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Abstract: Black carbon (BC) absorption aerosol optical depth (AAODgc) defines the contribution
of BC in light absorption and is retrievable using sun/sky radiometer measurements provided by
Aerosol Robotic Network (AERONET) inversion products. In this study, we utilized AERONET-
retrieved depolarization ratio (DPR, &P), single scattering albedo (SSA, w), and Angstrt’)m Exponent
(AE, &) of version 3 level 2.0 products as indicators to estimate the contribution of BC to the absorbing
fractions of AOD. We applied our methodology to the AERONET sites, including North and South
America, Europe, East Asia, Africa, India, and the Middle East, during 2000-2018. The long-term
AAODgc showed a downward tendency over Sao Paulo (—0.001 yearfl), Thessaloniki (—0.0004
year~!), Beijing (—0.year 1001 year '), Seoul (—0.0015 year~!), and Cape Verde (—0.0009 year ')
with the highest values over the populous sites. This declining tendency in AAODgc can be at-
tributable to the successful emission control policies over these sites, particularly in Europe, America,
and China. The AAODgc at the Beijing, Sao Paulo, Mexico City, and the Indian sites showed a clear
seasonality indicating the notable role of residential heating in BC emissions over these sites during
winter. We found a higher correlation between AAODgc and fine mode AOD at 440 nm at all sites
except for Beijing. High pollution episodes, BC emission from different sources, and aggregation
properties seem to be the main drivers of higher AAODgc correlation with coarse particles over
Beijing.

Keywords: aerosol optical depth (AOD); absorption aerosol optical depth (AAOD); black carbon (BC);
Angstrt‘)m Exponent (AE, &); single scattering albedo (SSA, w); depolarization ratio (DPR, P)

1. Introduction

Natural and anthropogenic aerosols interact with solar radiation through absorption
and scattering and can cause regional-to-global climate change by their direct and indirect
effects on the earth-atmosphere energy balance [1]. Black carbon (BC) is one of the main
light-absorbing aerosol species in the atmosphere, which plays a substantial role in global
warming due to its strong absorption properties [2]. Moreover, the nucleation properties of
BC change the patterns of cloud formation and microphysical properties, and accordingly,
aerosol indirect radiative forcing [3]. The significant emissions of BC originate from human
activities, such as heating and transportation, when fossil fuels (such as gasoline, oil, and
coal), biomass, and biofuels are burnt incompletely [4]. In recent decades, BC emissions
have increased drastically along with population growth, urbanization, industrialization,
and economic development, BC-related research, particularly in urban and metropolitan
areas, and this has attracted remarkable attention worldwide [5-7].

Remote sensing technologies such as satellites and ground-based networks play a
prominent role in monitoring and characterizing aerosols and providing insight into the
optical properties of atmospheric aerosols. Aerosol Robotic Network (AERONET) has

Remote Sens. 2022, 14, 1510. https:/ /doi.org/10.3390/1s14061510

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14061510
https://doi.org/10.3390/rs14061510
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-7995-2853
https://orcid.org/0000-0001-5220-2489
https://doi.org/10.3390/rs14061510
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14061510?type=check_update&version=1

Remote Sens. 2022, 14, 1510

2 of 28

provided continuous and highly accurate ground-based measurements of aerosol products,
including aerosol optical depth (AOD), single scattering albedo (SSA, w), depolarization
ratio (DPR, 4P), and particle size distribution using CIMEL sun/sky radiometers for more
than 25 years [8]. AOD is a measure of columnar aerosol loading, and it can be used to
evaluate the impact of aerosols on weather and climate [9]. Further, AERONET provides
absorption aerosol optical depth (AAOD), which defines the share of solar beam absorbed
by the light-absorbing aerosols such as carbonaceous aerosols, black carbon, or mineral
dust [10]. In dust-free conditions, BC can be considered as the primary source of light-
absorbing atmospheric particles; however, the role of brown carbon (BrC) in light absorption
is not negligible [11]. As aerosol plumes generally contain a vast diversity of aerosol
particles, there is still significant ambiguity in separating the share of solar light absorbed
by BC in the atmosphere. Despite the data availability on atmospheric aerosols and the
significance of the light-absorbing ability of BC in climate change, few studies attempt to
estimate the light-absorbing properties of BC on a global scale for the long term. Koven
et al. [12] developed a method to separate the absorption induced by BC and dust particles
using complex refractive indices and wavelength dependence of light-absorption from
AERONET observations. Shin et al. [13] extended a methodology to classify dust and
non-dust aerosol types and estimate the contribution of non-dust particles and BC in light
absorption in a mixed aerosol plume. Sun et al. [14] compared the variations in black
carbon absorption aerosol optical depth (AAODgc) and dust absorption aerosol optical
depth (AAODy) in China for 40 years.

In this study, we utilized AERONET-retrieved DPR, w, and Angstrém Exponent
(AE, &) of version 3 level 2.0 products as indicators to estimate the contributions of BC
to the absorbing fractions of AOD. We applied our methodology to the AERONET sites,
which are primarily located and affected by adjacent deserts and anthropogenic particles,
including North and South America (Mexico City and Sao Paulo), Europe (Venice and
Thessaloniki), Africa (IER-Cinzana, Ilorin, and Cape Verde), India (Kanpur and Gandhi
College), Middle East (Solar Village and Mezaira), and East Asia (Beijing, Seoul, and Taipei)
during the period 2000-2018. The main focus of this work was set on the determination of
AAODgc using aerosol optical properties and comparing its yearly, monthly, and seasonal
variations during the two recent decades with the existing research on a global scale. To
evaluate our AAODg retrieval methodology, we applied the methodology to the different
AERONET sites for the long term. The annual and monthly AAODgc values and trends
are compared with other research results.

This manuscript is structured as follows: Section 2 includes a description of the materials
and methods, divided into subsections dedicated to data and observation sites and methodol-
ogy; Section 3 describes the results and statistical analysis; discussion is presented in Section 4;
and finally, our work is summarized in Section 5, and the findings are concluded.

2. Materials and Methods
2.1. AERONET Data and Study Area

AERONET (http:/ /aeronet.gsfc.nasa.gov/ accessed on 15 March 2021), known as the
global sun/sky radiometer network, provides consistent and ground-truth measurements
of aerosol optical, microphysical, and radiative properties [8]. As of 2018, the number of
AERONET observation sites has increased to more than 600 sites worldwide. AERONET
inversion code enables data accessibility on aerosol optical properties in the total atmo-
spheric column by the sun/sky radiometers. The AERONET version 3 algorithm is based
on the version 2 algorithm with various updates, which offer entirely automatic cloud
screening and instrument quality control. The version 3 aerosol datasets are computed
at three data quality levels, level 1.0: unscreened, level 1.5: cloud-screened, and Level
2.0: quality-assured. The aerosol level 2.0 cloud-screened and quality-assured datasets are
downloadable after post-field calibration. AERONET version 3 level 2.0 inversion products
provide DPR, AOD, w, and other aerosol properties at several wavelengths, including 440,
675, 870, and 1020 nm. Further, inversion product outputs process the potential errors (both
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random and systematic) for most of the retrieved characteristics. The AERONET-retrieved
AOD uncertainty is estimated as 0.01 to 0.02 depending on the wavelength in a clear sky
and cloud contamination-free condition [13]. Moreover, the uncertainties arising from
w, an important parameter controlling aerosol direct radiative forcing, were estimated
to be of the order of 0.03 [15]. The calibrated sky radiance measurements typically have
uncertainties lower than 5%. AERONET level 2.0 product includes inversion results for
observations with AODs larger than 0.4 at 440 nm. Chew et al. [16] estimated up to 0.03 of
AOD bias in AERONET version 3 level 2.0 measurements owing to the prevalence of cirrus
clouds in Singapore.

To investigate the AAODgc variations on a global scale during the long term, we
selected the AERONET sites according to the following characterizations:

1.  The AERONET observation data should be available for almost half of the study period at
each site (more than nine years), allowing us to assess the long-term AAODgc variations.

2. Each AERONET observation site should contain at least ten observations annually in
different months (the years with lower observations were excluded from this study).

3. The chosen sites must represent variations in aerosol optical characteristics due to
mixing dust particles and anthropogenic aerosols during long-range transportation.

