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Abstract The climatological characteristics of total aerosol optical thickness (AOT) together with fine
and coarse mode AOT (fAOT and cAOT) and fine mode fraction (FMF = fAOT/AOT) over East and
South Asia are presented here for the period March 2005 to October 2013. The characteristics are retrieved
from POLDER/PARASOL measurements using recently developed aerosol component module of GRASP
algorithm. The satellite retrievals were validated and presented a good agreement with the AERONET
products (e.g., R of ~0.8-0.9 for AOT, fAOT, Angstrﬁm exponent, and FMF). The results show a seasonal
cycle and strong relation to the emission sources. For example, FMF has a peak of nearly 1.0 in March in the
Indo-China Peninsula region, reaching a minimum of about 0.4 in April in Northwestern China region.
These patterns can be explained by dominance of anthropogenic pollution or desert dust emissions. Maps of
fine, coarse, and total AOT, as well as of FMF for the East and South Asia region, are presented and analyzed
in scope of seasonal and interannual variabilities.

1. Introduction

The aerosol effect on climate is mainly determined by anthropogenic particles as an external cause of cli-
mate change (Charlson et al., 1992; Hansen et al., 1997). The fine mode fraction (FMF) of aerosol optical
thickness (AOT) is an indicator for distinguishing the anthropogenic aerosol (Bellouin et al., 2005).
These submicron aerosols are mainly a result of combustion processes and differ from the coarse natural
particles generated by erosions and sea spray suspension. Assessment of the fine mode aerosol contribution
to the total aerosol loading is an essential step for quantifying the impact of anthropogenic activities on the
Earth's climate, environment, and human health. Many studies showed that, for example, mortality, lung
cancer, and respiratory system problems are related to small atmospheric particles (diameter <2.5 pm)
(Beelen et al., 2014; Pope et al., 2002, 2004).

It was demonstrated that aerosol properties derived from multiangular, multispectral, and polarized mea-
surements can provide an enhanced characterization of aerosol and surface properties (e.g., Deuzé
et al., 1993, 2001; Litvinov et al., 2011; Waquet et al., 2007, 2009). The multiangle polarized measurements
can also better characterize aerosols over land (Cheng et al., 2011; Chowdhary et al., 2005; Deuzé et al., 2001;
Dubovik et al., 2011; Hasekamp & Landgraf, 2005). For instance, Cheng et al. (2012) used a lookup table of
one fine and one coarse lognormal aerosol modes to retrieve AOT and FMF from POLDER/PARASOL
observations. A shortcoming of this approach however was in constraining the fine and coarse lognormal
modes by a cluster analysis based on the AERONET measurements. The approach thus was applied for only
some test cases (clear, polluted, and dusty). Indeed, the AERONET FMF is often used to constrain and vali-
date the satellite retrievals as not affected by underlying surface and has a high accuracy over land as over
ocean (O'Neill et al., 2001, 2003). However, AERONET does not provide a global continuous coverage.
The Generalized Retrieval of Atmosphere and Surface Properties (GRASP) algorithm (Dubovik et al., 2011,
2014) was developed to retrieve aerosol property from satellite polarimetric observations using statistical
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optimization method. It also employs the multipixel approach (Dubovik et al., 2011) that in particular sub-
stantially improves the retrievals over land.

It should be mentioned that the MODIS satellite AOT products are considered as reference satellite data and
also provide the FMF. For example, MODIS AOT and FMF were employed to estimate aerosol anthropo-
genic component over ocean (Kaufman et al., 2005). A LookUp Table-based Spectral Deconvolution
Algorithm (LUT-SDA) was developed for MODIS measurements to obtain FMF (Yan et al., 2017, 2019).
However, because of the difficulty in distinguishing signals from aerosols and land surface in top of the
atmosphere measurements (Diner et al., 2005; Hauser et al., 2005; Kokhanovsky et al., 2010; Lee &
Chung, 2013; Li et al., 2009; Mishchenko & Geogdzhayev, 2007), the FMF retrieved over land remains uncer-
tain (Levy et al., 2010).

The seasonal and interannual variabilities of aerosol optical properties are associated with large and diverse
aerosol sources and different meteorological characteristics during the different seasons. The fine mode AOT
(fAOT) is attributed to the presence of fine particles generated from anthropogenic sources, such as black
carbon, organic aerosols, sulfate, and nitrate. Asia is largely developing region with high anthropogenic
emissions, in which biofuel emissions play an important role (Woo et al., 2003). However, the measurements
of the chemical, physical, and optical properties of Asian aerosols are sparse and rare on a large spatial and
extended temporal scale. More efforts are needed to understand and estimate accurately the effects of
anthropogenic and natural aerosol on climate in Asia and particularly over East and South Asia (ESA),
where not only the high concentrations exist but also the optical properties can significantly vary between
the fine and coarse modes, causing different impacts (Cheng et al., 2012). Trying better address this issue,
the current study uses a recently developed and modified version of GRASP algorithm that includes retrie-
vals of aerosol components in fine and coarse modes (Li et al., 2019). We apply this algorithm to
POLDER/PARASOL observations over ESA region to explore the retrievals of spectral AOT, fAOT, and
FMF from polarized observations. We then characterize the temporal and spatial distributions of the
AOTs and FMF in the ESA region.

