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GRAPHICAL ABSTRACT
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ABSTRACT

A recently developed GRASP/Component approach (GRASP: Generalized Retrieval of Atmosphere and Surface Prop-
erties) was applied to AERONET (Aeronet Robotic Network) sun photometer measurements in this study. Unlike tra-
ditional aerosol component retrieval, this approach allows the inference of some information about aerosol
composition directly from measured radiance, rather than indirectly through the inversion of optical parameters,
and has been integrated into the GRASP algorithm. The newly developed GRASP/Component approach was applied
to 13 AERONET sites for different aerosol types under the assumption of aerosol internal mixing rules to analyze the
characteristics of aerosol components and their distribution patterns. The results indicate that the retrievals can char-
acterize well the spatial and temporal variability of the component concentration for different aerosol types. A reason-
able agreement between GRASP BC retrievals and MERRA-2 BC products is found for all different aerosol types. In
addition, the relationships between aerosol component content and aerosol optical parameters such as aerosol optical
depth (AOD), fine-mode fraction (FMF), absorption lo\ngstrém exponent (AAE), scattering 1°\ngstr6m exponent (SAE),
and single scattering albedo (SSA) are also analyzed for indirect verifying the reliability of the component retrieval. It
was demonstrated the GRASP/Component optical retrievals are in good agreement with AERONET standard products
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[e.g., correlation coefficient (R) of 0.93-1.0 for AOD, fine-mode AOD (AODF), coarse-mode AOD (AODC) and Z\ng-
strom exponent (AE); R = ~ 0.8 for absorption AOD (AAOD) and SSA; RMSE (root mean square error) < 0.03 for
AOD, AODF, AODC, AAOD and SSA]. Thus, it is demonstrated the GRASP/Component approach can provide aerosol
optical products with comparable accuracy as the AERONET standard products from the ground-based sun photometer
measurements as well as some additional important inside on aerosol composition.

1. Introduction

The composition content of atmospheric aerosols has important influ-
ences on their optical properties and radiative effects (Hu et al., 2005),
which is of great significance for monitoring and understanding various as-
pects of the climate and environment (Jin et al., 2019a, 2019b; Ma et al.,
2019). Aerosol radiative forcing has been one of the most uncertain factors
in assessments of climate change (IPCC, 2013, 2021). For example, there is
a large uncertainty in the assessment of the mass concentration and radia-
tive forcing of black carbon (BC) (Perlwitz and Seland, 2009; Schuster
et al., 2016; Sato et al., 2003). Therefore, to reduce these uncertainties,
there is a need to better characterize the composition of aerosols using ob-
servations (Van Beelen et al., 2014). Although the in-situ measurements can
provide very detailed information on aerosol composition, using sampling
techniques or laboratory analysis can modify aerosol properties. In addi-
tion, it is practically impossible to provide information about aerosol prop-
erties in the entire atmospheric column and with large spatial coverage
using the in-situ measurements only (Bond et al., 1998; Streets et al.,
2001). In contrast, the retrieval of aerosol components from remote sensing
data carries the advantage of non-contact, instantaneous state detection,
and the ability to maintain the natural state of aerosols, thus avoiding the
loss of any information during the measurement process.

A variety of aerosol properties parameters can be provided by ground-
based observations such as high-precision observations of direct solar
light and sky-scattered light. For example, a dataset of aerosol parameters
can then be retrieved via the statistical method developed by Dubovik
and King (2000), which simultaneously employs all available multi-
spectral atmospheric radiance measurements. Global and regional aerosol
monitoring networks such as AERONET (Aerosol Robotic Network)
(Holben et al., 1998), PHOTONS (Photométrie pour le Traitement
Opérationnel de Normalisation Satellitaire) (Goloub et al., 2007),
CARSNET (China Aerosol Remote Sensing Network) (Che et al., 2009)
and SKYNET (Takamura and Nakajima, 2004) have made significant con-
tributions to the development of ground-based aerosol remote sensing. In
recent years, the AERONET algorithm has evolved through three versions
(V1, V2 and V3) and V2 has been updated to V3 with improvements to
data input and calibration, fully automated cloud screening and instrument
anomaly quality control (Giles et al., 2019). The main products of aerosol
optical parameters, including aerosol optical depth (AOD), ;\ngstrﬁrn expo-
nent (AE), single scattering albedo (SSA), size distribution, and complex re-
fractive index, can be provided by AERONET with a high degree of
accuracy (Giles et al., 2019). However, AERONET algorithm does not pro-
vide aerosol components product.

On the other hand, estimation of aerosol components can be achieved
by fitting aerosol optical parameters such as aerosol complex refractive
index and SSA. For example, a series of component algorithms were pro-
posed and developed using the AERONET extended aerosol optical param-
eters. Specifically, Schuster et al. (2005) developed a three-component
model for aerosols, including BC, sulphate and water, which uses the differ-
ences in real and imaginary parts of the refractive index between BC and
aerosol water content (AWC) to estimate their concentrations. Similarly,
Dey et al. (2006) and Arola et al. (2011) took advantage of the significant
variation in the light absorption of brown carbon (BrC) with wavelength
to achieve the retrieval of BrC as well. Subsequently, Wang et al. (2012)
added to the Schuster three-component model (Schuster et al., 2005) a
dust component that also has strong absorption at short wavelengths. The
spectral dependence of the imaginary part of the complex refractive index
is similar for dust and BrC, making it difficult to distinguish between