Accordingly, we selected 14 AERONET sites consistent with our considerations, allow-
ing us to apply our methodology in different locations worldwide. The selected AERONET
sites and their geolocation information are listed in Table 1.

Table 1. The geolocation information of the selected AERONET sites.

Location Site Geolocation Information

Sao Paulo (23.561°S, 46.735°W)
Mexico City (19.334°N, 99.182°W)
Thessaloniki (40.630°N, 22.960°E)

Venice (45.314°N, 12.508°E)
Beijing (39.977°N, 116.381°E)
East Asia Seoul_SNU (37.458°N, 126.951°E)

Taipei (25.015°N, 121.538°E)
IER_Cinzana (13.278°N, 5.934°W)

Africa Torin (8.484°N, 4.675°E)

Cape Verde (16.733°N, 22.935°W)

Solar Village (24.907°N, 46.397°E)

Mezaira (23.105°N, 53.755°E)
Kanpur (26.513°N, 80.232°E)
Gandhi College (25.871°N, 84.128°E)

America

Europe

Middle East

India

Figure 1 shows the locations of the selected AERONET sites. Open forest fires, residen-
tial carbon-containing fuels, biomass-burning, industrial sections, and transportation are
the noted sources of BC globally, particularly in developing countries. Hence, the selected
observation sites were considered to represent the global variations of AAODgc in both
developed and developing countries in the long term. In addition, most of the selected
sites are located adjacent to the deserts or are affected by desert dust due to the long-range
transport.
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Figure 1. Locations of the selected AERONET sites (red color represents the sites with dust-dominant
AAQOD and blue color represents the sites with non-dust-dominant AAOD).

2.2. AAODgc Calculation Methodology

Since BC is not the only light-absorber in the atmosphere, the evaluation of BC’s
contribution to light absorption is one of the largest uncertainty sources in assessing the
earth’s radiation budget [17]. Solar radiation absorption in urban and biomass-burning
areas is attributed mainly to carbonaceous aerosols, largely BC. However, organic carbon
(OC) has also been identified as the light absorber at visible to UV wavelengths, and
the absorbing organics are referred to as BrC. Other absorbing species such as dust can
contribute significantly to light absorption (dust absorbs light in short visible and UV
spectrum), specifically in arid and semi-arid regions. Therefore, separating the fraction of
the light absorbed by BC is still ambiguous [18]. Estimating the portion of light absorbed
by BC is not complicated, provided that the fraction of light absorbed by dust particles
is excluded. Previous researchers separated the dust and non-dust (pollution) species
using the DPR values measured by LIDAR [19,20]. Noh et al. [21] found a high correlation
coefficient between the DPR measured by LIDAR at 532 nm and retrieved from AERONET
data at 1020 nm. Hence, we applied the method of Shin et al. [13] to separate dust and
non-dust particles using AERONET-retrieved DPR at 1020 nm and subsequently calculated
AAODgc by excluding the share of light absorbed by BrC from the non-dust AAOD
(AAOD,q). This methodology was previously validated by comparing the AERONET-
derived values to the ones provided by Copernicus Atmosphere Monitoring System (CAMS)
aerosol reanalysis data. The authors suggested this methodology is specifically valuable at
locations that show the occurrence of complex mixtures of mineral dust and anthropogenic
pollution, e.g., East Asia or Southern Europe, and individual polluted cities downwind
from deserts. Hence, we applied this methodology to the AERONET sites located in East
Asia, Southern Europe, the Middle East, Africa, and highly polluted cities affected by the
adjacent and/or transported desert dust such as the Indian and American sites.

In the following few paragraphs, we describe the removal of AAODgc from the total
AAQOD.

Depolarization ratio (DPR, 6P) is the ratio of the perpendicular polarization component
to the parallel component of aerosol scattering [22,23]. This parameter provides more
profound knowledge on particle optical and microphysical properties and can be found in
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four wavelengths of 440, 675, 870, and 1020 nm from AERONET version 3 level 2.0 product
measurements. Shin et al. [24] reported that distinct values of AERONET-derived DPRs at
1020 nm (6113020) can represent dust particles generated in various deserts. Dust particles
originating from the Gobi desert can be represented by the 615020 of 0.30 &= 0.04 and the
6113020 values of 0.28 £ 0.03, 0.31 £ 0.03, and 0.28 £ 0.02 represent the dust particles that
originated from the Arabian, Saharan, and Great Basin deserts, respectively. 6}13020 values
greater than 0.30 indicate pure Asian dust particles, whereas values below 0.02 represent
anthropogenic pollution particles. Hence, 6P can be used as a distinguishing parameter to
identify the contribution of dust and non-dust particles in a mixed aerosol plume. Shimizu
et al. [19] separated the contribution of dust (Ry) to the total backscattering coefficient from the
following equation assuming the spherical and non-spherical particles are externally mixed:

P\ (sP p
(1 + 6d) (51020 - 5nd)
1+ 85,0) (85 — 8P
1020 ) \®°d ~ °nd
where 5F q and ég indicate the 8P of non-dust and dust particles at 1020 nm, respectively.

Calculation of Ry permits the derivation of dust AOD (AODp) from the total AOD (AODr)
and segregation of AODr to non-dust AOD (AOD,4) and AODp, at 1020 nm as follows:

Ry = 1)

AODp =Ry x AODy ()

Angstrom Exponent of pure desert dust (4p) can be used to convert AODp at 1020 nm
to corresponding values for other wavelengths depending on the dust origination. Previous
researchers suggested the dp of 0.06 & 0.21 and 0.14 £ 0.07 for pure Saharan and Asian
dust, respectively [20,25]. Other researchers used the ap of 0.18 £ 0.10 and 0.08 £ 0.07 for
the Arabian and Great Basin Desert dust [24]. Consequently, AODp at other wavelengths
can be derived as

®)

1020 nm \ %P
A

AODD,)\ = AODD,lOZO X (

here, A and subscript numbers indicate the wavelengths and wavelengths in 1020 nm,
respectively. The contribution of non-dust particles to the AODt can now be obtained as

AODpq » = AODr ) — AODp » @)

Spectral dependence of aerosol w (the fraction of intercepted light that is scattered
rather than absorbed) has been used to infer the composition of the aerosol mixture. For
aerosol mixtures dominated by dust absorption, the w monotonically increases with wave-
length, while that dominated by BC absorption has monotonically decreasing w spectra [26].
Moreover, the derivation of the w or the spectral difference of w may provide further infor-
mation on the aerosol type. For example, dust particles exhibit strong light absorption at
the visible range (e.g., 440 nm) and lower light absorption at higher wavelengths. As BC
particles exhibit the most robust light absorption properties at near-infrared wavelengths,
the total w (wr) can be split into components for dust (wp) and non-dust (wyq) as follows:

. _AODpy  AODu
T,A AODT/)\ DA AODT/)\ nd, A

©)
By rearranging Equation (5) the w related to non-dust particles (wpq 1) can be found:

o — (. _AODDA . AODr,
nd,A — TA AODT,)\ DA AODnd,)\

(6)

Noh et al. [21] calculated the spectral w as 0.94, 0.98, 0.98, and 0.98 at 440, 675, 870,
and 1020 nm, respectively, using data for a source region of Asian dust; Dunhuang located
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in Western China (40.49° N, 94.95° E). In this study, the w values for Arabian, Saharan, and
Great Basin pure desert dust have been derived according to Shin et al. [24].

From the w,q the contribution of non-dust particles to light-absorption, the non-dust
AAQOD (AAOD,4) can be computed as

AAODpg A= (1 — wpgr ) AODypq 7)

To arrive at the contribution of BC in light absorption, the share of BrC in absorption
should be excluded. As the BrC w (wg,c) is not equal to 0., to estimate the AAOD induced
by BrC (AAODg,¢), the wg,c was included in the following equation:

AAODg,c\ = AODpg X (1 — wpg) X (1 — waca) (8)

Although BC is strongly light-absorbing and a broad range of values from 0.07 to 0.3
has been reported for fresh wgc, the light absorption induced by BrC is lower than BC, and
the wg,c varies between 0.77 and 0.85 [27]. We used the values of 0.77, 0.80, and 1.00 at 440,
675, and 870 nm for wg,c, respectively [28].