2. Data and Methodology
2.1. AERONET Products

AERONET has several hundreds of Sun/sky scanning radiometers located at surface sites throughout the
world (Holben et al., 1998, 2001). The radiometers provide direct Sun measurements in eight or nine spectral
channels covering a spectral range from 340 to 1,640 nm and also measure sky radiances at four wavelengths
(440, 675, 870, and 1,020 nm). The measurements are processed to provide comprehensive aerosol optical
products in the AERONET database to facilitate the characterization of aerosol properties and validate satel-
lite retrievals with reliable monitoring of aerosol optical and microphysical properties. Version 3 (V3) of the
AERONET product is used in this study. The cloud screening and quality control checks are fully automatic
in the AERONET algorithm, and the AOT uncertainty is estimated to be from 0.01 to 0.02 (Eck et al., 1999;
Giles et al., 2019). If the aerosol particle size distribution is assumed to be effectively bimodal, the extraction
of the fine and coarse mode optical thickness from the spectral shape of the total AOT is achievable. The
spectral curvature algorithm can be also employed to separate fine and coarse mode optical thickness, but
it cannot be used to distinguish the coarse mode AOT from cloud particles (O'Neill et al., 2003). For instance,
Arola et al. (2017) have used the AERONET spectral deconvolution algorithm Level 1 and 2 data to assess
how the fAOT is enhanced in cloudy conditions. They demonstrated however that it is difficult to separate
the fAOT enhancements in the AERONET spectral deconvolution algorithm because of in-cloud processing
and hygroscopic growth. The fine and coarse modes separation in the AERONET algorithm is realized at an
inflection point found in the inversion procedure, which is usually within the size interval from 439 to
992 nm. The used FMF at 440 nm in this study is then calculated as FMF = fAOT(440 nm)/AOT(440 nm),
where fAOT and AOT are the fine mode and total AOT, respectively, as provided in the standard
AERONET product. The highly accurate ground-based AERONET measurements usually serve as a refer-
ence for validation of satellite-derived aerosol optical properties.

2.2. POLDER Sensor Description

POLDER is an aerosol sensor that consists of wide field-of-view imaging spectroradiometer designed to mea-
sure multispectral, multidirectional, and polarized radiances (Deuzé et al., 2001). POLDER/PARASOL
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measures the total radiance in six window channels (440, 490, 565, 670, 865, and 1,020 nm) and linear polar-
ization in three of these channels (490, 670, and 865 nm), and it acquires up to 16 successive multiangle mea-
surements of both the total and polarized solar radiance. The resolution of POLDER/PARASOL observed
pixel is 5.3 X 6.2 km” at nadir.

As described in Zeng et al. (2011), the POLDER cloud detection algorithm employs the separated and
independent threshold tests for each individual pixel in every viewing direction (Buriez et al., 1997;
Parol et al., 1999). The tests are used to detect and confirm the cloudy or clear pixel. The estimation of
oxygen absorption around 763 nm (Vanbauce et al., 1998), the polarized reflectance (Goloub et al., 1997;
Goloub et al., 2000), and solar reflectance at 490 and 865 nm are used by the cloudy pixel tests. Three addi-
tional “clear” tests (i.e., a low reflectance test, a spectral reflectance variability test between 443 and
865 nm, and an apparent pressure test) are employed to indicate a confident cloud-free surface when a
pixel cannot pass the cloudy tests. Angular and spatial variability tests also can be used for a pixel that
cannot pass all tests above and remains uncategorized (Zeng et al., 2011). Therefore, POLDER utilizes
the strengths of its multipolarization and multidirectional capability to discriminate the cloudy or clear
pixel in the inversion.

2.3. Description of the GRASP/Component Approach

GRASP is designed to retrieve detailed aerosol and surface reflectance properties from a variety of remote
sensing data (Dubovik et al., 2011, 2014). It is also an open source code and is accessible online
(at https://www.grasp-open.com).

The algorithm has two essential modules: “forward model” and “numerical inversion.” The “forward
model” quantitatively simulates the measured atmospheric radiation with given surface and aerosol prop-
erty parameters. A statistically optimized fitting of observations is conducted by the multiterm least squares
method (LSM) in “numerical inversion” module. A full description of the “forward model” and “numerical
inversion” modules can be found in Dubovik et al. (2011). Here we only provide a general description of the
GRASP/Component approach, which is developed to retrieve aerosol optical properties and aerosol compo-
nent fractions assumed in fine and coarse modes, and the detailed description is provided in Li et al. (2019).

