObotic NETwork) Holben et al. (1998). Previous studies which also
used the AERONET optical properties to identify aerosol types
generally concentrated on the single scattering albedo (Leahy et al.
(2007), Johnson et al. (2009), Muller et al. (2010), Toledano et al.
(2011)) and/or the extinction and absorption angstrom exponents
(Bergstrom et al. (2007), Russell et al. (2010)).

In this paper we used five retrieved AERONET optical properties
and a Mahalanobis distance analysis to identify aerosol types and
their seasonal variation for nearly 200 AERONET sites. We also
present regional overviews of aerosol types by continent and
globally. A modified version of the methodology used here was
applied by Russell et al. (2014) who focussed primarily on the
classification of aerosol types using the Mahalanobis distances (as
also done in this study) and the Wilks’ lambda distribution (not
done in this study) and compared the aerosol types thus obtained
with those determined by POLDER. Our methodology is similar but
we use a different set of reference clusters and apply it to a much
larger population of the AERONET data set to determine (a) the
distribution of aerosol types at each location, (b) the seasonal
dependence of aerosol type, and (c) the world-wide distribution of
aerosol types. We also consider problems associated with this
technique, as in the difficulty in identifying aerosol type in Bonanza
Creek (Alaska), Mexico City, and some South-East Asian cities.
Furthermore, we incorporated maritime aerosol in our analysis by
using the relative humidity (obtained from meteorological data)
and calculating the expected optical properties of salt solution
droplets. Our results quantify the relative percentage of aerosol
types at AERONET sites on a climatological basis, which can
potentially be used as initial estimates to compare with or be used
by satellite retrievals and modeling platforms.

Particular mention should be made of three studies that
generated global aerosol climatologies, namely, the papers of Kahn
et al. (2001), Omar et al. (2005) and Taylor et al. (2015). These pa-
pers differ from the present study in that all of them used k-means
clustering to determine the appropriate aerosol clusters for their
climatology. Kahn et al. (2001) used six models that evaluated the
transport of one or more of the four components: (1) sulfate (2)
carbonaceous (3) dust and (4) sea salt. Kahn et al. (2001) used the
output of these models to generate a global grid of monthly esti-
mates of optical depth and the fraction of each component at each
point of the grid. They found that it was possible to represent the
aerosol using 13 different fractional combinations of the four
components. They used a k-means clustering algorithm to locate
the centroids of the clusters of the 13 “air mass types.” They then
generated global maps for January, April, July and October, showing
the global aerosol distribution of the 13 representative air mass
types.

Omar et al. (2005) used the AERONET data set (level 1) up to the
end of 2002, and carried out a k-means cluster analysis. This
analysis led them to conclude that the AERONET aerosol products
formed 6 distinct clusters that they denoted as: (1) dust (2) biomass
burning (3) rural or background (4) industrial pollution (5) polluted
marine and (6) dirty pollution. They discussed the properties of
each category and described the location and seasonal dependence
of the various clusters. For example, the cluster denoted “dirty
pollution” has optical properties that suggest that this cluster likely
represents “flaming” combustion, while the “biomass burning”
cluster has higher single scattering albedo and real refractive index
and lower imaginary refractive index and likely represents “smol-
dering” combustion. They show on a global map the locations of the
AERONET sites that are most representative of the each of the 6
categories.

Taylor et al. (2015) in an interesting and important paper used
the aerosol optical depths generated by the GOCART model over a
period of 7 years. They used a k-means clustering algorithm and
found that the optimal number of clusters was 10. They assumed
each cluster was composed of various proportions of the following
aerosol types: (1) biomass burning (2) sulfate (3) dust (4) marine.
For example, Cluster 1, denoted “Sulfurous dusty SMOKE” is
composed of 27% sulfate, 31% dust and 36% biomass burning (i.e.,
smoke). Taylor et al. (2015) then plotted multiyear maps showing
the geographic and seasonal distribution of the various clusters.
Given these maps, they then identified AERONET sites that are
located in a region dominated by a particular cluster. This allowed
them to determine the optical properties associated with each
cluster. Thus, for example, Cluster 1 at 440 nm has single scattering
albedo of 0.93, real refractive index of 1.449 and imaginary
refractive index of 0.01.

Note that the papers by Kahn et al., Omar et al., and Taylor et al.
all used k-means clustering to define the clusters they used to
generate their climatologies. In our study we defined 5 clusters in a
significantly different way as described in Section 3.1.1 below. In a
general sense, our clusters are defined geographically rather than
by composition or as a consequence of clustering analysis.

In Section 2 we briefly describe our methodology. In Section 3
we consider the reference clusters used in our study. Section 4
gives an overview of our results for a number of specific AERO-
NET sites, presenting pie charts and month by month histograms of
the aerosol types at various locations as determined by our tech-
nique (The plots presented for selected sites in Section 4 are given
for all 190 sites in the supplementary material). Section 5 presents
an AERONET based aerosol climatology on a continental and global
basis.

2. Methodology

2.1. The AERONET network

The data generated by the AERONET network of sun photome-
ters span several decades in time and are spread out geographically
around the Earth. Measurements are performed by CIMEL spectral
radiometers that measure both the solar and sky radiances. The
web page for this federated network lists over 650 globally
distributed instrumented sites for which level 2 data can be
downloaded. The AERONET instruments perform measurements
several times a day in mostly cloud-free conditions. The basic
physical quantities obtained by the CIMEL instruments are aerosol
optical depth (AOD) and sky radiances in several wavelength bands
between 340 and 1640 nm (Holben et al. (1998)). The spectral AOD
and almucantar sky radiances are inverted to determine additional
aerosol properties including volume distribution, complex index of
refraction, and single scattering albedo at the four nominal wave-
lengths of 440, 675, 870 and 1020 nm. AERONET utilizes the
inversion algorithm developed by Dubovik and King (2000) that
was expanded upon by Dubovik et al. (2000, 2002, 2006). The al-
gorithm fits the measured radiances at the four wavelengths to a
radiative transfer model. The aerosol properties are derived with a
minimum of assumptions.

This long-term database of high quality optical, microphysical
and radiative properties of the aerosol column at numerous sites
around the Earth is a particularly attractive factor in performing
aerosol classification analysis. In this study the AERONET version 2
Level 2.0 AOD and almucantar retrieval data were obtained from
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the AERONET web site (http://aeronet.gsfc.nasa.gov). These data
sets are cloud screened and quality assured (Smirnov et al. (2000),
Holben et al. (2006)). The uncertainty in AOD varies from s to ±0.02,
increasing with wavelength (Holben et al. (1998)).

2.2. AERONET derived aerosol properties used in this study

We now define the aerosol optical properties obtained from the
AERONET data sets that were used in this study.

The Extinction Angstrom Exponent (EAE) is the slope of the
extinction optical thickness curve as a function of wavelength.
(Extinction is defined as absorption plus scattering). EAE is calcu-
lated using the aerosol extinction optical thickness (EOT) at 870 and
440 nm, thus:

EAE ¼ �logðEOTð870ÞÞ � logðEOTð440ÞÞ
logð870Þ � logð440Þ :

The Absorption Angstrom Exponent (AAE) is the slope of the
aerosol absorption optical thickness curve as a function of wave-
length. It is calculated using the aerosol absorption optical thick-
ness (AAOT) at 870 and 440 nm, thus:

AAE ¼ �logðAAOTð870ÞÞ � logðAAOTð440ÞÞ
logð870Þ � logð440Þ :

Single Scattering Albedo (SSA) is the ratio of scattering to total
extinction:

SSA ¼ Scattering
Scatteringþ Absorption

:

The uncertainty in SSA is ±0.03 (Dubovik et al. (2002)). A low
value of SSA implies the aerosol is highly absorbing. The AERONET
inversions yield values for SSA at the four standard wavelengths:
440, 675, 870 and 1020 nm. Values of the 440 nm SSA obtained for
optical depths less than 0.4 are not routinely included in the Level 2
(high quality) AERONET data set. In this study we used AERONET
values for SSA at 440 nm.

Index of Refraction. The real index of refraction (RRI) and the
imaginary index of refraction (IRI) are also AERONET derived
quantities; these are given at the four standard wavelengths
mentioned above. In this studywe routinely used values for RRI and
IRI at 440 nm.

As noted by Schuster et al. (2005) the real part of the index of
refraction (RRI) decreases as the water content of the aerosol in-
creases. The imaginary part (IRI) is independent of the real part and
increases with the absorptivity of the aerosol.

The uncertainty in real index of refraction is 0.04 and the
imaginary index of refraction uncertainty is 30e50%. (Dubovik et al.
(2000, 2002)). These indices as well as the single scattering albedo
are not differentiated according to mode (coarse mode and fine
mode), however, studies by Leahy et al. (2007), Johnson et al.
(2009), Muller et al. (2010) and Toledano et al. (2011) all show
good agreement (within instrument uncertainty) between in situ
SSA measurements and AERONET retrieved values.