BC and dust particles are two fundamental light-absorbing particles in the atmosphere.
Therefore, we assume that in a dust-free condition, if the share of the light absorbed by BrC
is excluded, the light absorption mainly owes to BC:

AAODgc ) = AAODyg » — AAODpyc 2 ©)

In the next step after removal of AAODgc, we aimed to estimate whether BC particle
belongs to fine or coarse mode particle categories; therefore, the calculated AAODgc was
compared to the values of total coarse- and fine mode AOD at 440 nm. The correlation
between AAODgc and coarse- or fine mode particles is discussed in the result section.

2.3. Trend Analysis Description

To plot the variations in AODt and AAODgc, we applied the linear regression to the
time series data; however, trend detection in time series is complicated, specifically when
parameters are not normally distributed. Since none of the analyzed aerosol parameters
here are normally distributed, we, therefore, applied the non-parametric Mann—Kendall
test associated with Sen’s slope to detect any significant trend and estimate their magnitude
using R software version 4.0.3. The description of the methods is provided below in detail.

2.3.1. Mann—Kendall Test

The Mann—Kendall (MK) test is a statistical test widely used for the trend analysis of
the climatology and meteorological time series [29-31]. MK test is a non-parametric test
and only requires the data to be independent, not normally distributed. As the Mk test can
be applied regardless of missing data, statistical distribution, and presence of negatives in
the data set, it is defined as a suitable test to apply for optical properties [32]. In this study,
to better interpretation of the AAODgc trends, we used two non-parametric trend analysis
tests of Mann—Kendall and Sen’s slope estimator.

The null hypothesis (Hp) in the MK test describes no trend in the time series against
the alternative hypothesis (H;), which states a trend in data. For the time series x1, ... , Xn,
the MK test defines the following statistic S [33,34]:

S = Z?;lle“:iH sgn (xj — ;) (10)

here n indicates the number of data points, x; and x; represent the data values in time series
iandj (j > i), and sgn (x; — x;) is the sign function as:

ifxj—xi>0,+1
sgn (xj — ;) = ifxj—xi=0,0 (11)
ifxj—xi <0,-1
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The variance statistic of S is given by

1
Var (S) = T nn—1)2n+5) —X;  (t—1)(2t+5) (12)
where m describes the number of tied groups and t; is the number of data values in the
ith group. Accordingly, the standard normal test statistic Zs (Mann—Kendall coefficient) is
calculated using Equation (12):

S=L_ ifS>0
Var(S)

Zs = 0,ifS=0 (13)
S+1 :
\/%(S)’ ifS<0

The positive values of Zs show upward trends, while the negative values of Z; in-
dicate downward trends. The test is performed at the specific « significant level when
|Zs| > Z1_/, the alternative hypothesis is accepted, and there is a significant trend in
the time series. Z;_ 4 /> can be found from the standard normal distribution table. At the
5% significance level (« = 0.05), the null hypothesis (no trend) is rejected if |Zs| > 1.96
and rejected if |Zs| > 2.576 at the 1% significance level (x = 0.01). Moreover, at the 10%
significance level (o« = 0.1), the null hypothesis is rejected if |Zs| > 1.645 [35]. In the present

analysis, « is considered as a 5% significance level or 95% confidence level.

2.3.2. Sen’s Slope Estimator

The actual slope of trend in the sample of N pairs of data can be estimated by a
non-parametric procedure developed by Sen [36]:
Qi:X],_lz(kforizl,...,N (14)

here x; and x indicate data values at times j and k (j > k), respectively.

. . . . . -1
In the case of multiple observations in one or more time series, then N < w, where

n denotes the total number of observations. The median of the slope or Sen’s slope estimator
can be calculated as

Q[(N+l)/2} ’ if Nis odd

Qmed = { w, if N v

is even

The Qpeq Value represents the steepness of the trend, while its sign defines data trend
reflection (i.e., downward or upward). Sen’s method is closely linked to the MK test and
has been extensively used in meteorological and AOD-related studies [37-39].

2.4. Uncertainties in AAODpc Retrieval Methodology

To estimate the uncertainties in AAODgc retrieval for this methodology, we calculated
the Confidence Interval (CI) of AAODgc at each site from 2000 to 2018. The CI measures
the degree of uncertainty or the possible range around the estimate. The CI defines how
stable the estimate is based on the standard errors and can be calculated as

S
Cl: XT+Z — 16
= (16)

here X~, Z, and S indicate the mean values, confidence level value (here 95% is considered),
and standard deviations, respectively. The number of data points is presented by n [40].

3. Results

In this section, we focus on presenting the annual variations of AODr, annual and
monthly variations in AAODgc, BC ratio (AAODgc/AODr ratio), AAODgc/AAOD o,
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ratio, and finally, the possible correlation between AAODpc and fine-or coarse mode
particles. Furthermore, the magnitudes and significance of the trends at each AERONET
site are presented in detail. The fourteen AERONET observation sites and the number of
total observations considered in this study are listed in Table 2.

Table 2. The number of the considered AERONET observation for fourteen selected sites over the
period 2000-2018.

Number of AERONET Observations

Location Stations Total
Sao Paul 201
North & South America a0 Tawlo
Mexico City 341
Thessaloniki 494
Europe
Venice 555
Beijing 1313
East Asia Taipei 361
Seoul 822
Cape Verde 720
Africa IER-Cinzana 1207
Ilorin 998
Mezaira 699
Middle East
Solar Village 1262
Gandhi College 821
India
Kanpur 2379

Before presenting the results, we clarify that through the rest of this paper, the term
“significant” or ’significance” refers to “statistically significant at the 95% confidence level
or interval” based on the MK and Sen’s slope test results. Table 3 lists the significance
and magnitude of the trends from the MK and Sen’s slope test at all the AERONET sites
included in this study.

3.1. Variations of Annual Mean AODt and AAODpc

Figure 2 indicates the variations of the annual mean AODT at 440 nm for each site from
2000 to 2018. Based on the MK test results, the AODr trend is significant over the European
sites, Mexico City, and Beijing, indicating a decreasing tendency. In comparison, Kanpur
showed a significant positive trend in AODy. Sao Paulo showed roughly higher values of
AODt compared to the Mexico City site. Both European sites (i.e., Thessaloniki and Venice)
represented a significant downward tendency and comparable values in AODy (between
0.3 and 0.75). Although the AODr fluctuations vary in different sites, the American and
European sites represented nearly similar variations (between 0.3 and 0.9) during the two
past decades. In the case of East Asian sites, Beijing denoting the highest AODrt, higher
than 0.9, demonstrated a significant downward trend (—0.011 year~!) from 2000 to 2018.
The lack of measurements from 2003 to 2011 restricted observing a consistent trend over
Seoul; however, lower values were observed in Seoul compared to Beijing. The Taipei site
showed the lowest AODr (less than 0.8) in comparison to the other East Asian sites.
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Table 3. Location, sites, number of observations used in the analysis (N), the Mann—Kendall z and p values, and Sen’s slope for AODt, AAODgc, BC Ratio
(AAODgc/AOD7T), and AAODgc/AAODr ratio at 440 nm at the 14 selected AERONET sites. Bold values indicate trends at a 95% significance level and their magnitude.