The formulation of the forward radiative transfer modeling in the presented approach is generally similar
to the formulation of the standard GRASP algorithm with the ideas documented in the studies (Dubovik
et al., 2002, 2006; Dubovik & King, 2000) for modeling of the aerosol scattering matrices. Differently from
the previous versions, in the current component approach the aerosol complex refractive indices used in
the forward and inverse modeling are calculated from fractions of aerosol species with a predescribed
refractive indices of each species assumed in the conversion model (Li et al., 2019). The numerical inver-
sion is implemented as the methodology described in Li et al. (2019) to infer aerosol properties in fine and
coarse modes by the aerosol components assumed in these modes. In this new approach the fractions of
the aerosol component in fine and coarse modes are presented as unknowns instead of the real and
imaginary parts of complex refractive index. The fine particles include black carbon, brown carbon, non-
absorbing insoluble species representing fine dust, or organic carbon, nonabsorbing soluble species repre-
senting anthropogenic salts and aerosol water content. The coarse particles include absorbing insoluble
species mainly representing iron oxides, nonabsorbing insoluble mainly representing the bulk dust mate-
rial, nonabsorbing soluble species representing natural salts (e.g., sea salts) and aerosol water content. The
selection of aerosol elements and the size resolved component is based on the examination of a series of
sensitivity tests and stability of the inversion results (Li et al., 2019). Specifically, because of the difficulty
in distinguishing between the aerosol species that have similar spectral signatures in the observational
configurations, the size resolved component formulation was chosen. The aerosol refractive index required
for the forward calculations is derived by the engaged aerosol species and their fractions under a given
mixing rule. Maxwell-Garnett effective medium approximation, employed in numerous studies for infer-
ring aerosol component from remote sensing measurements (Li et al., 2013, 2015, 2019; Schuster et al., 2005,
2009, 2016; Wang et al., 2013), is used to estimate aerosol refractive index in this study. The hygroscopic
property and proportion of soluble inorganic species (e.g., ammonium nitrite, ammonium sulfate, and
sea salt) and water are employed to compute the refractive index of the host, which is required by the
Maxwell-Garnett equations.
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Figure 1. Assumed and retrieved aerosol optical thickness (AOT), fine mode aerosol optical thickness (fAOT), fine mode
fraction (FMF), and their corresponding uncertainties at 565 nm in the sensitivity tests of GRASP/Component retrieval.

2.4. Sensitivity and Uncertainty Tests for the GRASP/Component Approach

The POLDER imager can collect rather comprehensive characterization of angular distribution of both total
and polarized components of solar radiation. The completeness of such observations is significantly higher
than most of passive satellite aerosol sensors. Meanwhile, the GRASP algorithm uses fully the high potential
of spectral multiangular polarimetric observations to improve aerosol monitoring (Dubovik et al., 2011). A
series of sensitivity tests had been performed to verify the performance and potential of the standard
GRASP algorithm in the study of Dubovik et al. (2011). The results of tests showed the complete set of aero-
sol parameters can be robustly derived with acceptable accuracy (Dubovik et al., 2011). In this study, we
show some additional sensitivity tests for the GRASP/Component approach.

For verification of the component algorithm performance, sensitivity tests were conducted by employing the
synthetic POLDER/PARASOL measurements. Thus, first, the POLDER/PARASOL radiances and polariza-
tion measurements were simulated by the forward model calculations. Then, the synthetic measurements
were inverted using the GRASP algorithm included the size-dependent aerosol component conversion
model, which is incorporated with the Maxwell-Garnett mixing rule to calculate the aerosol component frac-
tions. Examples of the assumed and retrieved AOT, fAOT, FMF, and their uncertainties at 565 nm, based on
the synthetic POLDER/PARASOL radiances and polarization measurements, are presented in Figure 1. It
can be seen that the assumed and derived AOT, fAOT, and FMF are highly consistent, showing that the size
fractions can be retrieved. Sensitivity study shows that the uncertainty for AOT is less than 1% and for fAOT
and FMF is within 3%. The statistics of the sensitivity test results for AOT, fAOT, and FMF at other wave-
lengths are presented in Table 1. The conducted tests demonstrated that the usage of the size-dependent
Maxwell-Garnett conversion model allows the algorithm to retrieve AOT, fAOT, and FMF simultaneously.

3. Results and Discussions
3.1. Intercomparisons of POLDER/PARASOL Retrievals and AERONET Measurements

Essential validations of the optical characteristics retrieved from POLDER/PARASOL satellite observations
using the GRASP/Component approach are presented in Li et al. (2019). The retrievals and residuals
obtained by the GRASP/Component approach are in accordance with that obtained by the standard
GRASP approach, and the aerosol optical characteristics are in reasonably good agreement with the stan-
dard AERONET product (Li et al., 2019). More recently, the measurements of eight SONET sites for
10 months (from January to October in 2013) in China were used to validate and evaluate the products of
the standard GRASP approach (Wei et al., 2020). Here we employ the measurements of 26 AERONET sites
for 9 years (2005-2013) in Asia to validate the products of the GRASP/Component approach, which is differ-
ent from the standard GRASP approach (Li et al., 2019, 2020). Figure 2 and Table 2 show the information
about AERONET sites used in the current study for the validation of GRASP/Component products over
ESA. According to the geographical location of sites and the considered season, aerosols at such sites can
represent different types including mineral dust, biomass burning, urban, mixed, and background aerosol.
The mean of the retrieved parameters for 2 X 2 pixels, centered at AERONET sites coordinates, is compared
with the corresponding AERONET daily mean products. We screen the retrievals with the residual larger
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Table 1
Statistics of Intercomparison Between Assumed and Retrieved Parameters of the Sensitivity Tests of the GRASP/Component Approach

AOT fAOT FMF AOT fAOT FMF AOT fAOT FMF

440 nm 490 nm 565 nm
A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B 0.003 0.001 —0.002 0.003 0.001 —0.002 0.002 0.000 —0.002
R 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
RMSE 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.002
MAE 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
MRE 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
STD 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003
U 2.46% 3.46% —1.48% 2.19% 3.18% —1.79% 1.83% 2.74% —2.35%
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
675 nm 870 nm 1,020 nm