these two absorption components. To address this challenge, Wang et al.
(2013) subsequently used the spectral variability of SSA to distinguish be-
tween the two components, developed a five-component model including
three absorbing components (BC, dust and BrC) simultaneously, and
assessed the inversion uncertainty. Then, a more complete model of aerosol
components was developed by Van Beelen et al. (2014), and various optical
parameters such as complex refractive index, AOD, SSA and sphericity were
used jointly to infer the aerosol components. In fact, since SSA is a metric
that contains both optical absorption and particle size, these studies there-
fore implicitly demonstrate the importance of particle size in the estimation
of aerosol components. Taking into account the effect of particle size,
Schuster et al. (2016) developed a more complex composition model with
different components for coarse and fine modes, and further considered
the effect of light absorption by dust containing iron oxides on the retrieval
of BC, thus minimized the influence on the BC retrieval. Since the differ-
ences in the real and imaginary parts of the complex refractive index
among various scattering components are quite small, additional informa-
tion provided by other parameters is needed to identify the scattering com-
ponent species. The size distribution of particles and spherical particle ratio
are helpful to distinguish sea salt from ammonium sulfate and mineral dust,
respectively (Van Beelen et al., 2014). It is noted that all the aerosol compo-
nent algorithms mentioned above estimate the aerosol components in an
intermediate step in which they are retrieved from AERONET products
(such as the real and imaginary parts of the complex refractive index,
SSA, size distribution, etc.), i.e. not directly from the measured radiance.
It has been demonstrated that the uncertainties of component retrieval in
these intermediate methods are mainly driven by uncertainties in the aero-
sol optical and microphysical parameters used as input (Schuster et al.,
2016). Therefore, uncertainty in the aerosol optical parameters could result
in the amplification of uncertainty in the aerosol components estimated by
indirect retrieval methods, which could be improved by directly fitting the
solar radiation observations for the retrievals of aerosol components and
aerosol optical properties together. Based on this idea, a new aerosol com-
ponent module for the Generalized Retrieval of Atmosphere and Surface
Properties (GRASP) algorithm (Dubovik et al., 2011, 2014, 2021) was re-
cently developed for the retrieval of aerosol components directly from
remote-sensing data (Li et al., 2019, 2020a). The retrieval uncertainties
associated with the employed refractive index for each component
were estimated to be 30% for BC, 50% for BrC, 100%-150% for dust
or organic carbon (OC), and 70% for iron oxides, based on POLDER/
PARASOL observations (Li et al., 2019). It has been demonstrated that
the GRASP/Component approach not only provides commonly compa-
rable aerosol optical parameters, but also enables remote monitoring
of aerosol components over large spatial and temporal scales (Li et al.,
2019, 2020a, 2020Db).

Feasibility of the GRASP/Component approach application to
AERONET sun photometer measurements was illustrated in (Li et al.,
2019), in this study we now apply the GRASP/Component algorithm for a
direct estimation of aerosol components from AERONET sun/sky radiance
measurements for long-time series and for diferent sites. We also illustrate
that the derived optical characteristics are consistent with the standard
AERONET optical product.

The paper is organized as follows: Section 2 presents the data and
methods used in this study; Section 3 analyzes the characteristics of
different aerosol component in different aerosol types and the relationship
between the aerosol component content and aerosol optical properties
[AOD, fine mode fraction (FMF), absorption AE (AAE), scattering AE
(SAE) and SSA], which is also an indirect validation and evaluation of
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component retrievals, followed by a comprehensive intercomparison of
the aerosol optical parameters [AOD, fine-mode AOD (AODF), coarse-
mode AOD (AODC), absorption AOD (AAOD), SSA, AE] between GRASP/
Component approach and the corresponding AERONET standard products
during the period 2014-2019; and finally, in Section 4, the main conclu-
sions are presented.

2. Data and methods
2.1. AERONET measurement

AERONET is a global network of ground-based multi-spectral sun/sky
photometers (Holben et al., 1998, 2001). The radiometers automatically
provide direct measurements of solar radiation (nominally centered at
340, 380, 440, 500, 670, 870, 940, 1020, and 1640 nm), which can be proc-
essed to obtain AOD. In addition, sky radiance is measured at four wave-
lengths (440, 675, 870 and 1020 nm) by combination with almucantar
and principal plan scans (in some locations sky-radiance measurements
are also available at other wavelengths). Many aerosol optical and micro-
physical parameters can be derived from sky radiance measurements
(Dubovik and King, 2000; Dubovik et al., 2000). The AERONET aerosol
dataset consists of three quality levels: Level 1.0 for non-cloud-screened
data, Level 1.5 for cloud-screened data, and Level 2.0 for cloud-screened
and quality-assured data. Based on the measured solar radiance, the
AFRONET algorithm can provide the aerosol properties in real time, such
as multi-wavelength AOD products with high temporal resolution and
highly reliable accuracy (~ +0.01 to +0.02) (Eck et al., 1999). Strict cal-
ibration and maintenance protocols are conducted to ensure consistency
between instruments, which is helpful for providing high-quality aerosol
products that contribute to the establishment and validation of satellite re-
trieval algorithms (Levy et al., 2007; Lyapustin et al., 2018; Bréon et al.,
2011; Mao et al., 2019; Mélin et al., 2010; Remer et al., 2005; Kahn et al.,
2010; Ahn et al., 2014; Kumar et al., 2015).

The AERONET sites used in this study are grouped into five categories
based on the classification of aerosol types in the AERONET climatology
(Dubovik et al., 2002; Giles et al., 2012) and some existing literature (see
Fig. 1), as follows: (a) Biomass Burning (BB) (Holben et al., 2001;
Dubovik et al., 2002), typical sites such as the CUIABA-MIRANDA site in
central South America, which is affected by a variety of biomass burning
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aerosols from cerrado vegetation, agricultural land, tropical forests, etc.
during the annual burning season (generally August-September); (b) Dust
(DU) (Holben et al., 2001), a typical dust site, Banizoumbou, is located in
Niger, north of the Sahara, and is affected by the seasonal wind Harmattan,
which brings dust from the Sahara desert region to the area; (c) Marine
(MA) (Mallet et al., 2018), considering that sea-air interactions play a key
role in the atmospheric system and that the ocean is a reservoir of sea
spray aerosols, a typical marine site REUNION_ST DENIS in the Southern
Indian Ocean was chosen for the study of the optical properties and
chemical composition of aerosols; (d) Dust_Pollution (DP), representing
desert dust predominance with urban/industrial pollution transports
(Derimian et al., 2006). Here we chosen the Sede_Boker site in the
Negev desert in Israel, which is heavily affected by dust from April to
May and mainly by urban/industrial pollution from July to August;
and (e) Multi-source Urban (MU), representing a variety of different
aerosol sources in an urban background (Dubovik et al., 2002;
Bergamo et al., 2008; Mitchell et al., 2013; Kabashnikov et al., 2014;
Chubarova et al., 2011; Eck et al., 2005; Giannakaki et al., 2010).
Level 2 total optical depth data and Level 2 almucantar data are
downloaded from the AERONET website to prepare the input data for
the GRASP/Component approach. The measured data at these
AERONET sites are processed by the GRASP/Component approach for
the aerosol component and optical properties retrievals. Meanwhile,
the AERONET V3 Level 2.0 quality-assured products (http://www.
aeronet.gsfc.nasa.gov; last accessed 7 April 2021) (Giles et al., 2019)
were used to validate the GRASP/Component aerosol optical retrievals
from sun photometer measurements.