AODT AAODBC BC Ratio AAODBC to AAODTotal
(440 nm) (440 nm) (AAODgc/AODT) AAODgc/AAODT Ratio
Location Site N Mann—Kendall Sen’s N Mann—Kendall Sen’s N Mann—Kendall Sen’s N Mann—Kendall Sen’s
z Value p-Value Slope z Value p-Value Slope z Value p-Value Slope z Value p-Value Slope
Sao Paulo 11 —0.155 0.876 —0.005 11 —1.98 0.051 —0.001 11 0 1 0.00 11 —1.245 0.212 —0.006
Americas
Mexico City 14 —3.065 0.0021 —0.01 14 —1.423 0.154 —0.0005 14 —-0.12 0.5 —0.0001 14 —-0.32 0.74 0.00
Europe Thessaloniki 13 —2.867 0.004 —0.006 13 —2.013 0.044 —0.0004 13 —1.98 0.012 —0.001 13 —1.98 0.046 —0.015
P Venice 18 —3.030 0.002 —0.009 18 —-0.227 0.820 0.000 18 0.530 0.59 +0.0001 18 —242 0.015 —0.006
E Beijing 17 —2.43 0.015 —0.011 16 —1.98 0.0139 —0.001 16 0.045 0.096 0.00 16 —1.98 0.05 —0.006
Aa?t Seoul 9 —1.46 0.25 —0.004 9 —3.023 0.002 —0.0015 9 —1.98 0.04 —0.0011 9 —1.196 0.05 —0.018
sia Taipei 15 —-0.94 0.34 —0.005 15 —1.088 0.276 —0.0005 15 —0.989 0.322 —0.0008 15 —3.16 0.0015 —0.0094
Cape Verde 16 —0.151 0.87 —0.0004 15 —2.672 0.007 —0.0009 16 -3.10 0.0018 —0.0014 16 —3.06 0.002 —0.0019
Africa IER-Cinzana 14 —0.328 0.74 —0.001 14 —0.65 0.51 —0.0001 14 0.52 0.58 +0.0001 14 0.00 1 0.00
Ilorin 15 —0.296 0.766 —0.005 15 0.98 0.32 +0.001 15 1.187 0.23 +0.0011 15 0.98 0.32 +0.003
Middle Mezaira 11 0.618 0.537 +0.0044 11 —0.622 0.533 —0.0002 11 0.10 0.53 0.00 11 —0.34 0.73 —0.0008
East Solar Village 13 1.89 0.058 +0.010 12 1.57 0.11 +0.001 12 1.44 0.014 +0.0012 12 1.028 0.303 +0.0012
Indi Gandhi College 10 0.178 0.758 +0.007 10 0.17 0.85 +0.0004 10 -0.17 0.85 —0.0004 10 1.25 0.21 +0.02
ndia Kanpur 18 2.045 0.040 +0.009 17 —1.287 0.197 —0.0005 17 —2.677 0.007 —0.0011 17 0.86 0.38 +0.0031
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Figure 2. Variations of annual mean AODr at 440 nm from 2000 to 2018 at fourteen sites. Error bars
represent the standard deviation of the annual averages. (units AODr yearfl).

None of the African and the Middle Eastern sites indicated a significant trend in AODy
during 2000-2018. The AODt showed higher values at the Ilorin site (between 0.7 and
1.35) compared to the other African and Middle Eastern sites with the AODr variations
between 0.3 to 0.9. Like the Middle Eastern sites, the AODr represented comparable values
over Gandhi College and Kanpur. The majority of the sites with significant trends depicted
negative trends in AODr, except for the Kanpur site, which exhibited a considerably
positive trend with Sen’s slope of +0.009. The largest significant decline was found over
Beijing, reaching —0.011. Overall, the maximum AODrT values were identified over Beijing
and Ilorin with variations higher than 0.7 throughout 2000-2018.

The AAODgc trends for the fourteen AERONET sites during the study period are
presented in Figure 3. According to the statistical tests, the AAODgpc trends over Sao Paulo,
Thessaloniki, Beijing, Seoul, and Cape Verde significantly declined from 2000 to 2018. The
top significant falling trend was identified over Seoul (—0.0015 year~!), while the Cape
Verde with the Sen’s slope of —0.0009 demonstrated the minimum significant declining
tendency. Though both the Indian sites represented exceptional values of AAODgc (higher
than 0.03) compared to Mezaira and Solar Village (lower than 0.03), we could not approve
any significant trend in annual mean AAODgc neither over Middle Eastern nor the Indian
sites.
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Figure 3. Variations of annual mean AAODgc at 440 nm from 2000 to 2018 at fourteen sites. Error
bars represent the standard deviation of the annual averages. (units AAODgc year—!).

For the East Asian sites, both Beijing and Seoul showed negative AAODgc trends with
the magnitude of —0.001 and —0.0015 year~!, respectively. Although we could not detect
any significant AAODgc trend over Taipei; however, lower values of AAODgc (less than
0.04) were observed in this site compared to Beijing and Seoul. With the highest AAODgc
(picked at approximately 0.09 at some years, nearly ten times higher than the European and
Middle Eastern sites), Beijing and Ilorin exhibited higher values during the past 18 years.
Sao Paulo indicated higher AAODgc than the Mexico City site in some years; also, we
detected higher AAODgc in Ilorin compared to Cape Verde and IER_Cinzana. A significant
downward tendency (—0.001 year ') was found over Sao Paulo. The European and Middle
Eastern sites with AAODgc less than 0.04 demonstrated the lowest and almost identical
variations in AAODgc throughout the study period. Thessaloniki, with the AAODgpc
trend magnitude of —0.0004, demonstrated a significant decreasing trend. No remarkable
trend was observed over the Indian sites, while higher AAODgpc was found in both sites
compared to the European and Middle Eastern sites.

We also estimated the variations of the monthly mean AAODgc at 440 nm over the
study area from 2000 to 2018; the results are presented in Figure 4. The AAODg( at Beijing,
Sao Paulo, Mexico City, and the Indian sites represented a common monthly variation,
enhanced in AAODgc over the cold months. AAODgc over Beijing was the highest, peaked
from October to March and again in July, all year round. The AAODgc at Thessaloniki
and Venice is slightly higher during December-January than other months. The highest
monthly AAODgc appeared in January and February over Seoul and in March at Taipei,
respectively. The Mexico City and Sao Paulo sites showed the high values of AAODgc in
the wintertime. For Ilorin, AAODgc exhibits relatively moderate values (less than 0.04)
during March—August, decreasing drastically from August to October and then steadily
reaching up to ~0.08 during December—February. The AAODgc over Cape Verde and
IER-Cinzana are much higher in December-January than those found in other months of



Remote Sens. 2022, 14, 1510 12 of 28

the year. The monthly mean AAODgc values vary threefold at the Indian sites, ranging
from 0.02-0.03 during June-September to 0.06-0.07 during November—December. Further,
enhanced AAODgc was found from April to May at both sites; Gandhi College and Kanpur.
We detected a comparatively higher variability in AAODgc from December to January and
August in Mezaira and Solar-Village (elevated values remained steady until October at the
Solar-Village site). Although AAODgc represents a distinct monthly variation in some sites
such as the Americas, Beijing, Ilorin, and the Indian sites, the monthly AAODgpc changes in
the other sites do not vary a lot and are not clearly distinguishable.
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Figure 4. Monthly variations of mean AAODgc at 440 nm from 2000 to 2018 at fourteen sites. Error
bars represent the standard deviation of the monthly averages. (units AAODgc year ™).

3.2. Annual Variations of BC Ratio (AAODpc/AODt Ratio) and AAODpc/AAOD 1y, Ratio

The annual variations of the BC ratio or the ratio of AAODgc to AODt (AAODgc/AODt
ratio) at 440 nm during 2000-2018 at the selected sites are shown in Figure 5. Based on
the results of the statistical tests, the AAODgc/AODr ratio trends over Thessaloniki,
Seoul, Cape Verde, and Kanpur with the Sen’s slopes of —0.001, —0.0011, —0.0014, and
—0.0011, respectively, are considered significant. The highest inter-annual variability of
AAODgc/AODr ratio is particularly evident over Beijing, Mexico City, Sao Paulo, Ilorin,
and the Indian sites, approximately higher than 0.04 almost throughout the study period.
The least annual BC ratio (less than 0.04) was found over Venice, Cape Verde, and the Middle
Eastern sites. None of the Americas sites indicated a significant AAODgc/AODr ratio
trend. AAODgc/AODr ratio depicted a significant drop at Thessaloniki (—0.001 year’l)
with an elevation in 2008 followed by a decrease from 2009, whereas Venice showed a
non-significant steady trend over the study period.
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Figure 5. Variations of annual AAODgc/AODr ratio at 440 nm from 2000 to 2018 at fourteen sites.
Error bars represent the standard deviation of the annual averages (units year ).

In the case of the East Asian sites, the highest values of AAODgc/AODr ratio are for
Beijing, while Seoul and Taipei showed lower values. A significant decreasing tendency is
derived for the Seoul and Cape Verde sites with a declining ratio of —0.0011 year~! and
—0.0014 year~!, respectively; Cape Verde indicated the lower AAODgc /AODr ratio (lower
than 0.04) compared to the other African sites. There was no significant trend in BC ratio
for either of the IER-Cinzana and Ilorin sites; however, a higher BC ratio was found over
Ilorin. We found no significant trend for Mezaira during 2000-2018 (note that the data
are only available for ten years or less in some sites, including Mezaira and Seoul; thus, it
is difficult to ascribe a long-term trend for such sites). In the case of the Indian sites, the
AAODgc/AODr ratio trend was only significant in the Kanpur site with the decreasing
tendency of —0.0011 year~!, while Gandhi-College revealed no notable trend.