A 1.00 1.00 1.00 0.99 1.00 1.00 0.99 1.00 1.00
B 0.002 0.000 —0.001 0.003 —0.000 —0.001 0.003 0.000 —0.001
R 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
RMSE 0.001 0.001 0.002 0.001 0.001 0.002 0.001 0.000 0.001
MAE 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001
MRE 0.1% 0.1% 0.1% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2%
STD 0.002 0.002 0.003 0.003 0.002 0.003 0.004 0.002 0.003
U 1.45% 2.16% —3.08% 1.12% 2.49% —4.24% 1.08% 2.83% —4.98%
P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Note. The values of slope (A), intercept (B), correlation coefficient (R), root-mean-square error (RMSE), mean absolute error (MAE), mean relative error (MRE),
standard error deviation (STD), uncertainty (U), and P values are presented for aerosol optical thickness (AOT), fine mode aerosol optical thickness (fAOT), and
fine mode fraction (FMF) at six wavelengths.

than 7%, and the difference between the maximum and the minimum residual should be less than 5% for
each site, consistently with the study of Wei et al. (2020). Figure 3 shows the intercomparisons of
POLDER/PARASOL retrievals and AERONET products for AOT, fAOT, FMF, and Angstrb'm exponent at
all sites (in Table 2) over ESA during the period 2005-2013. It can be seen that the correlation coefficients
are ~0.9 for AOT and fAOT. The statistics for AOT and fAOT at each site are presented in Table 3 except
the BEY site due to a small number of available measurements. This intercomparison generally presents
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Figure 2. AERONET sites used in this study and the regions of interest: Indo-China Peninsula (ICP), North China Plain
(NCP), Northeastern India (NEI), and Northwestern China (NWC).
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Table 2

AERONET Sites Used in This Study

Site name Lon (°) Lat (°) Alt (m) Description

Anmyon (AMO) 126.33 36.54 47.0 Rural site in a hilly region

Baengnyeong (BEY) 124.63 37.97 136.0 Rural site surrounded by forest

Beijing-CAMS (BJC) 116.32 39.93 106.0 Urban site

Beijing-IAP (BJI) 116.38 39.98 92.0 Urban site

Chen-Kung_Univ (CKU) 120.20 22.99 50.0 Urban site

Dalanzadgad (DLZ) 104.42 43.58 1,470.0 Rural site in dust region

EPA-NCU (EPA) 121.19 24.97 144.0 Urban site

Fukuoka (FKK) 130.48 33.52 30.0 Rural site (10 km away from city center)

Gandhi_College (GHC) 84.13 25.87 60.0 Rural site with agricultural activity

Issyk-Kul (ISK) 76.98 42.62 1,650.0 Background site on a mountain

Jaipur (JAP) 75.81 26.91 450.0 Urban site with pollution and dust

Kanpur (KAP) 80.23 26.51 123.0 17 km away from city center in Ganga basin

Lahore (LHR) 74.26 31.48 209.0 Urban site with dust

Mukdahan (MDH) 104.68 16.61 166.0 Rural site surrounded by forest and agriculture

Osaka (OSK) 135.59 34.65 50.0 Urban site

Pokhara (PHR) 83.98 28.19 800.0 Rural site in a valley with a monsoon convection

Pune (PUN) 73.81 18.54 595.0 Rural site with hazy in winter

QOMS_CAS (QOM) 86.95 28.37 4,276.0 Background site on a mountain

Seoul_SNU (SOL) 126.95 37.46 116.0 Urban site

Shirahama (SRH) 135.36 33.69 10.0 Urban site

Silpakorn_Univ (SPU) 100.04 13.82 72.0 Urban site

Taipei_CWB (TPC) 121.54 25.01 26.0 Urban site

Ubon_Ratchathani (UBR) 104.87 15.25 120.0 Urban site near airport

Ussuriysk (USR) 132.16 43.70 280.0 Rural site

XiangHe (XIH) 116.96 39.75 36.0 Rural site surrounded by agricultural fields

Xinglong (XIL) 117.58 40.40 899.0 Rural site
good agreements between our satellite retrievals and the AERONET products. Note that the correlation
coefficients for AOT and fAOT at DLZ, ISK, and QOM sites, located at 1,470, 1,650, and 4,276 m altitudes,
are low most probably because the aerosol loadings are very low. These sites should be rather referred as
a background. The validations of AOT and fAOT for different seasons are shown in Figure 4. It
demonstrates that the agreement of GRASP/Component products with AERONET measurements is
reasonably good for each season. Figure 3 also presents the GRASP/Component retrieved FMF at 440 nm
and Angstrém exponent (870/440 nm) versus those measured by AERONET. The correlations for FMF
and Angstrém exponent are also reasonably good (R of ~0.8) when the AOT at 440 nm is equal to or more
than 0.2 with the residual less than 5%. The root mean square error (RMSE = 0.13) of FMF in this study
is similar to that of FMF (RMSE = 0.18) obtained by a new LUT-SDA version for Beijing, Hong Kong,
and Osaka sites (Yan et al., 2019). The better agreement for Angstrém exponent retrievals for higher AOT
is known also for standard retrievals and other satellite products (Leeuw et al., 2015; Popp et al., 2016).
Nevertheless, the good agreements (R of ~0.8-0.9) for AOT, fAOT, FMF, and Angstrﬁm exponent show
that the inversion of POLDER/PARASOL satellite measurements using the GRASP/Component approach
is consistent with the ground-based AERONET reference in terms of aerosol optical properties.
3.2. Monthly Variations of AOT, fAOT, and cAOT
Figures 5-7 show the monthly averaged values of AOT, as well as fAOT and coarse mode AOT (cAOT) over
ESA, as derived by the GRASP/Component approach from POLDER/PARASOL during the period March
2005 to November 2013. The retrievals are presented in a resolution of 0.1° X 0.1°. It is noted that the lack
of retrievals in parts of India, Myanmar, and parts of southwest China in June, July, and August (JJA season)
is attributed to persistent cloud cover during the monsoon season.
It can be seen that in Eastern and Central China, the Sichuan Basin, and Northeast India, the observed AOT
has very high values (around 1.0) in the months of December, January, and February (DJF season)
(Figure 5). Except the Tibetan Plateau region, the AOT is generally higher than 0.2 in the whole ESA region
in the months of March, April, and May (MAM season). However, very high AOT values in the Taklimakan
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Figure 3. Intercomparison of aerosol optical properties retrieved using the POLDER/PARASOL component approach
and the corresponding operational AERONET product over ESA region for 2005 to 2013: (a) AOT, (b) fAOT, (c) FMF,
and (d) AE. The gray dashed lines represent the one to one line, the gray solid lines represent expected error:

Y = (1 +0.20) X = 0.05, and the red lines represent the fitting line.

desert, the Sichuan Basin, the Indo-China Peninsula, and South China are associated with different aerosol
emission sources. In the months of JJA season, high AOTSs are observed in East China and the Taklimakan
desert region, where some strong anthropogenic or natural aerosol emission sources exist. High AOTs are
also observed in East and Central China, North China Plain, the Sichuan Basin, and North India in the
months of September, October, and November (SON season). High AOT in Indian subcontinent was
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Table 3

Statistics of Intercomparison for AOT and fAOT at 440 nm Between
GRASP/Component Retrievals and AERONET Products at Each Site in

observed probably due to many anthropogenic activities including indus-
try, combustion of biofuels (such as wood, crop residues, and dung), trans-
port, power generation, and agricultural burning (Fan et al., 2008). It can

Table 2 and Figure 2 _ g ] ) .
be noted that the AOT in the Sichuan basin remains high throughout the
AOT fAOT AOT fAOT AOT fAOT . . .. . .
whole year due to the combination of emissions and regional atmospheric
Site AMO (N = 13) BEY (N=9) BIC (N = 36) circulation (Qian & Giorgi, 2000). In the Tibetan Plateau, however, very
A 0.82 0.49 / / 0.80 0.85 low AOT (less than 0.1) is attributed to the least anthropogenic and
B 0.07 0.14 / / 0.06 0.03 natural aerosol emission sources
R 0.94 0.98 / / 0.95 0.96 ’
RMSE 0.18 0.31 / / 0.25 0.20 Figure 6 shows that high values of fAOT (about 1.0) are observed over
MAE 0.13 0.19 / / 0.17 0.15 Sichuan Basin of China, Indo-China Peninsula (e.g., Burma, Laos,
STD 0.09 0.03 / / 0.05 0.04 Viet d Thailand) d South Chi in March and April b
Site BJI (N = 312) CKU (N =134)  DLZ(N =159) iethatn, and thariand), anc Sou 1na in March and April because
A 0.74 0.76 0.65 0.57 1.01 0.98 of many fine particles emitted from biomass burning, anthropogenic
B 0.10 0.07 0.11 0.07 0.04 0.01 activities during this period. The greatest amount (330 Tg) of biomass
R 0.87 0.89 0.81 0.79 0.66 0.76 burning occurs in Southeast Asia, which is mainly attributed to the
RMSE — Lae — — — — slash-and-burn agriculture and timber harvesting (Streets et al., 2003).
MAE 0.24 0.20 0.15 0.19 0.07 0.04 B f th idue b . China foll ith 180 T:
STD - o - R T i ecause of the crop-resi ue. l.ll‘l’llng, ina follows wi . g pe.r year
Site EPA (N — 81) FKK (N = 33) GHC (N = 180) (Streets et al., 2003), and this is the reason for the very high fAOT in the
A 0.78 0.76 0.69 0.69 0.79 0.85 North China Plain in June. The results of our retrievals are also in line
B 0.03 0.01 0.05 0.04 0.09 0.08 with the results of previous field experiments (e.g., Seinfeld et al., 2004;
I;M - 8;‘; g;i 812 8;2 g;g g?‘; Tang et al., 2003) and satellite observations (e.g., Zhang et al., 2019). In
MAE 017 018 01l 0.09 018 013 addition, seve'ral previous studies (Z.hang et al.t 2008, 2'012) had deI'non—
STD 0.08 0.08 0.10 0.09 0.05 0.04 strated that high fAOT values over Sichuan Basin of China are associated
Site ISK (N = 11) JAP (N = 224) KAP (N = 462) with high organic carbon concentration. Medium values of fAOT (around
A 0.92 1.69 0.85 0.85 0.98 0.95 0.6) in the North China Plain are observed all year long except in June,
£ s =0y =0 L —Lies D which is attributed to the industrial aerosols of megacities with high
R 0.75 0.63 0.80 0.86 0.80 0.87 lati densi d lluti level ( . itrat d
RMSE . e e - o . popula %on ensity and pollution e.ve e.g., ammonu'lm 'm rate an
MAE 0.05 0.04 0.14 0.07 017 0.12 ammonium sulfate). The study of Li et al. (2015), which is based on
STD 0.27 0.69 0.04 0.03 0.03 0.03 AERONET measurements, also found an important contribution of fine
Site LHR (N=358) =~ MDH (N = 81) OSK (N = 143) mode particles in Beijing in the period 2002-2013. Detection of fAOT with
A Lk vel — it . — the values of about 0.2 over the Pacific Ocean region is consistent with the
B —0.04 —0.02 0.01 —0.01 0.15 0.06 ti f R d b ticles i id dfi .
R - - R 0.88 o T generation o' ne .mo e carbonaceous par 1c.es in widespread fires in
RMSE 0.23 0.16 0.19 0.18 0.17 0.15 Southeast Asia during the MAM season as their transport away from the
MAE 0.19 0.11 0.14 0.14 0.12 0.11 continent and toward Japan (Chameides et al., 1999; Seinfeld et al., 2004),