2.2. MERRA-2 data

The Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2) is a re-analysis dataset with global coverage of long
time series that begins in 1980, with a spatial resolution of 0.5° X 0.625°
and a temporal resolution of 1 h. MERRA-2 uses an upgraded version of
the Goddard Earth Observing System model, Version 5 (GEOS-5) data as-
similation system to replace the original MERRA reanalysis. Compared to
the MERRA-1, MERRA-2 offers a number of improvements that reflected
throughout the period of aerosol assimilation (Molod et al., 2015;
Rienecker et al., 2008, 2011). The aerosols in MERRA-2 were simulated

e  Biomass Burning (BB)

¢ Dust_Pollution (DP)
Dust (DU)

e  Marine (MA) =

e  Multi-source Urban (MU)

ABA-MIRANDA

7

REUNION_ST_DENI

Fig. 1. Geographical distribution of the AERONET sites used in this study. The colors of sites are associated with the main aerosol types as: (a) Biomass Burning (BB); (b) Dust
(DU); (c) Marine (MA); (d) Dust_Pollution (DP), representing dust and pollution events occurring alternately; and (e) Multi-source Urban (MU), representing a variety of

different aerosol sources in an urban background.
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by coupling the GEOS-5 model with the Goddard Chemistry, Aerosol, Radi-
ation, and Transport (GOCART) (Chin et al., 2002; Colarco et al., 2010)
aerosol module to take into account the estimation of the source, sink and
chemical components of the aerosols. Here we employ MERRA-2 monthly
mean BC concentration (2015-2019) to validate our BC products derived
by the component approach.

2.3. GRASP/component approach

The GRASP algorithm is a highly rigorous and versatile algorithm for
the enhanced characterization of aerosol properties from a diverse range
of remote sensing data such as sun photometers, lidar, satellite observa-
tions, etc. (Dubovik et al., 2014, 2021; Torres et al., 2017; Titos et al.,
2019; Hu et al., 2019; Tsekeri et al., 2017), and is available at https://
www.grasp-open.com. The multi-term least-squares method (LSM) was em-
ployed in the GRASP algorithm to achieve a statistically optimal fit to mea-
surements (Dubovik et al., 2021). A detailed description of the GRASP
algorithm can be found in Dubovik et al. (2011, 2014, 2021). As described
in the study of Dubovik et al. (2021), the GRASP package can be considered
as a platform for developing, testing and refining novel retrieval concepts
and their utilization in operational processing environments. The aerosol
component module was developed and incorporated into the GRASP algo-
rithm with detailed descriptions in Li et al. (2019, 2020a, 2020b). The
GRASP/Component approach employs a specific component module that
aerosol mixture particles are made up of multiple components internal
mixing with known complex refractive index of each component and values
of the aerosol mixture complex refractive index are estimated by the frac-
tion of each component together with its refractive index under a certain ef-
fective medium approximation mixing rules on aerosol components. Thus,
the GRASP/Component approach can directly invert the content of differ-
ent aerosol components instead of the spectral dependence of the complex
refractive index, and directly infer the aerosol component from the mea-
sured radiation (such as sun photometer measurements), avoiding the un-
certainties associated with intermediate steps for the component
estimations (Li et al., 2019), which has been successfully applied to
POLDER-3/PARASOL observations. Here, we provide a general description
of the GRASP/Component approach for the ground-based AERONET sun
photometer measurements.

The description of GRASP/Component products derived from
AERONET sun photometer measurements together with AERONET stan-
dard products are listed in Table 1. In the GRASP/Component approach,

Table 1

Intercomparison of aerosol products derived by the GRASP/Component from
AERONET sun photometer measurements and AERONET standard products. f and
c indicate fine- and coarse-mode aerosol, respectively. The main differences are in
bold.

Retrieval data GRASP/component AERONET retrievals
products retrievals
Total  Total/fine/coarse Total only total/fine/coarse
only
AOD No Yes No Yes
AE No Yes No Yes
SSA No Yes No Yes
AAOD No Yes No Yes
AAE No Yes No Yes
Refractive Index No Yes (f, ¢) Yes No
Asymmetry No Yes No Yes
Factor

Sphere Fraction Yes No Yes No
Size Distribution No f: 15 bins; c: 10 bins  Yes (22 bins) No
BC No Yes (f) No No
BrC No Yes (f) No No
NAI No Yes (f, ¢) No No
CAI No Yes (c) No No
NAS No Yes (f, ¢) No No
AWC No Yes (f, ¢) No No
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differentiating aerosol components by coarse and fine modes allows aerosol
components with similar spectral absorption properties to be distinguished
(Schuster et al., 2016; Li et al., 2019), e.g., BrC and iron oxides (hematite
and goethite) have similar spectral absorption properties (Chen and
Cahan, 1981; Chen and Bond, 2010; Schuster et al., 2016). Considering
that aerosol particles containing carbon dominate the fine mode, while
dust containing iron are mainly distributed in the coarse mode, the
GRASP/Component approach therefore classifies BC and BrC as absorbing
insoluble components in the fine-mode state, while iron oxides are classi-
fied as absorbing insoluble components in the coarse-mode state. In addi-
tion, the fine-mode non-absorbing insoluble species (FNAI) are included
under the fine mode to represent mainly fine dust or non-absorbing OC,
and fine-mode non-absorbing soluble species (FNAS) to represent inorganic
salts and fine-mode AWC (FAWC). In the coarse mode, the absorbing insol-
uble species (CAI) is the only absorptive component and represents mainly
iron oxides, in addition to a number of other absorptive elements. The non-
absorbing insoluble species (CNAI), mainly representing dust, but also non-
absorbing insoluble OC particles. Coarse-mode non-absorbing soluble spe-
cies (CNAS) represent inorganic salts. In addition to this, the coarse-mode
also contains AWC (CAWC).