The annual variations of AAODgc to AAOD, (AAODgc/AAOD7 ratio) at 440 nm
during 2000-2018 at the selected sites are shown in Figure 6. The statistical tests showed
that the AAODgpc/AAODr trends are significant over Thessaloniki, Venice, Beijing, Seoul,
Taipei, and Cape Verde with the Sen’s slopes of —0.015, —0.006, —0.006, —0.018, —0.0094,
and —0.0019, respectively. The highest AAODpc/AAODrT values were found in Mexico
City and Sao Paulo (approximately higher than 0.35); however, none of these sites repre-
sented a significant trend. The Americas, European, East Asian, and Indian sites showed
higher AAODgc/AAODr than the African and Middle Eastern sites. The least annual
AAODgc/AAODr ratio was found over Cape Verde, IER-Cinzana, and the Middle Eastern
sites. The AAODgpc/AAODr ratio significantly dropped at the European, Cape Verde, and
East Asian sites, whereas no considerable trend was found in other sites.
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Figure 6. Variations of annual AAODgc/AAODry, ratio at 440 nm from 2000 to 2018 at fourteen
sites. Error bars represent the standard deviation of the annual averages (units year1).

In the case of the African sites, the highest AAODpc/AAODr value was found in Ilorin,
while IER-Cinzana and Cape Verde showed lower values. A significant decreasing tendency
is derived for all the East Asian sites; Beijing indicated the highest AAODgc/AAODr ratio
compared to Seoul and Taipei. We could not find any significant trend in AAODgc/AAODT
ratio for Gandhi College and Kanpur; however, both sites represented a non-significant
increasing trend. We found comparable values of AAODgc/AAODrt with a non-significant
trend over the Middle Eastern sites.

3.3. Correlation between AAODgc and Coarse- or Fine Mode Particles

To estimate the correlation between AAODgc and coarse- or fine mode particles,
AAQODgc values at each site were compared to total coarse- and fine mode AOD at 440 nm.
Figure 7 presents scatterplots of AODt and AAODgc at 440 nm for the fine mode (black
circles) and the coarse mode (gray circles) particles at the Americas, East Asian, and African
sites. A higher coefficient of determination was found between AODt and AAODg for the
fine mode particles at most sites except for Beijing. For the Americas and East Asian sites,
the numbers are 0.15, 0.23, 0.17, 0.08, and 0.31 over Mexico City, Sao Paulo, Seoul, Beijing,
and Taipei, respectively. In the case of some sites such as Mexico City, R? represented
smaller values for both the fine- and coarse mode particles; nonetheless, a higher value was
found for fine mode particles over this site. Similar to the American and East Asian sites,
we found a higher coefficient of determination between AODt and AAODg for the fine
mode particles at the African sites; the numbers are 0.33, 0.16, and 0.62 over Cape Verde,
IER_Cinzana, and Ilorin, respectively. The highest correlation with fine particles was found
at Ilorin (R? = 0.62).
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Figure 7. The coefficient of determination (R?) between AAODgc and AODry at 440 nm for the fine
mode (black circles) and the coarse mode (gray circles) at (a) the American, (b) East Asian, and

(c) African sites

from 2000 to 2018.

The scatterplots of AODt and AAODgc at 440 nm for the fine- and coarse mode particles
over Europe, the Middle East, and India are plotted in Figure 8. A higher coefficient of
determination was observed between AODt and AAODg for the fine mode particles at all
the European, Middle Eastern, and Indian sites. The values are 0.031, 0.10, 0.12, 0.13, 0.47,
and 0.27 for the fine mode over Thessaloniki, Venice, Mezaira, Solar-Village, Kanpur, and
Gandhi-College, respectively. Similar to Mexico City, R? indicated smaller values for both the
fine- and coarse mode particles over Thessaloniki; nevertheless, a higher correlation was found
for fine mode particles over this site as well. AAODgc exhibited the highest correlation with
fine mode particles over Kanpur (R? = 0.47); also, higher dependence on fine mode particles
was identified over Gandhi Collage (R? = 0.27) compared to the other sites.
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Figure 8. The coefficient of determination (R?) between AAODgc and AODr at 440 nm for the fine
mode (black circles) and the coarse mode (gray circles) at (a) the European, (b) Middle Eastern, and
(c) Indian sites from 2000 to 2018.

3.4. Uncertainties in AAODpc Retrieval Methodology

To assess the uncertainties in AAODg( retrieval methodology, we calculated the CI of
AAODg( at each site from 2000 to 2018. The highest and lowest CI for AAODg is related
to Beijing with the value of £0.02 and the Middle eastern sites with the value of £0.004,
respectively. For the Indian, Americas, and European sites, the values are £0.01, £0.008,
and £0.005, respectively. Similar to the European sites, IRE-Cinzana and Taipei with the
CI of £0.005 showed lower values; however, the higher CIs were found over Seoul, Ilorin,
and Cape Verde (+0.007, £0.016, and +0.008, respectively).

4. Discussion
4.1. Annual Mean AODr

According to Figure 2, a significant declining trend in AODt was found over Mexico
City, Thessaloniki, Venice, and Beijing, while Kanpur represented an upward trend during
2000-2018. The variations found in AODrt agree with the results of a previous study
by Li et al. [41], which reported the same decline in AOD over Venice, Beijing, Cape
Verde, IER-Cinzana, and Ilorin, and also a similar upward trend in Solar Village and
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Kanpur from 2000 to 2013. The tendencies found over North and South America, Europe,
and some parts of Africa are compatible with the results of the preceding studies based
on satellite-based AOD; however, the AOD growing trend over Arabian Peninsula is in
harmony with simulation model results due to the lack of satellite information over bright
surfaces [42]. The higher annual mean AOD over Ilorin than in other semi-arid locations
could be attributable to the influence of dust and anthropogenic sources [43]. In southern
Africa, biomass-burning emissions contribute an estimated 86% of total carbonaceous
aerosols generated in Africa, a high percentage compared to the other regions worldwide.
Moreover, Africa is known as the largest individual source of dust and biomass-burning
emissions globally [44]. Biomass-burning aerosols make up a significant fraction of AODr
at the Ilorin site [45]. The AODt at Cape Verde is influenced by dust particles transported
from the Saharan desert and carbon particles resulting from biomass-burning in the region
south of the Sahel and local traffic emissions [46]. In the case of the Middle Eastern sites
(e.g., Mezaira and Solar Village) located in arid areas, major dust outbreaks and storms
highly affect air quality by transferring airborne particles and hence significantly contribute
to the overall AOD over these regions. Natural dust and a large amount of finely ground
sand are the main drivers of the increase in AOD; moreover, the use of natural resources of
fossil fuels (largely oil reserves) and related industries, and particulate matter (PM) emitting
from construction sites are some other causes of AOD variations over this region [47].

Based on satellite-retrieved data, Alpert et al. [48] found a decline in the AOD over
Mexico City and Sao Paulo during 2002-2010. Similar to our findings, Carabali et al. [49]
showed that the mean AOD at 500 nm over Mexico City was nearly half of the maximum
values measured at Chinese urban sites during 1999-2014. In other literature, the highest
AOD daytime variation at 440 nm was occurred in Mexico City compared to Sao Paulo [50].
The higher AODt over Mexico City and Sao Paulo is partly attributable to the higher
population of these sites. Mexico City is the most populous city in North America. In 2020,
the population for the city itself was approximately 9 million people, but when looking
at the entire metropolitan area, this number rises to ~21 million. Vehicles are the primary
source of air pollution in Mexico City; emissions from the exhaust of these automotive
fleets contain hydrocarbons (fossil fuels), carbon monoxide, and nitrogen oxides that are
released into the atmosphere in considerable quantities. Another factor in the higher AODr
over Mexico City is the geographical location of this city [51]. As Mexico City is located in
a valley (valley of Mexico), when the speed of the winds is low, the diffusion of pollutants
is minimum; for at least seven months a year, the region maintains, on average low-speed
winds. In addition, the role of altitude in the high rate of pollution over this region should
not be ignored; since Mexico City’s altitude is high, the low oxygen quantity results in
deficiencies in the combustion processes of the engines and higher air pollution over this
city. Sao Paulo is the most populous city in Brazil and the continent. As seen in many
populated cities worldwide, vehicular emissions appear to be the most prominent source of
air contamination and high AOD over Sao Paulo [52]. Particles released from construction
sites, the combustion of wood or plants in any form of the open burning site (for cooking
or similar activities), and emissions from factories are considered as the other sources of
high AOD at Sao Paulo.