STD 0.03 0.02 0.06 0.05 0.05 0.04 fAOT with the values of about 0.2 are detected over the Pacific regions.
Site PHR (N = 120) PUN (N = 245) QOM (N = 94) Similarly, fAOT over the Indian Ocean is associated with carbonaceous
4 090 L02 084 086 0-26 007 articles emitted from anthropogenic and biomass burning emissions in
B 000 —002 —003 —0.04 0.08 002  Part ! : pog urning emissions 1
R 0.96 0.95 0.79 0.84 0.16 0.13 India and South Asia (Ramanathan et al., 2001). In addition, it can be
RMSE 0.11 0.10 0.16 0.14 0.08 0.05 noted that a very high fAOT over Indo-China Peninsula in 2007, 2009,
MAE 0.07 0.06 0.14 0.11 0.06 0.03 2010, 2012, and 2013 may be attributed to more frequent fires and El
gZD S(())LO?N 5(?)'03 S};)I;)‘(‘N 7;))‘04 SPS'?JZ] ) 0.06 Nifio-induced droughts in this region (Marlier et al., 2012) (see
1(€ = = = . - . .
A 113 0.95 078 0.59 0.85 0.87 Flgu.re A5). ' The El Nifio eve.nts were 1denF1ﬁed by . tl.le NCC/CMA
B 006  —001 0.02 0.05 0.04 —0.01 (National Climate Center of China Meteorological Administration) stan-
R 0.91 0.92 0.79 0.77 0.77 0.81 dard during the period 2006-2007 and 2009-2010 (Ren et al., 2018).
RMSE 0.25 0.19 0.16 0.14 0.23 0.21 . .
MAE 015 0.13 011 0.10 0.18 0.17 It can be seen‘from Figure 7 Fhat the highest cAOT values are observed
STD 0.07 0.06 0.07 0.06 0.05 0.05 over the Taklimakan desert in the months of MAM and JJA seasons
Site TPC (N = 47) UBR (N = 44) USR (N = 41) because of the natural mineral dust emissions in this region. The dust
A 0.80 0.85 0.80 0.81 1.21 1.20 storms in East Asia during the MAM season are mainly attributed to the
= L Ll L Lad e Lo combined effects of low rainfall, increased occurrence of high winds asso-
R 0.75 0.80 0.84 0.84 0.82 0.78 iated with cold f d freshly tilled soil f . lanti Seinfeld
RMSE 024 021 023 024 025 025 ciated with cold fronts, an r.es y tilled soil for spr}ng p antlr'lg( einfe
MAE 0.19 0.17 0.17 0.18 0.14 0.16 et al., 2004). Some coarse particles are also observed in East China because
STD 0.11 0.10 0.08 0.08 0.14 0.15 the mineral dust particles emitted from sources in East Asia can be trans-
Site XIH (N=597)  XIL (N =153) All sites (N = 3,881) ported aloft through boundary layer convection and vertical motions asso-
= i wil 093 Lo B Ui ciated with frontal boundaries (Seinfeld et al., 2004). The retrievals
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Tablf* 3 indicate that most of East China (e.g., North China Plain) can be influ-
i) enced significantly by the mineral dust emitted from the Taklimakan

AOT fAOT  AOT  fAOT AOT fAOT and Gobi deserts in the northwestern China and Mongolia during the

B e D0 . - . . MAM season, Wth}.1 is consistent with p.rev10us studies (Eck et 2.11., 2005;
R 0.90 0.91 0.91 0.93 0.88 0.90 Fan et al., 2008; Seinfeld et al., 2004; Xia et al., 2005, 2006). Figure A6
RMSE 0.32 0.30 0.14 0.12 0.24 0.21 shows that dust loading (cAOT) over the Taklimakan desert exhibits sig-
MAE 0.21 0.18 0.09 0.07 0.16 0.13 nificant interannual variability. That is, lower values are observed in
STD 0.02 0.02 0.04 0.03 0.01 0.01

Note. The values of slope (A), intercept (B), correlation coefficient (R),
root-mean-square error (RMSE), mean absolute error (MAE), standard

error deviation (STD), and number of measurements (N) are presented.
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2005 and 2009, while higher values are observed in 2006 and 2007. This
pattern is consistent with a study by Nan and Wang (2018) that also found
the lowest dust extinction in 2009 over the Taklimakan desert during
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Figure 4. Intercomparison of AOT (a-d) and fAOT (e-h) retrieved using the POLDER/PARASOL component approach and the corresponding operational
AERONET product over ESA region for different season: December, January, and February (DJF); March, April, and May (MAM); June, July, and August
(JJA); and September, October, and November (SON). The gray dashed lines represent the one to one line, the gray solid lines represent expected error:

Y = (1 + 0.20) X + 0.05, and the red lines represent the fitting line.
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Figure 5. Monthly means of aerosol optical thickness (AOT) at 565 nm derived by the GRASP/Component algorithm from POLDER/PARASOL observations for
the period 2005 to 2013.