2.4. Statistical metrics for intercomparison
Standard statistical parameters including Pearson's linear correlation
coefficient (R), root-mean-square error (RMSE), mean absolute error

(MAE), mean relative error (MRE), slope and offset of linear regression
are used to evaluate the intercomparison:

N
> (Xi,AERONET - Xi,AERONET) (Xi,GRASP - Xi,GRASP)

k= - O
\/Zivzl <X’3AER0NET - Xi,AERONET) ponlt (Xi,GRASP -X i,GRASP>
N 2
Vox - X
RMSE = Zz:l( i,GRASP I,AERONET) , (2)
N
I N
MAE = N ) {Xi,AERONET/GRASP — XiMeRrA | 3)
i=1
1 X; - X
MRE — Z; i, AERONET/GRASP i MERRA | « 100% @

TN& Xi, AERONET/GRASP
where N is the number of matched data points, Xgrasp represents the re-
trieval of the GRASP/Component approach, Xgroner represents the stan-

dard AERONET, and X¢rasp and Xazroner represent the average of the
GRASP/Component retrievals and AERONET products, respectively.
Xmerra and XagroneT/GrRASP Tepresents the MERRA-2 BC products and
GRASP BC retrievals inverted from AERONET, respectively.

3. Results and discussion
3.1. Aerosol component retrievals

The approach provides both the information about absolute concentra-
tion of aerosol and the distribution of the aerosol volume among different
components. The presence of different component is assumed different in
fine and coarse aerosol modes as described in Li et al. (2019).

3.1.1. Volume concentrations of aerosol components

We present the distribution characteristics of aerosol component con-
centrations for different aerosol types in 2017 (Fig. 2) because we consider
that the measurements of each aerosol type site should have a good tempo-
ral coverage during the whole year, in particular for the Biomass Burning
site where there are usually not enough observations during the biomass
burning season. It can be seen that in Fig. 2 the highest volume concentra-
tion of BC (1.83 mm3/m?) is found at Biomass Burning site, followed by
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Fig. 2. Yearly average volume concentration of aerosol components for five different aerosol types: (a) Biomass Burning (BB); (b) Dust (DU); (c) Marine (MA);
(d) Dust_Pollution (DP); and (e) Multi-source Urban (MU).
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relatively high volume concentrations of BC at Multi-source Urban
(1.54 mm®3/m?) and Dust _Pollution (1.21 mm®/m?) sites, which is consis-
tent with the fact that BC is mainly emitted from biomass burning and fossil
fuel combustion. The volume concentrations of CNAI are much higher than
other aerosol components for all different aerosol types, in particular for
pure Dust sites. Specifically, the maximum concentration of retrieved
CNAI was found at Dust site (646.51 mm®/m?), which was twice as high
as the Dust_Pollution site and 6-12 times higher than the rest of other
sites, indicating a significant contribution of scattering dust particles to
the aerosol loading at DU site. Similarly, CAI concentration at the Dust
site (6.56 mm®>/m?) is several times higher than that in other aerosol
types (Biomass Burning: 1.08 mm®/m?, Dust_Pollution: 0.65 mm®/m?, Ma-
rine: 0.07 mm®/m?, Multi-source Urban: 0.38 mm®/m?), thus revealing the
contribution of absorbing dust particles (mainly iron oxides) to aerosol
loading at the Dust site. The relatively high concentrations of BC and
CNAI are observed at the Dust_Pollution site because dust and urban/indus-
trial pollution aerosols dominate at this site. The highest concentration of
FNALI is observed at Biomass Burning site, followed by Multi-source Urban
and Dust_Pollution sites. Based on the assumption and definition of FNAI
in this aerosol component approach, high FNAI concentration at the Bio-
mass Burning site can be interpreted as fine-mode scattering organic carbon
(i.e., OC) generated from biomass burning, while high FNAI concentration
at the Dust site can be interpreted as fine-mode scattering dust particles,
which could be post-classified by the AE parameter as well (Li et al.,
2019). Similarly, the retrieved FNAI at the Multi-source Urban and
Dust_Pollution sites can be considered as a mixture of scattering organic
carbon and scattering dust particles. Except AWC component
(147.64 mm>/m?), low component concentrations (BC: 0.77 mm®/m?,
BrC: 0.11 mm®/m?, CNAL: 55.64 mm®/m?, CAI 0.07 mm®/m? FNAL
1.71 mm®/m?, NAS: 16.81 mm®/m?) obtained at the Marine site are

40.65%
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attributed to the very low aerosol loading and high relative humidity over
ocean. On the contrary, high AWC concentration is also observed at the
Dust site because many large particles could provide more opportunities
and space to be surrounded by water even for the low aerosol water fraction
(in Fig. 3). For NAS results, it is also a similar situation. In addition, soluble
organic carbon emitted from biomass burning and soluble mineral salts
contained in dust particles are regarded as NAS component as well. Same
as BC component, high BrC concentration is observed at Biomass Burning
site. However, it is noted that high BrC is also obtained at the Dust site,
which is mainly attributed to the contributions of iron oxides (hematite
and goethite) absorption in the fine-mode dust particles. Due to the similar
spectral absorption of BrC and iron oxides (hematite and goethite), the fine-
mode absorbing dust at the Dust site could be misjudged as BrC in the cur-
rent component approach (Li et al., 2019, 2020a). Such limitations of this
component retrieval method could be addressed in future by including
some measured information at more wavelengths (such as UV or IR bands).