A decrease in AOD over Venice, Thessaloniki, and North America from 2000 to 2009
was observed previously, mainly due to decreasing emissions of SOp, NOy, and other
pollutants [53]. The reduction in AOD over Europe coincides with the implementation of
air quality regulations to minimize the emission of SO, and other atmospheric aerosols
from 1990, which improved air quality. It has been reported that the drop in AOD trend
over Europe and America is mainly due to the decrease in emissions, while meteorological
changes are the main drivers of AOD changes over the Middle East and Africa [41,42].

In contrast to the declining emission trends over Europe and North America, anthro-
pogenic emissions have been escalating in South Asia in recent decades. We found an
upward AOD trend in Kanpur that is consonant with previous studies based on ground-
based measurements and satellite observations [54]. As India is one of the most polluted
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countries and is projected to be the most populous country in the world in the coming
decades, the high AOD and its upward tendency are expected. About 40 cities in India are
identified as “high-pollution” areas with annual mean PM; levels of 61-90 ug/ m?3, and
85 cities are considered as “critical”, exceeding the PM; standard by over 1.5 times [55]. The
high AOD over the Indian sites, particularly Kanpur, is attributable to dust aerosols (and
mixed types of aerosols) as the main component during the monsoon season and anthro-
pogenic emissions during winter and post-monsoon seasons over this metropolis city [56].
More than 75% of total AOD over Kanpur is attributable to fine mode urban/industrial
aerosols during winter [57].

The high AOD over Beijing primarily results from anthropogenic activities associated
with secondary aerosol formation and natural aerosol flux (such as sea salt and dust), large
population, and urbanization [58]. Since the beginning of industrialization, Beijing has
suffered poor air quality due to the high emissions of sulfate, carbonaceous, and other
aerosols from growing fuel consumption. The rapid increase in AOD from 2000 to 2006 and
a gradual decrease from 2006 to 2014 over Beijing was previously reported, mainly due to
anthropogenic emissions over this city [59]. Moreover, long-range transported natural and
anthropogenic aerosols generated in China affect the air quality and AODt over downward
areas, e.g., Seoul, due to prevailing westerlies over East Asia. Dust plumes transported
from deserts in China and Mongolia affect the air quality in China and downwind regions
such as Taipei and Seoul, particularly during the spring season [60]. The downward
trend of AOD in Beijing can be due to improving air pollution control measures and the
implementation of strict government policies to control air pollution in this country [61].
The lower variation of annual mean AOD at Seoul and Taipei is associated with lower air
pollution emissions at these sites compared to China.

4.2. Annual and Monthly Mean AAODpc

Based on Figure 3, the higher AAODgc was observed over Beijing, Ilorin, Mexico City,
Sao Paulo, and the Indian sites, with the maximum values in Beijing and Ilorin from 2000 to
2018. Besides, AAODgc declined significantly over Sao Paulo, Thessaloniki, Beijing, Seoul,
and Cape Verde during the study period. Sun et al. [14] reported a downward tendency
in AAODgc during 2008-2017 over China, with a considerable influence on AAOD over
this area. A decreasing trend in BC concentration over Beijing was reported in other
studies, which might explain the downward tendency of AAODgc over this region [62].
Restrictions on gasoline and coal consumption (both local and industrial), traffic regulations,
government’s air pollution actions (e.g., Multi-resolution Emission Inventory version 1.3
(MEIC1.3) and Regional Emission inventory in Asia (REAS)) appear to be the main drivers
of BC reduction in China [63]. The high AAODgc in China largely results from industrial
and local carbon-containing pollutants associated with population density and economic
growth over the recent decades. Transportation and liquid fuels such as gasoline and diesel
have been found to play an important role in BC emission over Beijing [64].

The contribution of BC to AAOD was previously compared at polluted urban regions
of Seoul and Beijing and background sites [65]. It has been found that BC made a more
outstanding contribution to AAOD in the polluted urban regions than the background
sites. The contribution of BC to AAOD is estimated to be 84.9 & 2.8% in polluted urban
cities, while BrC’s contribution is lower (15.1 £ 2.8%). In Seoul, we found a decreasing
tendency in AAODgc (higher than 0.04 before 2002 and lower than 0.04 after 2011). In
2002, the government began attaching diesel particulate filters (DPF) to old diesel mobiles
and supplying compressed natural gas (CNG) buses in Seoul. Moreover, Seoul started the
disposal of old diesel vehicles in 2003. Since 2005 regulations on air pollutants emitted from
diesel engines have been strengthened in this metropolitan area. Therefore, the significant
decreasing trend in AAODgc in Seoul, particularly after 2002, might be highly affected by
these diesel mobile-related policies and reduction in emissions from diesel engines over
this city. AAODgc variations in Seoul are driven predominantly by local anthropogenic
emissions but are influenced by industrial emissions in the west and emissions from
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biogenic, agricultural, and biomass burning sources in the east of the Seoul metropolitan
area as well. Furthermore, AAODgc in Seoul can be impacted by the long-range transport
of anthropogenic particles. For instance, as Seoul is located in the central west of the Korean
Peninsula facing the yellow sea in the west, AAODgc in Seoul is highly influenced by
continental outflows from the Asian continent (such as China). AAODgc variations over
Taipei are mainly attributable to local and transported BC emissions. BC contribution to
the total AOD in Taipei is estimated to be 1.5% on average. Over 90% of the total BC in
Taipei results from the BC emissions from anthropogenic sources in Asia. North-East and
South-East Asia are considered as the prominent source regions of various anthropogenic
aerosols to Taipei, accounting for 51% and 34.2% of total black carbon on annual average,
respectively [66]. The corresponding share of BC from anthropogenic emissions in North-
East Asia demonstrates a higher contribution during the winter season. However, the
contribution of South-East Asia in the total BC in Taipei is more pronounced in summer.

Mexico City and Sao Paulo, with a population of ~9 and 12 million inhabitants, respec-
tively, represented higher AAODgc than other sites such as Venice or the Middle Eastern
sites. A higher absorption coefficient related to BC was reported over Mexico City and
nearby, likely associated with vehicular activities, local fires, and biomass-burning [67]. Sao
Paulo is one of the most congested cities globally, and traffic is the principal source of BC
emissions (mainly emitted from heavy vehicles) in this city. Sao Paulo metropolitan area
with almost 8 million motorized vehicles and 100-km-long traffic jams has high concentra-
tions of air pollutants, particularly in the winter season. High BC emissions from diesel
(around four times) and gasoline vehicles are the leading sources of elevated BC concentra-
tion and AAODgc over Sao Paulo [68]. The significant decreasing trend in AAODgc at Sao
Paulo may result from the following governmental actions: decentralization of economic
activities to the surrounding areas, construction of a ring road around the metropolitan area
(Rodoanel), improvement of public transportation, expansion of subway line networks,
setting air quality and emission standards, and control measures implemented by the local
and state government in Sao Paulo to reduce the emission of BC, carbon monoxide (CO),
volatile organic compounds (VOC), and toxic pollutant in the past years [69].

We found one of the highest annual mean AAODgc values at the Ilorin site in Nigeria,
one of the world’s leading gas flaring nations. Gas flaring is a daily routine in this region
known as a considerable BC (soot), CO, and VOC source. The Ilorin AERONET site is
located to the north of the gas flaring region in Nigeria, with over 300 active flare sites
and an estimated annual average volume flared of 15 billion cubic meters, which can
considerably contribute to the high AAODgc over this region [70]. Hence, regardless of the
high BC emission at this site, llorin’s AERONET site location plays a prominent role in the
high AAODg( variations over this site. In addition, volcanic ash, fossil fuel combustion, and
power backup generators powered by fossil fuels contribute to BC emissions over Nigeria.