Other Parameters. The five parameters described above (EAE,
AAE, SSA, RRI, IRI) comprise the fundamental set of aerosol prop-
erties that we use in our analysis. However, we have also consid-
ered using the sphericity and the ratio of fine mode volume density
to total (fine plus coarse) volume density where the volume con-
centration (mm3/mm2) is defined by

CV ¼
Zrmax

rmin

dVðrÞ
dln r

dðln rÞ:
Taylor et al. (2015) point out that fine mode fraction and percent
sphericity can be used to determine aerosol type. The AERONET
inversions generate a value for the percent sphericity of the parti-
cles (Dubovik et al. (2006)) and this can be used to distinguish
between dust (sand) particles that are expected to have a very low
sphericity, and, for example, maritime particles that are expected to
be highly spherical. We found that this parameter is not always
helpful because the AERONET V2 archive does not include values
for the sphericity if the optical depth (t440) is less than 0.2. It might
be noted that the sphericity parameter is generally only valid for
EAE <1 because as shown by Giles et al. (2011) there is a high
variability in the parameter for EAE >1. This is not a problem,
because both dust and maritime aerosols tend to have EAE <1.
However, if we were to use the sphericity as a standard parameter
in our analysis, measurements for which sphericity is not calculated
would be unusable and we would lose many values at interesting
sites. Consequently, we normally carry out our calculations using
the five fundamental parameters mentioned above, but in checking
for maritime aerosol we require that if the sphericity parameter is
given, it must be greater than 80%. We decided not to use the
volume ratio for reasons presented in Section 2.4.
2.3. The Mahalanobis distance

The technique we use to determine the aerosol type that best
fits a particular measurement is based on a statistical quantity
developed by Mahalanobis (1936). The dimensionless “Mahalano-
bis distance” is a measure of how far a particular measurement is
from the centroid of a reference cluster. A particularly useful
property of the Mahalanobis distance (MD) is that there is no limit
to the number of variables that can be used to evaluate it. In the
analysis presented here we used the five variables EAE, AAE, SSA,
RRI and IRI to evaluate the MD. We experimented with using more
variables, including sphericity and volume ratio as well as indices of
refraction and single scattering albedo at different wavelengths.
(We normally obtain 5-dimensional Mahalanobis distances, but if
we use, say, 7 parameters, then the comparison has to bemadewith
reference clusters containing 7 parameters and the Mahalanobis
distance is 7-dimensional). In general, using more parameters
meant that the number of usable data sets decreased, due to
missing data points, and did not have significant effects on the
aerosol types (with the notable exception of volume ratio and the
“mixed aerosol” category).

The Mahalanobis distance is calculated as follows. Let
x ¼ (x1,x2,/,xN)T represent an N-dimensional vector whose com-
ponents are the values of N parameters of a “test point” x. Consider
a cluster of values with means given by the vector
m ¼ ðm1;m2;/;mNÞT .

Then the Mahalanobis distance from the test point to the cluster
is defined by

DM ¼
h
ðx �mÞTS�1ðx �mÞ

i1=2
;

where S ¼ cov(xi,xj) is the covariance matrix whose elements are
defined by

S ¼ E½ðx �mÞðx �mÞ�T:
Here E is the “expectation” which in our case is just the mean

value. The covariance matrix allows one to account for the diffu-
siveness of a cluster (related to the standard deviations that are the
diagonal elements of S) and cross-correlations among different
dimensions of a cluster (the off-diagonal elements of S).

http://aeronet.gsfc.nasa.gov
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2.4. Sensitivity analysis

We carried out a number of tests to determine the effect of using
different parameters in our Mahalanobis calculations. For example,
instead of using the 440 nm values for SSA, RRI and IRI we used the
675 nm values. This caused very little change in the aerosol iden-
tification (changes were generally less than 2%). We associate the
small changes with the fact that data points that are near the
“border” between two clusters may get reclassified when the
clusters are redefined. That is, it is reasonable to expect that
changing the reference clusters will have an effect on data points
that lie near the boundary of the region of influence of one cluster
and another. In another test, we replace the imaginary index of
refractionwith the sphericity. Once again, the change was minimal,
however the AERONET data does not always retrieve the sphericity,
so the number of usable data points was smaller. Howeverwhenwe
used the volume ratio as a parameter, there was a significant effect
on the “mixed” aerosol classification, and for many sites, the
dominant aerosol type was changed from mixed to urban indus-
trial. Recall that the AERONET retrieval assumes a bi-normal size
distribution and uses the same index of refraction for both modes.
Our results suggest that this may not be appropriate for mixed
aerosols. As a consequence of our sensitivity tests we decided to use
EAE, AAE, SSA, RRI and IRI as our standard set of parameters.

As described below, we use a large number of appropriate sites
to define each reference cluster. After doing this, we discard all
points that lie further than a Mahalanobis distance of 2 from the
centroid. Consequently, the reference clusters have very little
dependence on any particular site.

3. Reference aerosol clusters

3.1. Various reference Aerosol types

As mentioned, our technique involves determining the Maha-
lanobis distance of a point from the centroid of a reference aerosol
cluster. Each reference cluster should be characteristic of a partic-
ular type of aerosol. To obtain a set of reference clusters, we asso-
ciated a specific type of aerosol with a given location (as was done
by Cattrall et al. (2005)). Thus, one expects urban industrial aerosols
in locations such as Washington, D.C., Hamburg, Lille, Moscow, etc.
Similarly, aerosols frombiomass burning are expected at sites in the
Amazon and Southern Africa. Dust is prevalent in Saudi Arabia, and
maritime aerosols are found on islands and coastal locations.
However, the aerosols of many cities in Asia do not fit into any of
these categories. Cattrall et al. defined a category called “South-East
Asian Aerosol,” but we found that this type of aerosol, although
prevalent in Asia, is also present at other locations. Consequently,
we classified it as “Mixed Aerosol,” following the nomenclature of
Giles et al. (2012). In this work we used five reference clusters
denoted Urban Industrial, Biomass Burning, Mixed Aerosol, Dust,
and Maritime.

It should be noted that these reference clusters are based on the
locations where they are found, and not on their composition. It is
perhaps more logical to generate a set of clusters based on
composition, such as sulfate, nitrate, black carbon, brown carbon,
sea salts and mineral dusts such as Montmorillonite. In fact, this is
to some degree the approach of Taylor et al. (2015) who assumed
aerosols were different combinations of four substances, biomass
burning, sulfate, dust and sea salt, based on the GOCART transport
model. However, we have chosen to base our study on the AERO-
NET retrievals that make no a priori assumption on the composition
of the particles.

There have been numerous attempts to classify aerosols, each
using a different definition of aerosol types. For example, the
CALIPSO analysis assumes six aerosol types, denoted clean conti-
nental, clean marine, dust, polluted continental, polluted dust, and
smoke (Omar et al., 2013). The MODIS system (version C5) uses five
aerosol models, which are described in detail by Levy et al. (2007),
Mielonen et al. (2010), and in the MODIS ATDB by Remer et al.
(2004). The models are: continental, dust, non-absorbing, neutral
and absorbing. They were modified from the results of Dubovik
et al. (2002). Curier et al. (2008) indicate that OMI uses 24
different aerosol models of which 10 are classified as “weakly
absorbing,” 9 are carbonaceous aerosol models, 4 are dust models
and 1 is a volcanic ash model. These are differentiated from one
another by the values of the geometric mean radii, the standard
deviations of the two modes, the number fraction of the second
mode, and the indices of refraction. In their analysis of AERONET
aerosol measurements, J. Lee et al. (2010) categorized aerosols as
dust, black carbon, non-absorbing anthropogenic aerosol (sulfates
in the fine mode and sea salt in coarse mode) and mixed aerosol
(defined as aerosols whose fine mode fraction is between 0.4 and
0.6). Russell et al. (2010), Giles et al. (2011, 2012) used AAE and EAE
to determine the dominant absorbing aerosol type in the aerosol
mixture. Giles et al. (2012) expanded upon Russell et al. (2010) and
J. Lee et al. (2010) by using AERONET Version 2, Level 2.0 data to
classify dominant aerosol types (i.e., urban industrial, biomass
burning, dust and mixed) based on typical aerosol source regions
using SSA and AAE as a function of EAE and fine mode fraction of
the AOD. Giles et al. (2012) showed that SSA and EAE provide the
most distinct reference aerosol type clusters of the 2-D combina-
tions analyzed using Voronoi clustering. They presented scatter
plots of absorption angstrom exponent vs. extinction angstrom
exponent and of absorption angstrom exponent vs. fine mode
aerosol fraction, showing the distinctions between “Mostly Dust”,
“Mostly B.C.” and “Mixed B.C. and Dust.” Burton et al. (2012) used
values obtained with an airborne high spectral resolution lidar to
define eight aerosol types. The AeroCom model intercomparison
(Kinne et al. (2006)) used five aerosol types denoted sulfate, organic
carbon, black carbon, mineral dust and sea-salt.