2007-2016 using CALIOP and MODIS observations. This interannual variability is most likely related to
variabilities in wind speed, precipitation, and atmospheric circulation that govern the dust emissions. In
addition, in the months of JJA season, high cAOT values are observed in India and over the Arabian Sea,
which can result from mineral dust emissions in West Asia and North Africa. For example, several major
sources of dust have maximum dust activity during the JJA season, including desert areas in Syria and
Iraq where a strong northwesterly “Shamal Wind” is blowing (Choobari et al., 2014). In addition, the
Sistan basin, straddling the borders between Iran, Afghanistan, and Pakistan, is considered as a major dust
source in southwest Asia and belonging to the desert dust belt with attributed strong persistent northeasterly
winds (Choobari et al., 2013; Ginoux et al., 2012; Kaskaoutis et al., 2015; Middleton, 1986a;
Middleton, 1986b; Rashki et al., 2015). The lowest values of cAOT (lower than 0.1) are obtained from
October to January over ESA when the dust emissions are very weak.
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Figure 6. Monthly means of fine-mode aerosol optical thickness (fAOT) at 565 nm derived by the GRASP/Component algorithm from POLDER/PARASOL
observations for the period 2005 to 2013.

3.3. Monthly Variations of FMF

The map of the derived FMF (Figure 8) presents a clear general gradient of decreasing values toward the arid
and desert regions that logically reflects increasing influence of coarse mode dominating desert dust aerosol.
It can be seen that the FMF values in Central and East China are varying between 0.4 and 0.8 in different
months, which can be classified as a mixture of fine and coarse mode aerosols. The FMF values in South
China are usually larger than 0.8, indicating dominance of fine mode aerosol particles (Lee et al., 2010),
in particular for the months of DJF and SON. The FMF values over India have a typical cycle reaching
the peaks in the months of November, December, and January, then decreasing in March from northwest
to southeast, reaching the smallest values in JJA. In addition, the FMF values in the Tibetan Plateau region
are mostly below 0.3 all year long, which indicates that coarse mode particles (mineral dust) dominate in the
aerosol type. However, it should be noted that when the AOT is very low, the meaning of relative values, as
of FMF for instance, is less significant. Moreover, when the aerosol loading is low, the accuracy of the
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Figure 7. Monthly means of coarse mode aerosol optical thickness (cCAOT) at 565 nm derived by the GRASP/Component algorithm from POLDER/PARASOL
observations for the period 2005 to 2013.

retrievals can be affected (Li et al., 2019). For example, the Tibetan Plateau is generally characterized by low
aerosol concentrations; therefore, the FMF retrievals in Tibetan Plateau region may have a larger
uncertainty. Similarly, the FMF over ocean should be interpreted with caution. First, because the absolute
values of AOT are very low, thus, the relative values of FMF can be noisier. Second, because the number
of available cloud-free pixels over ocean is significantly smaller than over land (Li et al., 2019), thus, a
considerable difference in the calculated averaged values can be produced, and artifacts appear on the
land-ocean boundary in the spatial patterns. Nevertheless, the continuity of land-ocean boundary is
generally logical in Figure 8. One could also expect somewhat lower FMF over ocean due to the
contribution of large sea salt aerosol. Although in some months and regions the calculated FMF over
ocean decreases up to about 0.5, the FMF over ocean in Figure 8 is mostly close to one. The calculated
FMF therefore presents a dynamic, and we believe it reflects real physical reasons. This result suggests
that the fine mode aerosol of anthropogenic origin can dominate quite often in this region even over ocean.
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Figure 8. Monthly means of fine mode fraction (FMF) of aerosol optical thickness at 565 nm derived by the GRASP/Component algorithm from POLDER/
PARASOL observations for the period 2005 to 2013.

Figure 9 focuses on monthly averaged AOT, fAOT, and FMF in some regions of interest (e.g., ICP, NCP, NEI,
and NWC in Figure 2). We can see that FMF in ICP region (Figure 9a) has a peak with the value of nearly 1.0
in March because of the strongest open fire events, including forest burning, savanna/grassland burning,
and agricultural burning, known for this region (Uno et al., 2003). Then, the FMF decreases significantly
and reaches the minimum (about 0.6) in May. It can be seen in Figure 9b that FMF in NCP region varies
from 0.6 in April to 0.9 in October. During the MAM season, FMFs in NCP region can be influenced signifi-
cantly by fine particles generated from anthropogenic activity (industry, combustion of biofuels, transport,
etc.) and also can be affected by the coarse particles (mineral dust) emitted from the desert regions in the
Northwestern China (Eck et al., 2005; Fan et al., 2008; Seinfeld et al., 2004; Xia et al., 2005, 2006). Note that
FMF has a peak (larger than 0.8) in June as the strong agricultural waste burning occurs in the NCP region
and south of NCP (Cao et al., 2006). In addition, the lower FMF in eastern China during July and August, as
compared to that in October and November, could be attributed to the hygroscopic growth of the soluble
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Figure 9. Monthly means of AOT, fAOT, and FMF at 565 nm for some regions of interest: (a) ICP, (b) NCP, (c) NEI, and (d) NWC.