3.1.2. Volume fractions of aerosol components

Fig. 3 shows the characteristics of aerosol component fractions in the
fine- and coarse-mode as well as fractions in total aerosol. Considering
the quite different values of aerosol loading in fine- and coarse-mode
aerosol particles for different aerosol types, the component retrievals in
very low aerosol loading cases could have large uncertainties such as
coarse-mode component retrievals in biomass burning sites (AODC is very
low). We chose retrievals in June at Banizoumbou site to represent dust
aerosol, in October at CUIABA-MIRANDA site to represent biomass burning
aerosol, in April at SEDE-BOKER site to represent a mixture of dust and
urban/industrial pollution aerosol, and in March at REUNION_ST DENIS
site to represent marine aerosol. It can be seen that the AODC at 675 nm
at Banizoumbou site (0.504) is much higher than other aerosol type sites
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Fig. 3. Examples of monthly average aerosol component volume fractions inversion using the GRASP/Component approach: (a, e, i) present component fractions at
Banizoumbou site for dust type in June; (b, f, j) present component fractions at CUTABA-MIRANDA site for biomass burning type in October; (c, g, k) present component
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March. The values of AODF and AODC at 675 nm are also provided in the figure.
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(CUIABA-MIRANDA: 0.034, SEDE_BOKER: 0.122, REUNION_ST DENIS:
0.029) due to the predominance of dust. Corresponding to high AODC,
the dust aerosol at Banizoumbou site has the highest CNAI volume fraction
(54.33%) compared to other aerosol types (CUIABA-MIRANDA: 42.18%,
SEDE_BOKER: 48.1%, REUNION_ST DENIS: 23.82%) in the total aerosol
fraction, and the CNAI volume fraction can be up to 70.68% in the
coarse-mode aerosol fraction, indicating a significant contribution of scat-
tering dust particles to the aerosol loading for dust aerosol at Banizoumbou
site. Similarly, CAI fraction at the Banizoumbou site (0.62%) is several
times higher than that at other aerosol type sites (CUIABA-MIRANDA:
0.45%, SEDE_BOKER: 0.09%, REUNION_ST DENIS: 0.03%), revealing the
contribution of absorbing dust particles in dust aerosol at the Banizoumbou
site. Unlike other aerosol type sites where AODC is larger than AODF, the
AODF at CUIABA-MIRANDA site (0.118 at 675 nm) is much higher than
AODC (0.034 at 675 nm), indicating that CUTABA-MIRANDA site is domi-
nated by fine-mode aerosols. The highest volume fractions of BC and BrC
(0.77%, 1.67% in total aerosol fraction, respectively) are found in the bio-
mass burning aerosol at CUIABA-MIRANDA site, which is much higher
than that in other aerosol type cases (Banizoumbou: 0.03%, 0.27% in
total aerosol fraction; SEDE_BOKER: 0.38%, 0.11% in total aerosol fraction;
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REUNION_ST_DENIS: 0.32%, 0.04% in total aerosol fraction). High frac-
tions of BC and BrC observed at CUIABA-MIRANDA site present a signifi-
cant contribution of light-absorbing carbon (BC and BrC) in the biomass
burning aerosol. In addition, the SEDE,_BOKER site representing a mixing
type of dust and urban/industrial pollution has large fraction of BC
(2.34%) in fine-mode aerosol and large fraction of CNAI (76.31%) in
coarse-mode aerosol. It is noted that fine-mode absorbing dust at
Banizoumbou site could be misinterpreted as a contribution of BrC fraction
in fine-mode aerosol. The highest volume fraction of AWC was retrieved at
REUNION _ST _DENIS site, a typical marine site, that the AWC accounted for
70.27% in total aerosol, 86.48% in fine-mode aerosol, and 54.25% in
coarse-mode aerosol. The component retrievals at REUNION_ST_DENIS
site may have large uncertainties because of very low aerosol loading
(AODF: 0.019 and AODC: 0.029).

3.1.3. Relationship between aerosol optical properties and aerosol components
In order to validate the applicability of the GRASP/Component ap-
proach for aerosol component retrieval, the relationship between aerosol
component retrievals and aerosol optical retrievals are discussed in this sec-
tion. We can see that the trend of annual average aerosol component
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Fig. 4. Yearly average volume concentration of aerosol components and AOD for all different aerosol types and in total: (a) Total; (b) Biomass Burning (BB); (c) Dust (DU);

(d) Marine (MA); (e) Dust_Pollution (DP); and (f) Multi-source Urban (MU).
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concentration is the same as the trend of AOD for all sites as well as for each
aerosol type (in Fig. 4). Figs. 5 and 6 show the trends of monthly average
component concentrations (BC, BrC, FNAIL, CANI, and CAI) and FMF at a
typical Dust site (Banizoumbou) and Biomass Burning site (CUIABA-MI-
RANDA), respectively. At the Dust site (Fig. 5), the FMF is usually less
than 60% and in March—July the FMF is about 40% or less. At the same
time, high volume concentration of CNAI and CAI are apparent in March
to June and reach a maximum (1113.79 mm?®/m? for CNAI and
14.78 mm>/m? for CAI) in June at Banizoumbou, suggesting that spring
and early summer are periods of high dust outbreaks. The monthly average
concentration of BC and BrC follow the same trend as FMF, while FNAI
sometimes shows an opposite trend. Therefore, the total of BC, BrC and
FNAI volume concentration (Fig. 5d) show an opposite trend to FMF, sug-
gesting that the FNAI at Banizoumbou links strongly to CNAI and it could
be mainly fine-mode non-absorbing dust. Finally, when the FNAI concen-
tration is high, the CNAI concentration is also very high and the change
of FMF is uncertain. At the Biomass Burning site (Fig. 6), the FMF is
above 80% in all months except March and April (75% for March and
79% for April), indicating that the aerosol at CUIABA-MIRANDA is domi-
nated by fine-mode particles. The trend of BC concentration follows much
similar pattern as FMF with maximum BC concentration (2.92 mm?>/m?)
and the FMF value (larger than 90%) in October, which is also in a similar
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case for BrC retrieval. It is noteworthy that the relationships of FMF to FNAI
(Fig. 6¢) and CNAI (Fig. 6e) are indefinite, which is probably attributed to
the fact that FNAI mainly represents fine-mode non-absorbing OC particles,
CNAI mainly represent coarse-mode non-absorbing dust particles and their
changes have no associated relationship.