Thus, each attempt to identify aerosol type tends to use a
somewhat different way of defining the aerosol type. The choice of
parameters, as is only natural, is based on the measurement char-
acteristics of the particular instrument under consideration.
Nevertheless, we can appreciate that our classifications are
reasonably in line with what has been chosen by other
investigators.

3.1.1. Choice of reference aerosol clusters
As mentioned, we use the Mahalanobis distance from a specific

AERONET measurement to a set of reference aerosol clusters and
classify the aerosol according to its “distance” from the reference
clusters. The technique yields a quantifiable metric that indicates
how “close” we are to a particular aerosol type. The procedure
depends on having a set of reference clusters that are characteristic
of a particular aerosol type.

In this sectionwe define a set of reference clusters using the five
aerosol types mentioned above. However, we will also briefly
mention alternative reference clusters in which some of the cate-
gories were split into two. For example, we considered including
two types of biomass burning aerosols, one based on sites that
primarily had flaming fires and the other on sites that primarily had
smoldering fires (e.g., Giles et al. (2012)). Similarly, we considered
the differences between Arabian dust and African dust and be-
tween Urban Industrial aerosols in North America and Europe. (In
the analysis presented here we did not include results obtained
with the alternative reference clusters because we feel that the
statistical tools we are using do not differentiate in a meaningful
way between, say, desert dust from Arabia and desert dust from
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Africa).
The basis for our aerosol classification is the fact that aerosols in

different regions tend to have different optical properties. However,
we should keep in mind that different kinds of aerosols are actually
differentiated by their microphysical and optical properties. As
stated by Twomey (1977), “To describe fully even a single particle…
would be difficult: one would need to specify geometry, di-
mensions, composition and spatial distribution of several compo-
nents … It would be a totally impossible task to categorize fully
these details for a population of aerosol particles …” Although we
agree with Twomey’s assessment, we believe that it is possible to
make a reasonable identification of aerosol types using a small set
of optical parameters, such as those generated by AERONET.

As an illustration of our procedure, let us consider just two of
these optical properties, namely the Single Scattering Albedo (at
440 nm) and the Extinction Angstrom Exponent (870/440 nm/nm).
Fig. 1 is a scatter plot of the values of SSA vs. EAE for the following
locations: Goddard Space Flight Center (GSFC) near Washington
D.C., Mongu (Zambia), Solar Village (Saudi Arabia), and Bac Giang, a
city in northern Vietnam. Note that the points are individual AER-
ONET retrieved values of SSA and EAE .

These four sites were selected because they are in geographic
locations where one might expect certain characteristic aerosols.
The separation of the clusters in Fig. 1 leads to the reasonable
assumption that the different clusters represent different kinds of
aerosols. The black dots from GSFC presumably represent urban
industrial pollution, the Mongu aerosols are almost certainly the
products of biomass burning, and the Solar Village aerosol is pri-
marily dust. Bac Giang (as well asmany other sites in Asia) present a
type of aerosol that is different from the others, as can be appre-
ciated from the figure. It has been suggested that this is “polluted
dust” (a CALIPSO aerosol category, Omar et al. (2013)) but the values
of SSA extend to lower values than either dust (orange) or urban
pollution (black). Cattrall et al. (2005) classified such aerosols as
“S.E. Asia”, probably because this type of aerosol is commonly found
in Asia. Nevertheless, it is also found in other regions, so the term
“Asian Aerosol” is not appropriate. We use the nomenclature of
Giles et al. (2012) and refer to this aerosol type as “mixed.” Leaving
aside the question of the actual composition of the mixed aerosol,
Fig. 1. Scatter plots of Single Scattering Albedo at 440 nm vs. Extinction Angstrom
Exponent (870/440) for the following sites: Goddard Space Flight Center (black dots),
Mongu (green dots), Solar Village (orange dots) and Bac Giang (dak red dots). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
we note that it has optical properties that differ from those of the
other clusters and deserves to be categorized separately. (This dif-
ference is also observed in plots of EAE vs. RRI, EAE vs. IRI and EAE
vs. AAE).

Although it is apparent from Fig. 1 that plots of SSA vs. EAE place
the aerosols from different sites into reasonably separated clusters,
there is, nevertheless, considerable overlap between the green dots
(Biomass Burning) and the red dots (Mixed). Also note that the
clusters have a significant number of “outliers”, that is, points from
one site that appear in one of the other clusters.

Among the considerations to be kept in mind when selecting a
set of reference clusters, are the following: First of all, it is impor-
tant to have clusters that do not overlap. Secondly, it is not
reasonable to base the reference cluster on a single specific location
since the cluster should be representative of a particular aerosol
type, whereas the data from any one location may be contaminated
by intrusions of other types of aerosols. Finally, it is desirable to
have amaritime cluster, something not directly obtainable from the
AERONET data set.

For example, although the GSFC measurements are primarily
urban industrial in nature, a glance at Fig. 1 shows that the black
dots also extend into the red and green dots, and vice versa.
Although it is true that occasionally the aerosol at, say, GSFC might
be a product of biomass burning, it is not appropriate to use such
points in defining a reference aerosol cluster. Therefore, our refer-
ence clusters are defined by combining measurements from several
sites and only keeping points that liewithin aMahalanobis distance
of 2 from the centroid. The overlaps are then minimized. (Note that
Fig. 1 only shows two dimensions (EAE and SSA) but our calcula-
tions are carried out with all five dimensions).

We nowaddress these questions and develop a reasonable set of
reference clusters.

3.2. Urban industrial sites

To determine the characteristics of an urban industrial aerosol
(as measured by AERONET) we considered the inversion results
from a number of locations where such aerosols are prevalent.
Specifically, we considered AERONET results for various locations in
North America and in Europe.

The sites selected to represent urban industrial aerosol are
presented in Table 1. The values used were taken primarily from the
months JuneeSeptember. The choice of locations and time periods
was made by an inspection of scatterplots (primarily but not
exclusively of SSA vs. EAE) as well as preliminary pie and bar charts
similar to those described below in Section 4. We also relied on the
site information given on the AERONET web site, information
gleaned from a literature search, and descriptions of the environ-
mental conditions as found in Wikipedia and other on-line
Table 1
Sites used to generate the reference clusters.

Urban industrial GSFC, GISS, Columbia, Brookhaven, Billerica,
MD Science Center, Stennis, UMBC, Wallops,
Athens, Belsk, Hamburg, Leipzig, Lille, Mainz,
Minsk, Moldova, Moscow, Paris.

Biomass Abracos Hill, Alta Floresta, Cuiaba, Concepcion,
Los Fieros, Mongu, Zambezi, Senanga,
Etosha Pan, Skukuza.

Dust Agoufou, Banizoumbou, Blida, Dahkla, Dakar,
Djougou, Ouagadougou, Bahrain, Mezaira,
Mussafa, Solar Village.

Mixed Beijing, Pokhara, Pune, Silpakorn, XiangHe,
Anmyon, Chen-Kung, Gosan, Gwangju,
Osaka, Shirahama, Taipei.

Maritime Lanai (and theoretical considerations).
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resources.
Fig. 2 shows a scatter plot of all the North American sites (in red)

and all the European sites (in blue). Since overlapping points cannot
be seen, we plotted the data twice. The left panel was generated by
first plotting the North American sites and then the European sites.
The right panel reversed the order. One can appreciate that the
European sites tend towards slightly lower values of EAE and SSA.
The question arises whether we should consider the European and
the American clusters as a single cluster or as two distinct clusters.
Calculating the cluster to cluster five dimensional Mahalanobis
distance between the two clusters yields the (dimensionless) dis-
tance of 1.50. As we shall see later when we consider cluster to
cluster Mahalanobis distances, this separation is significantly less
than the separation between our final reference clusters (Table 3).
Consequently, in the following, we have assumed that European
and North American urban industrial aerosols are sufficiently
similar that they can be considered a single cluster.

3.3. Biomass burning sites

We now consider the biomass burning sites. In biomass burning,
the emissions of gases and particles depends strongly on the
combustion conditions, which can be broadly classified as flaming
or smoldering (T. Lee et al., 2010). Flaming fires produce black
smoke, whereas smoldering fires produce white smoke.