inorganic particles and elevated relative humidity in summer. The regional mean of FMF over NCP
(Figure 9b) in July and August is about 0.75, which is similar to value of 0.72 obtained by Wei et al. (2020)
in August. The FMF in NEI region (Figure 9c) reaches the maximum (above 0.9) in November and
December, while decreases to the minimum (about 0.5) in May, June, and July. The results also show that
aerosols over India are impacted by the coarse mode particles (mineral dust) emitted from North Africa,
Middle Asia, and the Sistan region, considered as major dust emission sources for aerosols in southwest
Asia during the JJA season (Ginoux et al., 2012; Middleton, 1986a). At the same time, concentrations of
the fine particles generated from biomass burning are very low during the JJA season. The FMF in the
NWC region (Figure 9d), which represents the Taklimakan and Gobi deserts, has the lowest value (below
0.3) in May and June, indicating dominance of coarse mode aerosol particles. The FMF then reaches the
maximum in November and December when the dust emission is weak, which is in agreement with the
study of Lee et al. (2010).

4. Conclusions

The GRASP/Component version of the GRASP algorithm was applied to POLDER/PARASOL over the ESA
region aiming climatological analysis of fine and coarse mode AOT and fine mode aerosol fraction. The com-
ponent retrieval approach was used because it is expected to improve separating characterization of fine and
coarse size modes and optimizing retrieval stability (Li et al., 2019). This is in addition to the original goal of
this development—retrieval of aerosol component fractions. The sensitivity tests demonstrated that the
uncertainties for AOT, fAOT, and FMF are within 1%, 3%, and 3%, respectively. In addition, there is a good
agreement between the GRASP/Component retrievals and the AERONET products for AOT, fAOT (R of
~0.9), and Angstrom exponent (R of ~0.8) over ESA region, as well as a good correlation coefficient for
FMF (R of ~0.8).

The climatology of temporal and spatial distributions of fAOT, cAOT, AOT, and FMF over the ESA, was
shown for the years 2005-2013. It reveals, for example, a peak of the FMF in Northeastern India region in
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November-December, while a minimum is from May to July. In the North China Plain region, the FMF var-
ies from 0.6 to 0.9, showing influence of different aerosol types. The FMF below 0.3 in the Northwestern
China region indicated the coarse particles desert emissions (mineral dust). We also found that FMF in
the Indo-China Peninsula region has a peak of nearly 1.0 in March. In addition, the FMF value of about
0.3 and below was found for all year long in Tibetan Plateau region; however, significance of these values
is limited due to generally very low aerosol loading in this region.

Overall, the presented work demonstrates potential of the GRASP/Component algorithm for studying opti-
cal properties of anthropogenic aerosols using multiangular and polarized measurements. The approach can
also be applied to other remote sensing observations, such as the Directional Polarimetric Camera (DPC)
launched onboard the GaoFen-5 Satellite (Dubovik et al., 2019; Li et al., 2019, 2018; Zhang et al., 2020).
The derived temporal and spatial distributions of aerosol characteristics can be useful for studying environ-
mental and climatic impacts of anthropogenic aerosol in the ESA region. Finally, the presented
satellite-derived fine and coarse AOT and FMF are of importance for constraining the aerosol estimations
in the global or regional aerosol models.

Appendix A: Multiyear Seasonal AOT, fAOT, and cAOT
The interannual variabilities of AOT, fAOT and cAOT for each season over the East and South Asia
(Figure A1 to A12) are presented in Appendix A.
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Figure Al. Averaged values for DJF season of aerosol optical thickness (AOT) at 565 nm derived by the GRASP/component algorithm from POLDER/PARASOL
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Figure A2. Averaged values for DJF season of fine mode aerosol optical thickness (FAOT) at 565 nm derived by the GRASP/component algorithm from POLDER/
PARASOL observations from 2005 to 2013.
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Figure A3. Averaged values for DJF season of coarse mode aerosol optical thickness (cAOT) at 565 nm derived by the GRASP/component algorithm from

POLDER/PARASOL observations from 2005 to 2013.

LI ET AL.

17 of 30



AP~ .
NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD032665

ADVANCING EARTH
AND SPACE SCIENCE

Figure A4. Same as Figure Al but for MAM season.

LI ET AL. 18 of 30



N\I Journal of Geophysical Research: Atmospheres 10.1029/2020JD032665

ADVANCING EARTH
AND SPACE SCIENCE

120°F

Figure A5. Same as Figure A2 but for MAM season.
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Figure A6. Same as Figure A3 but for MAM season.
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Figure A7. Same as Figure Al but for JJA season.
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Figure A8. Same as Figure A2 but for JJA season.
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Figure A9. Same as Figure A3 but for JJA season.
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Figure A10. Same as Figure Al but for SON season.
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Figure A1l. Same as Figure A2 but for SON season.
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Figure A12. Same as Figure A3 but for SON season.
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