As shown in Fig. 7, we also analyzed the relationship between the ab-
sorbing aerosol components (BC, BrC and CAI) and AAE (440/870), and
the scattering aerosol components (CNAL NAS and FNAI) with SAE (440/
870) and SSA, for different aerosol types, respectively. The AAE is usually
considered to be related to absorbing aerosol components, e.g., pure BC
with strong absorption in all wavelengths has a theoretical AAE value of
1. We can see that the AAE is larger than 2.0 at the Dust site and the AAE
values for Biomass Burning, Dust_Pollution and Multi-source Urban sites
are all above 1.2 (in Fig. 7a), which is consistent with previous studies
that for the absorbing components from biomass burning and/or fossil
fuel combustion, the AAE is considered to be greater than 1.1, with dust re-
gions having AAEs ranging from 2.0 to 3.0 (Giles et al., 2012; Wang et al.,
2016; Bahadur et al., 2012; Lack and Cappa, 2010; Russell et al., 2010).
The lowest AAE value is close to 1.0 observed at the Marine site, which is
related to the fact that the absorbing component at the Marine site is mainly
BC. SAE (usually ranging from O to 4) is an important parameter for identi-
fying the size of aerosol particles, that is, small values indicates a
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Fig. 5. Monthly average volume concentration of aerosol components and fine-mode fraction (FMF) at Banizoumbou for the period 2014-2019.
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Fig. 6. Monthly average volume concentration of aerosol components and fine-mode fraction (FMF) at CUIABA-MIRANDA for the period 2014-2019.

dominance of coarse particles and large values indicates a dominance of
fine particles (Bergstrom et al., 2007; Russell et al., 2010; Cazorla et al.,
2013). As shown in Fig. 7b, the lowest SAE values (smaller than 0.4)
among all types of aerosol sites are found at the Dust site with high
CNAI concentration (more than 600 mm3/m2), followed by the

Dust_Pollution site, indicating that aerosol particles at Dust site are
dominated by the coarse mode. Meanwhile, the Biomass Burning and
Multi-source Urban sites have the highest SAE values (larger than
1.4), indicating that they are dominated by fine-mode particles. SSA is
not only related to the relative content of absorbing components, but
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Fig. 7. The relationship between absorbing components (BC, BrC, and CAI) volume concentration and AAE (a), scattering components (CNAI, NAS, and FNAI) volume
concentration and SAE (b), and SSA (c) in five different aerosol types: Biomass Burning (BB), Dust (DU), Marine (MA), Dust_Pollution (DP), and Multi-source Urban (MU)

for the period 2014-2019.
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also influenced by the aerosol particle size (Jacobson, 2001). Fig. 7¢
shows the relationship between the volume concentration of the scatter-
ing aerosol components and SSA. The trend for the concentration of the
scattering components is basically the same as that of SSA, e.g., the
highest volume concentration of the scattering component and the
highest SSA value are obtained at the Dust site, and medium SSA values
at the Marine site are linked to the concentration of the scattering com-
ponents, which is related to the predominantly coarse mode of the aero-
sol particles in marine areas (Chen et al., 2020). The smallest SSA values
are observed at Biomass Burning and Multi-source Urban sites, where
there are many absorbing matters/components emitted from biomass
burning or fossil fuel combustion.

Fig. 8 shows the distribution of different aerosol types as a function of
AAE and SAE together with aerosol component retrievals derived by the
GRASP/Component approach from sun photometer measurements. The
colour coding of the data points was determined by the BC and CNAI vol-
ume concentration, BC/(BC + BrC) ratio, and the ratio of the absorbing
component concentration to the total component volume concentration, re-
spectively. As the AAE value increases and the SAE value decreases, the BC
content decreases (Fig. 8a) and the CNAI content increases (Fig. 8b) at the
Dust site, which is consistent with the findings of Yang et al. (2009) that
dust-type aerosols have an SAE close to 0 owing to their large particle
sizes and variable AAE values (~ 1.2 to 3) (Dubovik et al., 2002). At the
Dust_Pollution site, the range of SAE values is large (~ 0.2 to 1.4) owing
to the wide range of particle sizes across the various shapes, and AAE values
range from 1 to 2 with high BC concentration (Fig. 8a) and the value of BC/
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(BC + BrC) close to 1 (Fig. 8c) when the AAE is close to 1. As shown in
Fig. 8d, the Biomass Burning site has the largest proportion of absorbing
components with a high BC proportion in sum of BC and BrC (see
Fig. 8c). At Multi-source Urban sites, the range of variation in AAE and
SAE is small with data points concentrated between 1.1 and 1.2 for AAE
and between 1.3 and 1.8 for SAE, indicating a predominance of fine parti-
cles. The closer the AAE value is to 1, the higher the BC/(BrC + BC)
value (see Fig. 8c). At the Marine site, the SAE values have a large span
and the AAE values are close to 1, which is related to the high proportion
of BC in sum of BC and BrC at the Marine site. In parallel with the results
of Russell et al. (2010), AAE values at Multi-source Urban sites are close
to 1, larger AAE values for Biomass Burning site, and the largest AAE values
for Dust site. Overall, the aerosol component results derived by the GRASP/
Component approach from sun photometer measurements have been dem-
onstrated and validated using the aerosol optical property retrievals (AOD,
FMF, AAE, SAE and SSA).

3.2. Validation

3.2.1. Comparison of GRASP/component BC retrieval and MERRA-2 BC
products

To validate the reliability of the GRASP/Component retrieval
results, the MERRA-2 BC data were selected to compare with the BC
column mass concentration inverted by the GRASP/Component
approach from AERONET sun photometer measurements in this study.
For the spatial matching of MERRA-2 to AERONET sites, a
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0.5° x 0.625° single-pixel of the MERRA-2, which is the nearest to the
AERONET site, is used to represent the MERRA-2 BC product. Fig. 9
shows the intercomparison between the BC concentration retrieved by
the GRASP/Component approach and MERRA-2 BC concentration for
the monthly means. It can be seen that for all sites (see Fig. 9a) there
is no significant variability of MERRA-2 BC concentration concentrated
around 1.0 mg/m?, while the BC concentration retrieved by GRASP/
Component approach from AERONET shows a significant monthly var-
iation with a mean absolute error (MAE) of 1.79 mg/m2 and a mean rel-
ative error (MRE) of 63.44% that are higher than the MERRA-2 BC
concentration. Specifically, the trends of BC concentration revealed by
the GRASP/Component and the MERRA-2 data for the Biomass Burning
(Fig. 9b) and Marine (Fig. 9e) sites are similar although there exist a few
BC differences. For example, both GRASP/Component BC and MERRA-2
BC present high concentration during the biomass burning period (Sep-
tember—October). Noted that high MRE (811.28%) shown in Fig. 9b at
biomass burning site is mainly attributed to very low BC concentration
(close to 0) retrieved by GRASP/Component in June. BC concentrations
shown in Fig. 9e for Marine aerosols are low but their trends have good
consistency. The minimum MAE (0.78 mg/mz) and MRE (53.19%) are
found at Dust sites (Fig. 9¢), which is associated with the almost same
BC concentrations from March to October. The largest differences are
obtained at Dust_Polution and Multi-source Urban sites (in Fig. 9d and
f), which is probably because GRASP/Component BC retrievals could
show the monthly variability and MERRA-2 BC products do not charac-
terize this variability well when there are different several aerosol emis-
sion sources. Therefore, the GRASP/Component BC products show a
reasonable agreement with MERRA-2 BC data.