Flaming fires are usually due to the burning of grass and are
characteristic of the African Savanna in Zambia (the regions around
Mongu, Senanga and Zambezi). Similar conditions are found at
Etosha Pan (in Namibia) and Skukuza (South Africa). Flaming fires
(grass, etc.) have a high black carbon content and are strongly
absorbing, thus yielding a lower value of single scattering albedo.
On the other hand, fires burning wood (i.e., trees) tend to smolder,
last longer, and are less strongly absorbing, leading to higher SSA
values and white smoke. This type of fire is prevalent during the
Fig. 2. A scatter plot of SSA (at 440 nm) vs. EAE (870/440) for USA urban industrial sites (red
red dots (because the red dots were printed first). The order in which the points are printed
figure legend, the reader is referred to the web version of this article.)
biomass burning period in South America, although there are also
pasture burns in the regions of Alta Floresta and Abracos Hill. The
Cuiaba site is in a woody savanna environment (Eck et al. (2013)).
We considered the possibility of separating the two types of
burning on the basis of the geographical location of the site,
assuming that the South American biomass aerosols are due to
smoldering fires and that African biomass aerosols are due to
flaming fires. A problem with this assumption is the fact that some
South American sites (e.g., Rio Branco, Brazil) exhibit a significant
amount of urban pollution even during the biomass burning season
(AugusteOctober). On the other hand, the African sites are char-
acterized by aerosols that are almost entirely a result of biomass
burning. Thus, for example, a scatter plot of SSA vs. EAE would tend
to show that the South American sites have larger values of SSA
than the African sites, even if one does not account for the differ-
ence in type of fire.

To test the hypothesis that there are two types of biomass
burning, we generated two “reference clusters” for biomass
burning, one based on the African sites and another based on the
South American sites. The South American sites were: Abracos Hill,
Alta Floresta, Cuiaba, Concepcion, and Los Fieros. The African Sites
were: Mongu, Zambezi, Senanga, Etosha Pan, and Skukuza.

To generate the reference clusters we used the usual 5 param-
eters. Compared to the South American (smoldering?) cluster, the
African (flaming?) cluster has nearly the same EAE, and lower
values of AAE and SSA. The real index of refraction for Africa is
slightly larger and the imaginary index of refraction is nearly twice
as great. It is not obvious that these differences are due to the dif-
ference of flaming vs. smoldering, as they could be due to urban
industrial pollution at the South American sites.

As shown by the scatterplots of Fig. 3, there is a great deal of
overlap between the two types of biomass aerosol in the sense that
observations from the African sites often reach into the smoldering
region and observations from the South American sites often
) and European urban industrial sites (blue). In the left panel, the blue dots “mask” the
is reversed in the second panel. (For interpretation of the references to colour in this
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appear to be flaming. As before, in producing Fig. 3, we plotted the
points twice. We show the plots with African points plotted over
the South American points in the left panel and the reverse order of
plotting in the right panel. It was noted by Eck et al. (2013) that the
value of IRI changes as the nature of the fires changes from flaming
to smoldering, so we also plotted SSA vs. IRI (plot not shown) but
the two sets of points overlapped almost completely. One reason
why there is so much overlap is that the nature of the aerosols at a
given site might be flaming at one time and smoldering at another.

In an attempt to define two separate clusters we added an
additional condition to our definitions of the reference clusters, by
requiring that the smoldering reference cluster be generated from
South American measurements made during the burning season
and having a single scattering albedo greater than 0.85, and the
flaming reference cluster be generated from African measurements
made during the burning season and having a single scattering
albedo less than 0.9. These values of SSA are roughly equivalent to
the values cited by Eck et al. (2013). This does achieve a separation
of the two clusters. If we only keep points within two MD of the
centroid, we find the cluster to cluster Mahalanobis distance be-
tween these South American and African Biomass clusters to be
4.89, a significant separation between the clusters. Nevertheless,
we did not feel comfortable in trying to separate the two kinds of
smoke on a geographic basis, since a given site can produce both
white and black smoke. Furthermore, our technique is probably not
sophisticated enough to actually distinguish between the two types
of burning. Consequently, we decided to be conservative and use a
single biomass burning cluster. This “general” biomass reference
cluster was generated by combining values from various biomass
burning sites and only keeping points that are within two MD from
the centroid. The biomass burning reference cluster thus generated
is illustrated below in Fig. 6.

Biomass burning is notoriously difficult to distinguish from Ur-
ban Industrial and we had difficulties in categorizing the
Fig. 3. SSA at 440 nm vs. EAE (870/440) scatter plot for biomass clusters for South America
clusters. (The order in which the points were plotted is reversed in the second panel). (For int
web version of this article.)
Mahalanobis distance results for two locations, namely Bonanza
Creek, Alaska and Mexico City. We discuss these in Section 4.

3.4. Dust sites

As was the case for Urban Industrial and Biomass Burning
clusters, there seem to be two types of dust aerosol that we shall
denote “African” and “Arabian” (although the latter has the same
optical characteristics as dust from Central Asia).

The African dust sites selected were: Agoufou (Mali), Bani-
zoumbou (Niger), Blida (Algeria), Dahkla (Morocco), Dakar
(Senegal), Djougou (Benin), and Ouagadougou (Burkina Faso). The
Arabian sites were: Bahrain, Mezaira (UAE), Mussafa (UAE), and
Solar Village (Saudi Arabia).

The different geographic regions seem to have different types of
dust. In Fig. 4 we show the difference between dust from the Sahara
(“African Dust”) and dust from sites on the Arabian Peninsula
(“Arabian Dust”). From the figure we note that at larger values of
EAE the African dust tends towards lower values of SSA, whereas
the Arabian does not. However, as noted by Giles et al. (2012), for
values of EAE <0.2 the SSA for African and Arabian sites had very
similar values. This similarity was also observed by Kim et al.
(2011).

The large number of points in Fig. 4 with EAE greater than 0.8
suggest a significant amount of fine mode aerosols is included in
our sample (Giles et al. (2012) show SSA vs. EAE with many fewer
points in the “tail.” Their cluster is centered at 0.2 EAE and 0.91 SSA
in agreement with our dust reference cluster shown in Fig. 6).

African sites like Dakar and Ouagadougou can have some
episodic plumes of biomass burning smoke as well. This may partly
explain why SSA is decreasing with increasing EAE for African sites.
In the supplementary material, plots of aerosol types at Dakar,
Ouagadougou, Capo Verde, Banizoumbou and Djougou all show
small amounts of biomass aerosol in the time frame November,
(Green) and Africa (Yellow), illustrating the large degree of overlap between the two
erpretation of the references to colour in this figure legend, the reader is referred to the



Fig. 4. SSA (440 nm) vs. EAE (870/440) scatter plot for the two types of dust. The
decrease in SSA with increasing EAE in the African case, may be due to admixtures of
smoke from biomass burning.

Fig. 5. Scatter plot of SSA (440 nm) vs. EAE (870/440) for two types of mixed aerosol.
The blue dots are denoted Asia1 (typified by Beijing) and the green dots are Asia2
(typified by Korean and Japanese aerosol sites). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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December, January.
The cluster to cluster Mahalanobis distance between Arabian

Dust and African Dust is 1.87 which is not significant, as can be
appreciated from Table 3. Consequently, we defined the dust
reference cluster by combining the African and the Arabian dust
and keeping points that liewithin 2MD of the centroid, as shown in
Fig. 6.
3.5. Mixed Aerosol sites

In discussing Fig. 1 we noted that the aerosol in Bac Giang oc-
cupies a different region of SSA/EAE space than the aerosols from
other cities. We are assuming that each of these is characteristic of a
given type of aerosol. It is difficult to give an appropriate name to
this aerosol. It seems to be particularly prevalent in Asia, and was
denoted “South East Asian Aerosol” by Cattrall et al. (2005), but as
noted previously, it is also found at other locations. Russell et al.
(2012) called it “Developing Urban” (Russell et al. (2012)) but this
terminology is not applicable to some of the highly developed in-
dustrial sites in Japan, Korea and elsewhere in Asia. Giles et al.
(2012) suggested that this aerosol is a mixture of dust and black
carbon and following the terminology in Giles, we shall refer to it as
“Mixed” aerosol.

In generating a mixed aerosol reference cluster based on AER-
ONET sites located in Asia, we find (once again) that there appear to
be two kinds of aerosol. This can be appreciated from an inspection
of the extinction angstrom exponent and single scattering albedo
illustrated in the scatterplot of Fig. 5.

In the figure the blue dots represent SSA vs. EAE for “Asia1”
which consists of the data from the following sites: Beijing (China),
Pokhara (Nepal), Pune (India), Silpakorn (Thailand), XiangHe
(China). The Green dots are values for “Asia2” which consists of
data from Anmyon (Korea), Chen-Kung (Taiwan), Gosan (Korea),
Gwangju (Korea), Osaka (Japan), Shirahama (Japan), Taipei
(Taiwan).