Ramachandran and Rajesh. [71] showed that BC mass concentration over India, Beijing,
and Seoul are higher than those measured over European and American sites. Whilst BC
emissions are reported to be declining in the US and across Europe [72], they are rising in
much of the world. BC emissions in the European Union (EU; including Italy and Greece) to
a large extent originate from the residential sectors and transportation [73]. Diesel engines
have been a specific target in urban areas due to their enormous (90%) contribution to
the transport share of BC emissions [74]. The EU legislation on controlling BC emissions
associated with Arctic climate warming could be the potential motivation for the declining
and the constant trend of AAODgc over Thessaloniki and Venice, respectively. Moreover,
other regulations and mitigation policies such as tighter vehicle emission testing standards
and schemes to reduce diesel cars in cities were likely the other reasons the AAODgc
decreased over the US and Europe during the past twenty years.

In India, coal-burning is a prominent source of energy that supplies 76% of the coun-
try’s requirements, and it is a significant source of BC mass concentration into the envi-
ronment [75]. In addition, biofuel burning, agriculture fires, and vehicular emissions due
to the high population are the other major sources of BC aerosols over the Indo-Gangetic
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Basin (IGB) areas [76]. Wood and biomass burning for cooking and heating drive up the
BC emission over India, not only in urban areas but also in rural areas. As Kanpur and
Gandhi-College are located in urban areas with high populations, AAODgc showed almost
similar variations for both sites. In India, the traffic sector (specifically the motorbikes)
emits large quantities of BC due to incomplete combustion. Furthermore, coal burning in
the power plants might constitute the significant sources of BC emissions in Kanpur and
Gandhi College. A considerable fraction of aerosols over India are light-absorbing and
contain BC; hence, they are expected to lead to a higher AAODg( in this region [77]. BC
emissions conjoined with dust loads from local sources were found to have the power to
change the rainy period during late spring over northern India.

Although the AODr variation over the Middle Eastern sites represented roughly high
values, AAODgc showed lower values over these sites, implying the more significant
role of natural aerosols and dust outbreaks in air pollution than anthropogenic pollution
or carbon-containing particles in the Middle East. Variations in AAODgc over Mezaira
are mainly influenced by BC sources, including the petrochemical industry and maritime
shipping (transferred from the coastal area of Abu Dhabi). Moreover, electricity generation
and industrial activities such as fertilizer use and water desalination plants are found to be
the other sources of BC emissions over this region, specifically in Solar Village [78].

According to Figure 4, the AAODgc at Beijing, Sao Paulo, Mexico City, and the In-
dian sites exhibited a seasonal pattern; an increase in AAODgc over the cold months and
lower values during summertime. The seasonal dependence of AAODgc emphasizes
the role of domestic heating in BC emissions related to coal-based fuels over these sites.
Several studies have reported similar seasonal variations in BC variations over China [79].
Liu et al. [80] reported a general decrease in BC concentration during 2002-2014 in Beijing,
with the highest average concentration in winter associated with extensive coal consump-
tion and meteorological conditions. We found slightly higher AAODgc in July than the
other warm months over Beijing, more likely associated with biomass-burning sources
in the summertime [81]. The increased AAOD in China and Korea during winter is at-
tributable to the elevation of BC and OC emissions in response to incomplete combustion
of fossil fuel for domestic heating [82].

Local heating is a significant source of BC during the winter season in Sao Paulo and
Mexico City, while primary emissions by motor vehicles are dominant throughout the
year, regardless of the seasons [83]. Besides, most of the rainfall in Mexico City occurs
from Jun to September, when low-pressure systems over the Atlantic and Pacific oceans
convey air masses loaded with moisture which causes rainfall over the country and lowers
the atmospheric pollution during this period. We found lower AAODgc from March to
November over Ilorin, with the minimum value in October and a peak in August. Ilorin
experiences a rainy season from April to October with a peak in October, while the dry
season lasts for almost five months, from November to March, with the slightest chance
of a rainy day (1%) at the end of December. Therefore, the lower AAODgc during the
wet months (minimum in October) and higher values over dry months (maximum during
December-January) is partly attributable to the rainfall that lowers atmospheric pollution
load during the wet months. AAODgc peaks during late fall to early winter at the Ilorin site
(peaking at ~0.09 in January). This coincides with the sub-Sahelian biomass-burning season
(December—February) over northern Africa, influencing AAODgc variations over Ilorin.
The highest AOD during December-February out of the western African sites affects Ilorin,
which is closer to the primary area of biomass-burning during this time [45]. Savanah,
grassland fires, and biomass-burning are the significant sources of BC during the dry
seasons over Africa; however, residential heating during winter is considerable [84].

The seasonal variation in AAODg( is less pronounced over Europe than in Beijing,
the Americas, and the Indian sites. The contribution of fossil fuel in BC concentration is
more evident in summer over Greece, and however wood burning contributes considerably
to BC concentration in wintertime [85]. Bikkina et al. [86] found the highest total carbon-
based fraction biomass in fall and winter (October to February) and lowest values in
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summer (June—September) over Kanpur. The carbonaceous aerosols in winter and fall
are affected by transport of crop residue burning and wood combustion emissions in the
northern Indo-Gangetic Plain (IGP); however, local sources (wheat residue combustion
and vehicular emissions) were identified as the dominant sources in spring and summer.
AAQODg variations over the Middle East and Taipei indicated slightly higher values during
wintertime and from June to August only over the Middle Eastern site. Since the winter
season in Taipei, Saudi Arabia (the Solar-Village site), and the United Arab Emirates (the
Mezaira site) is mostly mild and moderate, we concluded that the residential heating
contribution in the elevation of AAODgc in winter might be slightly over these sites and-or
the sources of BC are identical throughout the year.

4.3. Annual Mean BC Ratio (AAODgc/AOD7 Ratio) and AAODgc/AAOD1,, Ratio

Figure 5 represents the variations of the annual ratio of AAODgc to AODT (AAODgc/
AODr) or BC ratio and their trends for 2000-2018. A significant declining trend was
found over Thessaloniki, Seoul, Cape Verde, and Kanpur. The BC ratio indicated higher
values over Sao Paulo, Mexico City, Beijing, Ilorin, and the Indian sites (higher than
0.04) owing to the higher BC concentrations over these sites compared to the other sites.
Despite the significant decrease in AODr in both European sites, the BC ratio declined only
over Thessaloniki; however, the BC ratio in Venice remained stable or increased during
2000-2018. This revealed that the decrease in aerosol load over Venice largely results from
the decrease in emission of other aerosol species. The highest values of the BC ratio were
found over Beijing, Ilorin, and Sao Paulo, indicating the notable contribution of BC in
air pollution compared to the other particles. A significant downward tendency in BC
ratio over Thessaloniki mainly results from the decline in BC emission during 2003—2011.
Therefore, it can be concluded that Thessaloniki’s decline in BC emissions was higher than
that at the Venice site. The greater significant decline in AODry trend over Beijing compared
to AAODgc and the non-significant tendency in BC ratio implies the decline in all aerosol
types added to BC emissions decline over Beijing. The notable decline in BC ratio over
Kanpur in contrast to the upward tendency in AODt over this site signifies the important
role of BC in air pollution over Kanpur; however, the contribution of other aerosols in
elevation of AODr should not be ignored. The decline in BC ratio and AAODgc over Cape
Verde compared to the other African sites (with the non-significant upward trend) indicates
the faster reduction in BC emissions over this site.