3.2.2. Intercomparison of GRASP/component optical retrievals and AERONET
products

In order to characterize the quality of the aerosol optical properties re-
trieved by the GRASP/Component approach from AERONET measure-
ments, the GRASP/Component basic aerosol optical properties such as
AOD, AODF, AODC, AAOD, SSA and AE are compared and evaluated by
the AERONET standard products at 13 sites for different aerosol types dur-
ing the period 2014-2019. Fig. 10 shows the validation of GRASP/Compo-
nent aerosol optical retrievals for all sites using the corresponding
AERONET standard products. Figs. A1-A5 in the appendix show the inter-
comparison of aerosol optical properties (AOD, AODF, AODC, AAOD and
SSA) for different aerosol types. For the comparison of AOD (see
Fig. 10a), we can see that the correlation coefficient R is close to 1 with a
good linear regression expression (slope ~ 1, offset ~0) for all sites, and
the same conclusion for each aerosol type. In addition, the RMSE is smaller
than 0.02 for all sites, with the smallest RMSE of 0.003 found for the marine
aerosol and the largest RMSE of 0.033 for the dust aerosol (see Fig. Al in
the appendix). The metrics for spectral AOD validation of different aerosol
types are shown in Table 2. The results indicate that all wavelengths of AOD
inversions show good agreement with the AERONET standard AOD prod-
ucts. Therefore, the GRASP/Component approach can provide spectral
AOD products with the same accuracy as the AERONET standard products.
As shown in Fig. 10b, the GRASP/Component AODF retrievals are in line
with the AERONET products for all aerosol types. AODC products derived
by the GRASP/Component approach are also consistent with the
AERONET AODC for all sites (see Fig. 10c), with a correlation coefficient
of R = 0.986. AAOD indicates the absorption of atmospheric particles,
which is generally related to the atmospheric loading of absorbing sub-
stances such as BC, BrC and iron oxides contained in dust (Charlson et al.,
1992; Dehkhoda et al., 2020; Sun et al., 2019). It can be seen that the
AAOD retrievals of the GRASP/Component approach show good agree-
ment with the AERONET standard products, with R = 0.796, slope =
0.953 and RMSE <0.01 (see Fig. 10d). The SSA, determined by the propor-
tion of scattering AOD in the total AOD, is a key parameter for characteriz-
ing the absorption properties of aerosols and for assessing the effects of
aerosols on the earth's radiation balance (Charlson et al., 1992). The results
indicate that the GRASP/Component SSA retrievals have a high (taking into
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Table 2

The statistics for the intercomparison of AOD derived by the GRASP/Component
approach using MG effective medium approximation rules from sun photometer
measurements to the corresponding AERONET standard products. The number in
parentheses indicates the number of validation points.

Aerosol type Band (nm) R Slope Offset RMSE
All sites 440 (18923) 0.997 0.998 0.002 0.013
675 (18923) 0.997 1.000 0.000 0.011
870 (18923) 0.997 1.005 0.000 0.011
1020 (18923) 0.997 1.005 0.000 0.010
BB 440 (111) 1.000 0.995 0.002 0.006
675 (111) 0.999 0.990 0.001 0.004
870 (111) 0.996 0.988 —0.000 0.005
1020 (111) 0.985 0.955 0.002 0.007
DU 440 (1751) 0.994 0.999 0.004 0.034
675 (1751) 0.994 1.001 0.001 0.033
870 (1751) 0.994 1.001 0.003 0.032
1020 (1751) 0.994 0.999 0.004 0.031
DP 440 (4402) 0.999 0.994 0.001 0.005
675 (4402) 0.999 0.998 0.000 0.005
870 (4402) 0.999 1.002 0.001 0.005
1020 (4402) 0.999 1.000 0.001 0.005
MA 440 (962) 0.999 0.986 0.003 0.004
675 (962) 0.997 0.994 0.003 0.003
870 (962) 0.994 1.045 —0.002 0.003
1020 (962) 0.995 1.032 —0.002 0.002
MU 440 (11697) 0.998 0.997 0.002 0.010
675 (11697) 0.997 0.998 0.000 0.006
870 (11697) 0.997 1.007 —0.000 0.005
1020 (11697) 0.997 1.004 —0.000 0.004

account rather small dynamic range of SSA) correlation (R > 0.8) and small
RMSE (RMSE <0.03) when comparing to the AERONET SSA products for
all sites (see Fig. 10e). The AE was determined from the fitted AOD at

W. The validation of AE

(440/870) derived by the GRASP/Component approach with the corre-
sponding AERONET AE (440/870) is shown in Fig. 10f. The GRASP/Com-
ponent retrieval shows high agreement with the AERONET measurements,
with close statistical correlation in terms the R, slope and offset, e.g., R =
0.971, slope = 0.978, and offset = 0.04. We can see that the AE retrievals
of the GRASP/Component approach are in line with the corresponding
AERONET AE products.