Note that the “Asia2” sites are generally in Eastern Asia whereas
the “Asia1” sites stretch from China into Central and South Asia. The
Asia 2 sites are similar to the urban industrial cluster defined by the
North American and European sites. In fact, we find that many
North American and European sites exhibit aerosol that are closer
(in Mahalanobis distance) to the mixed cluster than to the urban
industrial cluster. The cluster to cluster Mahalanobis distance be-
tween Asia1 and Asia2 is 2.81. This is significantly less than inter-
cluster distances for our defined “reference clusters” (Table 3) and
we decided to incorporate them into a single “mixed” aerosol
cluster.

3.6. Maritime Aerosol

The most difficult reference cluster to define is the maritime
reference cluster because the AERONET inversions (Version 2)
rarely yield inverted values of absorption and sphericity for mari-
time aerosol. The reason is that the optical depth for this type of
aerosol is frequently less than 0.4 and the inverted values of the
complex index of refraction, single scattering albedo, and sphericity
may not be reliable (Dubovik and King (2000), Holben et al. (2006)).

To define amaritime reference cluster we used the criteria given
by Sayer et al. (2012), namely, an optical depth less than 0.2 and EAE
between 0.1 and 1.0. We used the AERONET Lanai data set and
selected all measurements that met these conditions. We then
obtained the relative humidity at Lanai from the National Climatic
Data Center of NOAA, and determined the composition of a salt
solution droplet in equilibrium with the environment. This was
used to determine the real refractive index. The imaginary refrac-
tive index was generated by adding a small random number to
0.001 so that IRI ¼ 0.001 ± 0.0002( rnd). Next, we used the AER-
ONET derived size distribution and our indices of refraction in aMie
code (Bohren and Huffman (1983)) and calculated the extinction
and absorption optical depths at 870 nm and 440 nm, as well as the
single scattering albedo at 440 nm. This allowed us to determine
the extinction and absorption angstrom exponents. We assumed
the sphericity was 100%. The result of this calculation is the mari-
time cluster shown in Fig. 6. Note that unlike the other clusters, the
maritime cluster is a theoretically derived quantity, but it is based
on the AERONET inverted size distributions.

3.7. Conclusions regarding reference clusters

In Table 2 we give the centroids of our reference clusters for the
five parameters. It might be noted that any one or even any two of



Fig. 6. The Aerosol Reference Clusters used in this study, represented as a scatter plot
of SSA (440 nm) vs. EAE (870/440).

Table 2
Centroids of the five reference clusters.

EAE AAE SSA RRI IRI

Urb Ind 1.76 1.15 0.96 1.40 0.005
Biomass 1.87 1.30 0.89 1.48 0.020
Mixed 1.32 1.20 0.92 1.45 0.011
Dust 0.28 1.75 0.91 1.47 0.004
Maritime 0.59 0.93 0.97 1.40 0.001
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the parameters will not give a very good separation of the clusters.
This is, of course, the benefit of using the Mahalanobis distance
which utilizes all five parameters.

In Table 3 we present the cluster to cluster Mahalanobis dis-
tances. The table is symmetric across the diagonal because we are
using the “pooled covariances” to calculate these Mahalanobis
distances. The MD values given in the table are quite a bit larger
than the distances between the two clusters for urban industrial
(USA and EUR: MD ¼ 1.50), dust (African and Arabian: MD ¼ 1.87)
and mixed (Eastern Asia and Western Asia: MD ¼ 2.81). The
biomass clusters (smoldering and flaming: MD ¼ 4.89) are sepa-
rated by a fairly large MD and it could be argued that the two types
of aerosol should be treated separately. In fact, Giles et al. (2012)
considered the possibly of sub-clusters within the biomass
burning category. However, for simplicity (and because the division
between the two clusters cannot be made solely on geographic
grounds) we are treating them as a single cluster.
4. Results: aerosol classification using multi-dimensional
Mahalanobis distances

Armed with the reference clusters described above we applied
the Mahalanobis distance calculations to the AERONET inverted
Table 3
Cluster to cluster 5-D Mahalanobis distances between the reference clusters.

Urb Ind Biomass Mixed Dust Maritime

Urb Ind 0 4.93 4.84 11.31 7.70
Biomass 0 7.65 13.90 11.54
Mixed 0 9.38 6.98
Dust 0 5.70
Maritime 0
quantities to identify the aerosol type for specific sun photometer
measurements. (In the analysis presented here we are using the
basic five parameter set of EAE, AAE, SSA, RRI, IRI).

Consider an AERONET measurement at an arbitrary location. If
values for the five basic parameters are given in the AERONET data
set, we can calculate the MD to each of the five reference clusters.
The measured aerosol is assumed to correspond to the aerosol type
that is closest in MD. If one or more of the five parameters have not
been inverted (usually because the optical depth is too small) we
need to determine if the measurement corresponds to a maritime
aerosol. This is done by first determining if the optical depth and
EAE satisfy the Sayer criteria (AOD < 0.2, 0.1 � EAE � 1.0). If so, we
then consider the sphericity. If the sphericity is given by AERONET
and is greater than 80%, we tentatively assume the measurement
corresponds to maritime aerosol. For each such measurement we
checked the meteorological data for the site, using data from NCDC
(the National Climatic Data Center), ECAD (the European Climate
Assessment Dataset) and, in a few cases, from other sources such as
Weather online. co.uk. If the relative humidity at the time of the
AERONET observation exceeds 70%, we categorize the aerosol as
probable maritime. (The value of 70% for relative humidity was
chosen because it is well known that hygroscopic aerosols tend to
absorb environmental water vapor for RH >70%). If all these con-
ditions are met, we incorporate the size distribution and other
parameters into a Mie code and calculate the single scattering al-
bedo and angstrom exponents. Finally, we evaluate the Mahala-
nobis distance to the various reference clusters and classify the
aerosol as belonging to the type specified by the nearest cluster.

As mentioned above, the sphericity is not given as an AERONET
inverted quantity when AOD at 440 nm is less than 0.2. For mari-
time locations (such as islands or coastal regions), if we accept
measurements for which sphericity has not been inverted, we often
find a large number of measurements that satisfy the Sayer criteria.
For example, the La Jolla, California site is located at Scripps Insti-
tute of Oceanography about 500 m from the shore of the Pacific
Ocean. If we only consider those measurements for which sphe-
ricity is given, we obtain 20 “complete” sets of values of which 25%
are classified as maritime, whereas, if we relax the requirement
that sphericity is given, we obtain nearly 1000 values of which 93%
are classified as maritime. It might be noted, however, that relaxing
the sphericity condition may result in dust aerosols being classified
as maritime. Therefore, the decision whether or not to include
sphericity is somewhat subjective and depends on the location of
the site relative to oceans and/or deserts. On occasion it is difficult
to know which condition to use. For example, Lampedusa is an
Italian island near the north coast of Africa. According to an analysis
by Pace et al. (2006), both desert dust and maritime aerosol are
prevalent at Lampedusa. In our analysis, if we only consider mea-
surements for which the sphericity is inverted by AERONET, we
obtain an aerosol that is primarily dust (81%), whereas if we relax
the sphericity constraint, we obtain an aerosol that is primarily
maritime (56%). Comparing our results with those given by Pace
et al. (2006), the seasonal variation in the aerosol type agrees
better if we use the results with the relaxed constraint.

In defining the reference clusters, we only kept points that lie
within a Mahalanobis distance of 2 from the centroid. This is
roughly equivalent to keeping 45% of the points. The result of this
operation is presented in Fig. 6 as a scatter plot of SSA vs. EAE.

It should be kept in mind that a reference cluster can have as
many “dimensions” as desired. Applying the 2 MD filter we
generated reference clusters having 5 parameters: EAE, AAE, (at
870 nm/440 nm), SSA, RRI and IRI (at 440 nm). We also generated
reference clusters with seven and with ten parameters (selected
from SSA at 675, 870, 1020 nm, the ratio of fine to coarse mode
volumes, and the sphericity). We found that usingmore parameters



Fig. 8. Pie and Bar Chart for GSFC (Goddard Space Flight Center, near Washington D.C.).
During the winter months the sky is often overcast, preventing AERONET
measurements.
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did not significantly change the results obtained but decreased the
total number of data points in our analysis mainly due to sphericity
not being retrieved.

We have presented the reference clusters in plots of SSA vs EAE
because in a two-dimensional representation, such a plot shows
the best separation between the various clusters. However, it might
be of interest to note that other 2-D plots show various degrees of
separation between other variables. As an example, we show in
Fig. 7 four plots in which the cluster separation can be seen to a
greater or lesser degree. Plots not shown have more overlap be-
tween the clusters.