Figure 6 shows the variations of the annual AAODgc to AAODr,; ratio (AAODgc/
AAOQODr) and their trends during 2000-2018. The AAODgc/AAODr indicated higher
values over the Americas, East Asia, Europe, and India, with the highest values over
Sao Paulo and Mexico City. The AAODgc/AAODrT represents the ratio of AAODgc to
total AAOD (here, total AAOD is considered AAOD induced by BC, dust, and BrC),
expressing the proportion of BC in light-absorbing aerosols. Therefore, the high variations
of AAODpc/AAODr imply the increased contribution of BC in light absorption compared
to other light-absorbing aerosols over the Americas, East Asia, India, and Europe. The
highest AAODgc/AAODT over Mexico City and Sao Paulo indicates the increased portion
of BC in light absorption compared to other light-absorbing aerosols (i.e., dust and BrC)
over these populous cities. The lower AAODpc/AAODr despite the high AAODgc over
Beijing might be attributable to the high contribution of dust (transferred from China and
Mongolia deserts) and BrC in light absorption, which lowered the AAODgc/AAQODT.
Like Beijing, as the Ilorin site is highly affected by the Saharan dust, AAODgc/AAODy
indicated lower values, despite the higher AAODgc and AODt, emphasizing the high
proportion of dust in light absorption along with BC. In the case of the European sites,
Taipei, and Seoul, since none of these sites are adjacent to the deserts, the proportion of
dust in light absorption seems lower than BC. Although these sites are influenced by dust
transportation from other deserts, the dust influence is lower than the African, Middle
Eastern, and Beijing sites. Therefore, the high variations in AAODgc/AAODrt (despite
lower AAODgc) highlight BC’s more prominent role in light absorption than dust and BrC.
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The very low AAODgc/AAODr over the Middle East, Cape Verde, and IER-Cinzana might
denote the significant contribution of other light-absorbing aerosols (particularly dust) in
light absorption than BC. The significant decreasing tendency in AAODpc/AAODT over
the European, Cape Verde, and East Asian sites implies the reduction of BC’s share in
light absorption compared to the past. In other words, BC proportion in light absorption
compared to other light-absorbing aerosols seems to be decreased from 2000 to 2018 over
the European, Cape Verde, and East Asian sites.

Table 4 summarizes the results of our AAODgc retrieval methodology and compares
them with previous research results.

Table 4. Comparison of our AAODg¢ retrieval methodology results with previous research.

Our Approach Previous Studies

A downward tendency in AAODgc was found over
China during 20082017, with a considerable influence
on AAOD over this area [14].

A decreasing trend in BC concentration was reported
over Beijing [62].

A Downward trend in AAODg at the
Beijing site from 2001 to 2017

Higher AAODgc and
AAODgc/AAODT over the Americas
imply the high contribution of BC in
light absorption.

A higher absorption coefficient related to BC was
reported over Mexico City [67].
Elevated BC concentration was reported due to the
high BC emissions over Sao Paulo [68].

Lower AAODgc over the European

The European and American sites showed lower BC

sites than the other sites mass concentration than India, Beijing, and Seoul [71].

A considerable fraction of aerosols over India were
found to be light-absorbing which contain BC [77].

Higher variations in AAODgc over the
Indian sites

Higher AAODgpc and
AAODgc/AAODr at the Ilorin site,
indicating the high contribution of BC
and dust in light absorption at this site.

The higher annual mean AOD was found over Ilorin
mainly attributable to the influence of dust and
anthropogenic sources [43].

4.4. Correlation between AAODgc and Coarse- or Fine Mode Particles

We found a higher coefficient of determination between AODt and AAODgc for the
fine mode particles over all the American, African, Indian, European, Middle Eastern, and
East Asian sites except for Beijing. R? exhibited smaller values for both the fine- and coarse
mode particles over Thessaloniki; however, a relatively higher correlation was found for
fine mode particles at these sites as well. Freshly emitted BC particles in the atmosphere
are primarily of anthropogenic origin and in fine mode [87]; therefore, the BC’s higher
correlation with fine mode particles is expected. Ynoue and Andrade [88] concluded that
fine mode particles receive a greater contribution from carbonaceous particles over Sao
Paulo. Different BC sources from fossil fuel and biomass-burning aerosols have different
BC particle size distributions, which may explain the lower and/or various correlations
over different sites in this study [89,90]. On the other hand, BC particles exist in the form
of aggregates with small carbon spherules and spherical monomers [91]. In addition,
aging can lead to BC particles mixing with other coarse aerosols such as dust, sea salt,
and sulfate [92]. Urban BC particles tend to have smaller sizes, fewer coated, and thinner
coatings than biomass-burning BC particles [93]. The major fraction of the organic carbon
aerosol associated with biomass-burning emission is water-soluble, which might affect the
optical size of biomass-burning BC [94]. Wang et al. [95] found a significant contribution
of primary fossil fuel and biomass-burning organics (64% of total organics) over Beijing.
The authors confirmed that secondary species might have considerable impacts on the
properties of BC-containing particles, particularly for ones with larger BC core sizes and
thicker coating. The higher correlation of AAODgc and coarse mode particles might
result from the BC particle aggregation with the other secondary species, specifically over
the highly polluted areas in Beijing. Besides, more polluted periods would have more
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contribution from other pollutants, and more thickly coated BC tends to associate with
other species. This fact emphasizes the notable role of chemical aging in the pollution of
BC particles during the long-term pollution episode in Beijing, particularly within the first
decade of our study. As was reported by Zhao et al. [96], BC rapidly accumulates and
becomes more homogenously mixed and represents a larger core size during pollution
episodes in Beijing. Moreover, due to the high concentration of gas precursors and pre-
existing particles during high pollution episodes, BC has more chance to be thickly coated.
Overall, aging, BC emission from different sources, BC aggregation properties seem to be
the main drivers of higher AAODg( correlation with coarse particles over Beijing.

4.5. AAODpc Methodology Assessment

The uncertainties in AAODg( retrieval using this methodology mainly arise from
AERONET-retrieved AODs and w. The highest uncertainty in AAODg( retrieval for this
methodology was found in Beijing (+0.02); however, the Middle Eastern sites indicated the
lowest values (£0.004).

5. Conclusions

In this study, we presented the long-term variations of AODt, AAODgc, the ratio
of AAODgc/AODT, AAODpc/AAODT a1, and AAODgc correlation with fine- or coarse
mode particles retrieved from AERONET measurements over North and South America,
Europe, East Asia, Africa, the Middle East, and India. To the best of our knowledge, fewer
studies have investigated the aerosol optical properties, BC light absorption, and their
trends for the long-term on a continental scale. Therefore, this study serves as a reference
for evaluating the decadal BC variations globally. The major findings and conclusions are
summarized as follow:

- Asignificant declining trend in AODt was found over Mexico City, Beijing, and the
European sites, while Kanpur represented an upward tendency during 2000-2018. The
highest AODt was observed over Sao Paulo, Beijing, Ilorin, and the Indian sites. The
upward tendency in AODrt over Kanpur might be attributed to dust, mixed aerosols, and
anthropogenic urban-industrial emissions mainly associated with the high population
over this metropolitan city. The downward tendency in AODy over China, Europe, and
America might be related to the decrease in emissions and the governmental air pollution
control policies over these areas.

- Higher AAODgc was observed over Beijing, Ilorin, Mexico City, Sao Paulo, and the
Indian sites, with the maximum values in Beijing and Ilorin. AAODgc declined signifi-
cantly over Sao Paulo, Thessaloniki, Beijing, Seoul, and Cape Verde. High population,
local and industrial emissions, transportation, and carbon-containing fuel consump-
tion for house warming could be the main drivers of higher AAODgc over Beijing,
Mexico City, Sao Paulo, and the Indian sites. In contrast, AAODgpc variation over Ilorin is
significantly affected by biomass burning, agriculture fires, and other emission sources.

- We found that besides the local anthropogenic emissions, the AAODg( variations are
also influenced by other factors such as the site’s geographical location, altitude, the
local diffusion condition, wind speed, and precipitation.

- The AAODgc at Beijing, Sao Paulo, Mexico City, and the Indian sites showed a
clear seasonality with an increase over the cold months and lowered values during
summertime. The seasonal dependence of AAODgc emphasizes the notable role of
residential heating in BC emissions related to coal-based fuels over these sites.

- We found a higher coefficient of determination between AODt and AAODgc for
the fine mode particles at all sites except for Beijing. This higher correlation can be
attributed to the fact that BC particles in the atmosphere are mostly of anthropogenic
origin and in fine mode. We concluded that aging, BC emission from different sources,
BC aggregation properties might be the leading cause of higher AAODg correlation
with coarse particles over Beijing.



Remote Sens. 2022, 14, 1510 24 of 28

Finally, although the AAODg¢ changes were derived in various sites, additional sites
and studies are needed to provide a more precise global conclusion and better understand
the causes for BC variations. Therefore, in our future work, we plan to add more sites to
our current sites and better conclude the AAODgc variations worldwide.
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AAODpc  Black Carbon Absorption Aerosol Optical Depth
AAODg,c Brown Carbon Absorption Aerosol Optical Depth
(DPR, 8P)  Depolarization Ratio

(SSA, w) Single Scattering Albedo

(AE, d) Angstrt')m Exponent
Ry Dust Ratio
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