In summary, we can calculate the aerosol type for any AERONET
measurement for which the inverted values of EAE, AAE, SSA, RRI
and IRI are given. We can represent the aerosol types determined
both as a fraction of the various types of aerosols (as a pie chart) and
as the number of each type determined as a function of month of
the year (as a histogram). An example of such a “pie and bar” plot
for GSFC (the NASA Goddard Space Flight Center, near Washington
D.C.) is shown below in Fig. 8.

Fig. 8 is an example of the basic result generated in this study.
The pie chart presents the fraction of each type of aerosol from the
GSFC inversions given by AERONET. In this particular example, the
number of measurements that were closest to the urban industrial
cluster centroid was 1005. There were 72 data points categorized as
biomass burning aerosol and 48 categorized as mixed aerosol. At
least some of the biomass burning events can be explained. For
example, Russell et al. (2012) describe a specific situation inwhich a
smoke plume from a Canadian forest fire was carried into the
Southeastern United States. We classified two measurements as
dust and four as maritime. The four maritime characterizations
might be considered erroneous, however, it is interesting to note
that HYSPLIT trajectories indicated that two of the maritime ob-
servations were made during a period of onshore flow from the
Fig. 7. Four 2-D plots showing the separation of the reference clusters in
Northeast and the third wasmade at a timewhen Hurricane Bonnie
(August 1988) was making landfall to the south of Washington D. C.
and there was a strong onshore maritime flow to the north of the
hurricane. The remaining maritime observation is not justified by
HYSPLIT trajectories which indicate continental air. Similarly, one of
the two dust characterizations occurred during a period of long
range transport of North African dust to the continental United
States (Perry et al. (1997)). This suggests, that our aerosol charac-
terization scheme is fairly robust.

The bar chart on the right in Fig. 8 shows the seasonal
terms of other parameters. Cluster colors are the same as in Fig. 6.



P. Hamill et al. / Atmospheric Environment 140 (2016) 213e233 223
dependence of the aerosol type. Themost obvious feature of the bar
chart is the fact that the number of measurements increases
dramatically in the June to September time frame and falls to zero
during the depth of winter. This is, of course, due to the fact that the
AERONET measurements are clear sky measurements. Also, the
AOD is not as large in winter as in summer, reducing the number of
retrieved parameters. The total number of points plotted is 1131.
This is much smaller than the number of points in the AERONET
data set that we downloaded (9812 points) because we only kept
the results of measurements for which there are inversions for all
five of our basic parameters, meaning that AOD at 440 nm was
greater than 0.4.

We generated pie and bar plots for all of the AERONET in-
versions which contained at least 100 observations having inverted
values of the five basic parameters. This gave us a collection of
aerosol properties for nearly 200 sites. (A few exceptions were
made for interesting sites, such as Munich whose file contained 94
“complete”inversions). The pie and bar plots for all of these AER-
ONET stations and short descriptions of each site are included in the
Supplementary Material as a “Compendium of Aerosol Types.”

We now consider a few representative samples of these plots.
For example, the measurements made at Midway Island yield the
aerosol type shown in Fig. 9. It comes as no surprise that essentially
100% of the aerosols are classified as maritime.

The Pie and Bar chart for Beijing is shown in Fig. 10. This is a
more complex and interesting plot than the previous two which
were nearlymonodisperse. About 80% of the observations at Beijing
lead to a mixed aerosol, but dust is prevalent in the spring. The
amount of urban industrial aerosol peaks in January and during the
summer months. The Beijing aerosol has been extensively studied
by Zhao et al. (2011), Sun et al. (2013), Wang et al. (2005), Cheng
et al. (2013) and many others. Cheng et al. (2013) suggest that
50% of the OC and EC in Beijing aerosols is due to biomass burning,
specifically the combustion of crop residuals. Wang et al. (2005)
considered PM 2.5 aerosol in Beijing and noted that Beijing is
subjected to “invaded dust” throughout the year. The fine aerosol in
Beijing contains SO4, NO3 and NH4.

The mixed aerosol type is found to some extent at nearly all
locations, but it is particularly prevalent in Asia, from India to Japan
and from Northern China to South-East Asia. Among many other
examples of this type of aerosol, we might mention the AERONET
values of single scattering albedo and extinction angstrom expo-
nent at the Met Station at Chiang Mai (Thailand). These are similar
Fig. 9. Pie and bar chart for Midway island.
to those for Bac Giang shown in Fig. 1, but with even lower values of
single scattering albedo. It is known that the Chiang Mai aerosol is
influenced by urban pollution, seasonalmass burning and transport
of aerosols from India, as illustrated in the presentation by Eck et al.,
2004. The region is also affected by optically thin cirrus clouds that
could result in lower values of EAE (Chew et al. (2011), and Huang
et al. (2012)). Although we classify these aerosols primarily as
“mixed,” J. Lee et al. (2010) state that they are primarily black
carbon.

See et al. (2006) considered the chemical and physical proper-
ties of South East Asian aerosols and Reid et al. (2013) give an in-
depth review of aerosol properties in South East Asia, describing
the various components that comprise the Asian aerosol. Many
studies suggest that the aerosol commonly found in Asia contains
dust, black carbon, sulfates and nitrates.

Giles et al. (2012) showed by electron microscopy that the
aerosol of Kanpur (India) is sometimes composed of large dust
particles mixed with open clusters of black carbon spherules. The
interpretation of the image was consistent with particles identified
byMartins et al. (1998). Giles et al. (2012) refer to this as “Mixed BC
and Dust,” referring to the dominant aerosol types. It might be
noted that sulfates and nitrates are not the dominant absorbing
type in regions influenced by black carbon and dust, because black
carbon and dust absorb more strongly than sulfates or nitrates.

Fig. 11 through 16 give the pie and bar charts for a number of
different sites that were selected to illustrate the variety of aerosol
types found in different locations.

Fig. 11 gives our results for Bahrain, a desert site situated on the
Persian Gulf. Its aerosol is primarily dust with a small amount of
mixed aerosol. Although the AERONET site is near the shore, we
only find a tiny fraction of the aerosol characterized as maritime.
This result is not surprising when one considers that out of over
90,000 hourly measurements of relative humidity at Bahrain be-
tween 1996 and 2006, only on 9 days on which AERONET mea-
surements were made was the relative humidity greater than 70%.

The aerosol at Bahrain shows a somewhat higher proportion of
mixed aerosol than that of Kuwait, Solar Village or Eilat (in Israel).
Based on the discussion in Sokolik and Toon (1999) we would
expect the dust aerosol at these sites to be primarily Kaolinite,
Palygorskite, and Montmorillonite. Kaolinite and Montmorillonite
have single scattering albedos at 440 nm between 0.92 and 1.0
(Sokolik and Toon (1999)). The average values of single scattering
albedo at the three sites mentioned are all equal to 0.91, somewhat
lower than might be expected, perhaps due to the influence of
mixed aerosols, or, as noted by Giles et al. (2012), instrument ar-
tifacts may decrease the calculated values of SSA. It might be noted
that in considering dust aerosols, size is an important parameter,
but it has not been included in our analysis.

Fig. 12 presents the aerosol in Crete (at the FORTH Institute at
Heraklion). This aerosol is primarily dust and urban industrial but it
has a significant amount of maritime aerosol, as might be expected
at a site on a Mediterranean island. The urban industrial aerosol is
generally observed during the spring and summer. Russell et al.
(2014) compared AERONET derived aerosol types with POLDER
derived aerosol types at Crete, obtaining 94 coincidences between
AERONET measurements and satellite overpasses. It is difficult to
compare our results with those of Russell et al. (2014) because they
used different aerosol categories than we do. However, in terms of
our aerosol categories, Russell et al. (2014) found 38% dust, 21%
maritime and 33% combined urban industrial andmixed. Except for
the dust component, this compares reasonably with our results
given in Fig. 12 which included a much larger collection of data
points. A further comparison of the aerosol type at Crete with the
aerosol types estimated by the CALIPSO lidar system showed that of
five “coincidences” four were in agreement with our evaluations.



Fig. 10. Pie and Bar chart for Beijing. The aerosol is primarily mixed, but note significant amounts of dust during the Spring.

Fig. 11. Pie and Bar chart for Bahrain.
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Once again, the comparison is difficult because of the different
conventions on aerosol type. On one occasion (23 May 2009) both
CALIPSO and our evaluation agreed that the aerosol was maritime,
and on 27 April 2011 the two calculations led to dust. On 2 July
2006 CALIPSO categorized the aerosol as polluted dust, and we
described it simply as dust. On 3 August 2006 CALIPSO categorized
the aerosol as “smoke” and we described it as urban industrial
which is, presumably, the same thing since CALIPSO does not
distinguish between urban industrial and biomass burning aero-
sols. However, on 10 August 2009 the CALIPSO category was dust
and our calculation led to maritime. It might be mentioned that the
CALIPSO tracks lie about 80 km to either side of the AERONET site at
Heraklion.

Fig. 13 shows the aerosol type at Bonanza Creek (Alaska). This
site led to a difficulty with our Mahalanobis distance aerosol typing
because our results indicated that the aerosol at Bonanza Creek,
Alaska was primarily urban industrial during the month of August
for 2004 and 2005. Bonanza Creek lies about 30 km downwind of
Anchorage, Alaska and perhaps some urban industrial aerosol was
carried down the valley joining the two locations, but our



Fig. 12. Pie and Bar chart for Crete.

Fig. 13. Pie and Bar chart for Bonanza Creek, Alaska.
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categorization was not consistent with the fact that August 2004
and 2005 were periods of intense forest fire activity in Alaska.
Satellite views show the region around Bonanza Creek to be blan-
keted with smoke. Considering the Bonanza Creek retrievals more
carefully, we noted that they exhibited anomalously large values of
AAE. Consequently, we included in our analysis the condition that if
a particular measurement was categorized as urban industrial but
had a value of AAE �1.6, it would be re-categorized as biomass
burning. This “ansatz” led to more reasonable values for the
Bonanza Creek aerosol (as shown in Fig. 13) and did not lead to any
unexpected changes in the aerosol at other locations. For example,
for data obtained at Goddard Space Flight Center (GSFC) the ansatz
led to an increase in aerosol measurements characterized as
biomass by less than 2%.

The Bonanza Creek results shown in Fig. 13 indicate that the
aerosol is primarily biomass burning, but also shows urban in-
dustrial and mixed aerosol. Note that biomass aerosol dominates in
August. It is probable that some of the aerosols we have charac-
terized as urban industrial are actually biomass burning. (It is well
known that biomass burning aerosols are difficult to distinguish



Fig. 14. Pie and Bar chart for Mexico City.

Fig. 15. Pie and Bar chart for Lille.
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from urban industrial aerosols).
Fig. 14 presents the aerosol typing and seasonal variation in the

aerosols of Mexico City. The classification of theMexico City aerosol
led to a second ansatz. Our Mahalanobis calculations indicated that
the Mexico City aerosol was primarily due to biomass burning.
There is, undoubtedly, a significant amount of biomass aerosol in
the Mexico City atmosphere. Yokelson et al. (2007) point out that
Mexico City is surrounded by forested mountains and there are
numerous fires in the dry months from November to May (This
agrees with our month-by-month bar chart of Fig. 14 which shows
significant amounts of biomass burning aerosol during these
months). Yokelson et al. estimate that biomass burning contributes
70e80% of the particulate mass in an area that includes metro-
politan Mexico City and adjacent mountains, and point out that
much of the emissions from fires could pass above ground level
monitors. Nevertheless, it is generally accepted that theMexico City
aerosol is primarily urban industrial. Consequently, when an
aerosol was classified as biomass burning, but the extinction
angstrom exponent was less than 1.7 and the single scattering al-
bedo was greater than 0.85, we reclassified it as urban industrial.



Fig. 16. Pie and Bar chart for Shirahama.

Fig. 17. Pie plots showing aerosol types present at various AERONET sites in Africa. Note prevalence of dust in Northern Africa and biomass in Southern Africa. In this and subsequent
figures the size of the pie is constant and not indicative of the optical depths at the location.
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This ansatz resulted in the Mexico City aerosol being classified as
predominantly urban industrial, but had essentially no effect on the
aerosol classification of any of the other sites. We do not have any
theoretical justification for introducing this condition. As shown in
Fig. 14, the ansatz led to results indicating that biomass burning
accounts for 32% of the Mexico City aerosol whereas urban indus-
trial and mixed aerosol combined account for 67%. It might be
mentioned that the pie chart for Mexico may be somewhat
misleading because there are so few retrievals during themonths of
June through October. This is the rainy season, when urban in-
dustrial aerosol would dominate over biomass burning aerosol.
Consequently, an aerosol measuring system that did not depend on
clear skies might give a significantly different picture of aerosol
typing in Mexico City. The single measurement characterized as
maritime aerosol in the Mexico City aerosol is probably a dust
aerosol that has been misclassified as maritime.

The aerosol measured at Lille (Fig. 15) is predominantly urban
industrial, as would be expected at this industrial French city near
the Belgian border. Urban industrial and mixed aerosol account for
fully 86% of the AERONET derived aerosols. About 11% of the aerosol
is characterized as biomass burning and is present throughout the
year. It is not clear whether this aerosol is of local origin or trans-
ported from elsewhere, but it might be noted that such a fraction of
biomass burning aerosol is typical of most Northern European
cities.

The aerosol of Shirahama, Japan shown in Fig. 16 is mostly
mixed, but includes a significant amount of urban industrial as well
as maritime aerosol. The urban industrial and mixed aerosols
together account for 74% of the Shirahama aerosol. The dust occurs
mainly in the spring and probably originates in mainland Asia. The
maritime aerosol can be accounted for by the fact that Shirahama is
a resort town well known for its beaches.

The pie and bar charts in Fig. 8 through 16 are intended to give
an overview of the aerosol types and their seasonal variation at
Fig. 18. Pie plots showing aerosol types present at various AERONET sites in Europe. South
amount of urban industrial aerosol, and Eastern Europe has approximately equal amounts
several representative locations. These are just a sampling of the
total number of such plots which we have generated. Similar plots
for all of the locations for which we calculated the aerosol types, are
presented in the Supplementary Material, along with brief de-
scriptions of the AERONET site where the aerosol was observed.

5. The aerosol climatology

We can use the tools we developed for aerosol typing to
generate an aerosol climatology. To present this climatology we
place a pie plot on each of the AERONET sites, as shown in Fig. 17 for
the African continent. It should be kept in mind that the pie charts
are “point source” evaluations of the aerosol type and may not be
representative of the entire region. (The size of the pie is constant
and not indicative of the optical depths at the location).

The figure shows the unsurprising result that sites in Northern
Africa are dominated by dust aerosols and sites in Southern Africa
are dominated by biomass burning. The islands off the coast of
Africa (Lampedusa, Ascension Island, Reunion) are primarily
maritime, but the Capo Verde aerosol is predominantly dust. The
aerosol at Tenerife is mostly maritime but it has a significant
amount of dust. As expected, Cairo, on the very edge of the Sahara
desert, has a large fraction of dust aerosol, but being an industrial
city with a metropolitan population of about 20 million, it is not
surprising that fully 37% of the aerosol is mixed. It might be
mentioned that there are two AERONET sites in Cairo, and our
Mahalanobis calculations lead to the same aerosol typing at both
locations, giving us additional confidence in our technique.

A similar plot for Europe is shown in Fig. 18. It is interesting to
note that the European aerosol is mainly urban industrial in the
north, and mainly dust in the south. As expected, sites on islands or
on the coast have maritime aerosol and northeastern Europe ex-
hibits a significant amount of biomass aerosol. It is possible that
some of this is a consequence of the fact that urban industrial
ern Europe shows a prevalence of dust aerosol, Northwestern Europe has a significant
of biomass and urban industrial aerosol.



Fig. 19. Pie plots showing aerosol types present at various AERONET sites in North America. Coastal locations indicate significant amounts of maritime aerosol, but the principal
aerosol type in continental regions is urban industrial.

Fig. 20. Pie plots showing aerosol types present at various AERONET sites in Asia. The predominant aerosol is mixed. Japanese and Korean sites have a significant amount of urban
industrial aerosol. In the East the aerosol is primarily dust, as expected from the deserts in that region.
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aerosols at low relative humidity may yield biomass type charac-
teristics. The aerosols in the larger cities appear to be both urban
industrial and mixed.

In Fig. 19 we present the aerosol types in North America. Note
themaritime aerosol along the coasts and on islands, particularly in
the Caribbean. The eastern seaboard is primarily urban industrial
with some mixed aerosol and small amounts of biomass aerosol.
The mid-west has more biomass but is still dominated by urban
industrial aerosol. Fresno, California, shows a large amount of
mixed aerosol. The Caribbean sites, Guadeloupe, Camaguey in Cuba,
Cape San Juan and La Parguera in Puerto Rico, all show significant
amounts of dust during the summer months. This transport of
Saharan dust across the Atlantic during this time period is a well
known phenomenon. The west-coast sites at La Jolla, San Nicolas,
Trinidad Head and Saturna Island are located very near the sea
shore and exhibit maritime aerosol.

Fig. 20 presents pie charts for Asian AERONET sites. Note the
predominance of mixed aerosol in the East and dust aerosol in the
West. Southeastern Asia exhibits a significant amount of biomass
burning. The rather large fraction of maritime aerosol in Manila is
Fig. 21. Pie plots showing aerosol types present at various AERONET sites in South Americ
primarily composed of biomass aerosol.
surprising since the AERONET site is in the heart of the city and not
very near the shore of Manila Bay. Rottnest Island and Darwin in
Australia are significantly impacted by maritime aerosol. The
aerosol of Japan and Korea is primarily urban industrial or mixed.

The aerosol classifications in some Asian locations do not agree
with expected aerosol types. In general, the mixed aerosol category
may be overestimated. For example, one would expect Kanpur to
have more urban industrial aerosol. Bandung would be expected to
show mainly urban industrial with episodic biomass burning. Our
Southeast Asia results may be affected by cloud contamination. This
problemwas discussed by Omar et al. (2013) in their comparison of
AERONET and CALIPSO results. This may be alleviated in the AER-
ONET Version 3 cloud screening algorithm.

As shown in Fig. 21, South America has relatively few sites that
meet our criterion of data sets having at least 100 records of
retrieved values. The cities (Buenos Aires, Cordoba, Sao Paulo,
Brasilia and Arica) show mixed and urban industrial aerosols with
significant amounts of biomass burning whereas the sites in the
Amazonian region show primarily biomass burning.

Finally, Fig. 22 shows the geographic distribution of the
a. The cities have mixed aerosol as well as biomass, whereas the amazonian sites are
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dominant aerosol type, based on inversions andMD calculations for
some 200 AERONET sites. The figure shows that coastal cities and
islands tend to have a predominance of maritime aerosol. The
aerosol of the United States, Canada and Northern Europe are
mainly urban industrial. There is a dust dominated swath stretch-
ing from North Africa across the Arabian Peninsula and into Asia.
The Eastern Asian aerosol is mainly of the mixed type. A band of
biomass burning aerosol stretches globally in the southern hemi-
sphere, across the Amazon and Southern Africa. There is a com-
parable biomass dominated band in the Northern Hemisphere, but
it is obscured by the regions of urban industrial aerosol.

6. Discussion and conclusions

We have shown that the Mahalanobis distance calculation using
a set of reference clusters can be used to obtain reasonable and
consistent identifications of aerosol types from the AERONET
inverted aerosol properties.

The aerosol identification scheme described in this paper may
not be flawless, yet it generates very reasonable results. To quantify
the accuracy of our results would require knowing the column
averaged aerosol type at the particular time and location of an
AERONET observation. In theory, one could rely on the identifica-
tions made by other systems such as CALIPSO, MODIS, ground
based lidar systems, etc. However, comparisons between AERONET
and other systems are not easily carried out and often yield
ambiguous results (Omar et al. (2013) compared CALIPSO optical
depths with 1081 coincident AERONET values; Sawamura et al.
(2014) compared 11 lidar and in-situ measurements with AERO-
NET). Although we have made preliminary comparisons of the
Mahalanobis distance identifications to other methods, we have
not carried out an in depth study, and we leave it as the subject of
planned future studies. It might be noted, however, that such a
comparison is hindered by the fact that nearly every system has a
different way of describing the various aerosol types.

An obvious source of error is occasionally identifying maritime
aerosol where we do not expect it. It is easy to identify some fairly
obvious mis-identifications. For example, one of the Mexico City
observations is classified as maritime aerosol, which is almost
certainly wrong. However, in other cases, such as the aerosol on the
island of Lampedusa, it is difficult to know whether the aerosol
should be classified as maritime or dust.
Fig. 22. The dominant aerosol type as a function of global distribution. Black circles repres
circles represent dust, dark red circles represent mixed aerosol and blue circles represent m
reader is referred to the web version of this article.)
A more serious question is the validity of our identification of
32% of the Mexico City aerosol as due to biomass burning, although
as mentioned above, studies by Yokelson et al. (2007), as well as
Crounse et al. (2009), Fast et al. (2007), Patadia et al. (2013), and
Baumgardner et al. (2009) indicate that a significant portion of the
Mexico City aerosol is due to biomass burning. Similarly, we cate-
gorized 58% of the aerosol in New York City (at CCNY) as urban
industrial, but our identification of 34% as biomass is troubling.
Thus, our analysis of the aerosol at both New York City and Mexico
City suggest that urban industrial aerosol is being classified as
biomass. The opposite effect occurs in our analysis of Bonanza
Creek where 22% of the aerosol is classified as urban industrial.
Although there may be some urban industrial aerosol at this site,
22% is probably too high. This could be due to biomass aerosols
with a low value of AAE, in which case our scheme would not be
able to distinguish them from urban industrial aerosol. (A lower
value of AAE would result from a more significant contribution of
black carbon, as for example, fresh smoke from flaming
combustion).

Another criticism of our results might be that we are over-
estimating the amount of mixed aerosol, especially in South East
Asia. Problems of over or underestimating aerosol types can be
addressed by manipulating the reference clusters, but we have not
done so in the present study.

A problem in comparing our aerosol identification technique
with the CALIPSO method arose when we compared our results for
the AERONET site at Camaguey, Cuba with the CALIPSO aerosol
types. Out of 12 coincidences, our calculations consistently showed
the aerosol to be maritime whereas CALIPSO described it to as
“polluted continental” except for one measurement which it cate-
gorized as “polluted dust.” (It should be mentioned that “co-
incidences”may be more than 40 km from the AERONET site). Plots
for the coincident measurements at Camaguey show the values of
SSA and EAE to be located in the heart of our Maritime cluster,
making us suspicious of the CALIPSO identification in these cases,
especially since a preliminary comparison at other locations shows
that our results generally do agree the CALIPSO identifications,
particularly in places where the aerosol type is fairly constant, such
as at Mongu or Solar Village. Nevertheless, the disagreement at
Camaguey is disturbing and clearly worth further study.

Comparing our results with those presented by Omar et al.
(2005) for dust, and maritime aerosols (the two categories that
ent urban industrial aerosol, green circles represent biomass burning aerosol, orange
aritime aerosol. (For interpretation of the references to colour in this figure legend, the
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are in both studies) we find very good agreement, particularly since
a number sites appear in more than one of the Omar et al. (2005)
categories. For example, La Parguera (in Puerto Rico) is character-
ized both as dust and as maritime in Omar et al. (2005) whereas we
find that aerosol is 90% maritime and 10% dust. Similarly, Omar
et al. (2005) categorize Kanpur (India) as dust whereas we find
this site is 45% dust and 52% mixed. Omar et al. (2005) give the
percentage of the various categories at 6 sites, Cape Verde, Bani-
zoumbou, Solar Village, Mongu, Mauna Loa, Anmyon, GSFC, Lanai
and Skukuza. Our results are quite similar. For example, we find
that at Anmyon the aerosol is 62% mixed, 22% dust and 11% urban
industrial. Omar et al. (2005) indicate that the aerosol is primarily
“polluted continental” with significant amounts of dust in March
April May. We also find that the dust observed occurs primarily in
March, April and May. Our main disagreement with the results of
Omar et al. (2005) are for Mongu (Zambia) which we find to be
nearly 100% biomass burning but they find significant amounts of
“polluted continental” aerosols. This points out once again the
difficulty in distinguishing between biomass burning and urban
industrial aerosols.

We find that the global climatology of Taylor et al. (2015) agrees
in general with most of our characterizations. It should be
mentioned once again that ours is a “point source” analysis
whereas Taylor et al. (2015) generated a global climatology on a
2.5 � 2� grid. Of course, it is difficult to compare their 10 cluster
analysis with our 5 clusters, but it appears that the greatest dif-
ference is the swath of “sulfurous dust” across Southern Europe
wherewe find dust andmixed aerosols, and somemaritime aerosol
on Mediterranean islands and coastal sites.

In spite of the few difficulties we have just described, we
believe that the scheme we have developed generally leads to
reasonable aerosol identifications. This is clearly the situation for
sites where there is little question as to the aerosol type, such as
desert locations or regions where biomass burning is prevalent. It
is not so obvious for locations where there are several different
aerosol types, such as in Crete (Fig. 12). Nevertheless, comparisons
with other classification schemes (Omar et al. (2005), Russell et al.
(2014), etc.) gives us a degree of confidence in our results. For the
sake of simplicity we used 5 aerosol types, but as described in
Section 3 it would be possible to split some of our clusters into
two, thus generating a number of clusters more closely approxi-
mating those of Taylor et al. (2015) and others. We suggest that a
satellite-borne system able to determine the optical parameters
used in this study would be helpful in identifying aerosol types
from space.
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