two different wavelengths as AE =

3.2.3. Influences of component effective medium approximation on aerosol opti-
cal property retrievals

The retrieval of aerosol components requires to choose/assume the
aerosol species mixing rule and the GRASP/Component approach
employed a simple and extensively tested Maxwell-Garnett effective
medium approximation (MG) for mixture of complex refractive indices
of different aerosol species. The MG mixing rule has been widely used
in many studies to retrieve aerosol components from ground-based re-
mote sensing measurements (Schuster et al., 2005, 2009, 2016; Li
et al., 2019). It is applicable to the case of insoluble small particles dis-
cretely suspended in solution (Bohren and Huffman, 1983). The MG ap-
proximation assumes that non-homogeneous particles consist of a
variety of insoluble inclusions and a homogeneous matrix. Generally,
the matrix can consist of water or soluble inorganic salt particles
(e.g., ammonium sulfate, ammonium nitrate and sea salt) and the refrac-
tive index of the matrix is calculated using the hygroscopic properties
and the ratio of soluble inorganic substances to water (Schuster et al.,
2005; Li et al., 2019). As described in Li et al. (2019), two different
mixing rules [MG and volume-weighted (VW) effective medium approx-
imation] for the estimation of aerosol components can be chosen in the
GRASP/Component approach. In order to quantitatively evaluate the ef-
fect of different aerosol component mixing rules on aerosol optical prop-
erty inversion from ground-based sun photometer measurements,
intercomparison of the monthly average aerosol optical properties
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Fig. 11. Intercomparison between the monthly average aerosol optical properties derived by the MG and VW effective medium approximation rules in the GRASP/

Component approach from AERONET sun photometer measurements.

derived by the MG and VW effective medium approximation rules in the
GRASP/Component approach are shown in Fig. 11, and their validation
metrics using AERONET products are listed in Table 3. The results

Table 3

The statistics for the intercomparison of aerosol optical properties derived by the
GRASP/Component approach with MG and VW effective medium approximation
rules from sun photometer measurements to the corresponding AERONET products.
The number in parentheses indicates the number of validation points.

Optical property Mixing rule R Slope Offset RMSE
AOD (675 nm) MG (18923) 0.997 1.000 0.000 0.011
VW (18930) 0.996 0.998 0.000 0.014
AODF (675 nm) MG (18923) 0.923 0.993 0.005 0.025
VW (18930) 0.911 0.903 0.008 0.025
AODC (675 nm) MG (18923) 0.986 0.863 0.005 0.026
VW (18930) 0.979 0.969 0.000 0.026
AAOD (675 nm) MG (2127) 0.796 0.953 —0.002 0.008
VW (2120) 0.669 0.974 —0.002 0.012
SSA (675 nm) MG (2127) 0.828 1.070 —0.060 0.028
VW (2120) 0.845 1.034 —0.026 0.025
AE (440/870) MG (18923) 0.971 0.978 0.040 0.126
VW (18930) 0.973 0.976 0.041 0.122
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demonstrate that both MG and VW can provide highly similar aerosol
optical retrievals. Specifically, the differences in optical retrievals be-
tween the MG and VW mixing rules are —1.13% to 0.52% for AOD,
0.34% to 4.66% for AODF, —3.32% to —0.64% for AODC, —3.52% to
4.66% for AAOD, —0.40% to 0.07% for SSA, and —0.36% to 1.28%
for AE. The statistics shown in Table 3 indicate that both the MG and
VW retrievals agree well with corresponding AERONET products, with
R almost equal to 1 for AOD, AODC and AE, and being larger than 0.9
for AODF, larger than 0.8 for SSA, and about 0.7 for AAOD. The R of
the AAOD retrievals are slightly low for both mixing rules listed in
Table 3, which is in fact due to the presence of several outliers at the
Banizoumbou site, located in the dust source area (see Fig. A4 in the ap-
pendix for MG retrieval).

4. Conclusions

This paper presents the application of GRASP/Component approach (Li
et al., 2019; Dubovik et al., 2014, 2021) to a series of AERONET sun/sky
photometer measurements in different locations and representing different
aerosol types for the extended retrievals of aerosol components, as well as
of aerosol optical properties. The intercomparison of aerosol optical
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properties provided by GRASP/Component algorithm and by operational
AERONET algorithm are also discussed. The main conclusions are present
as follows.

The GRASP/Component approach allows the separate characterization
of fine- and coarse-mode aerosol components (concentration and fraction)
from ground-based sun photometer measurements. The aerosol component
retrieval results able to represent well the different aerosol types including
Biomass Burning (BB), Dust (DU), Marine (MA), Dust_Pollution (DP), and
Multi-source Urban (MU) cases. GRASP/Component BC retrievals derived
from AERONET have a reasonable agreement with MERRA-2 BC products.
In addition, the results showed that the temporal variation and spatial dis-
tribution of aerosol components in the different aerosol-type regions are in
general agreement with the physical expectations described by the optical
parameters (AOD, FMF, AAE, SAE and SSA).

The accuracy of aerosol optical products inverted from sun photometer
measurements using the GRASP/Component approach are assessed by
AERONET standard products. The evaluations indicated that the optical
products retrieved by the GRASP/Component approach were consistent
with AERONET standard products for all considered aerosol types,
e.g., the correlation coefficient for AOD, AODF, AODC, AE, SSA and
AAOD is 0.997, 0.923, 0.986, 0.971, 0.828, and 0.796, respectively, and
the RMSE for all spectral AODs are less than 0.02. In addition, we verified
the effect of different aerosol species mixing rule assumption on retrievals
of aerosol optical property. The differences between MG and VW effective
medium approximation approaches were found to be within 2.3%, which
demonstrates both MG and VW approaches can produce reliable aerosol op-
tical products with same accuracy as the standard AERONET product.
Therefore, the GRASP/Component approach can be applied to AERONET

Science of the Total Environment 812 (2022) 152553

sun photometer measurements not only for aerosol optical properties inver-
sion with similar accuracy as the AERONET standard products (such as
AOD, AODF, AODC, AAOD, SSA and AE etc.), but also for the direct aerosol
component retrievals from radiance measurements.
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Appendix A
Table Al
List of acronyms.
Abbreviation Full name
AAE Absorption Angsm'im exponent
AAOD Absorption aerosol optical depth
AE ;\ngstrém exponent
AERONET Aeronet Robotic Network
AOD Aerosol optical depth
AODC Coarse-mode aerosol optical depth
AODF Fine-mode aerosol optical depth
BB Biomass Burning aerosol
BC Black carbon
BrC Brown carbon
CAI Coarse-mode absorbing insoluble component
CARSNET China Aerosol Remote Sensing Network
CAWC Coarse-mode aerosol water content
CNAI Coarse-mode non-absorbing insoluble component
CNAS Coarse-mode non-absorbing soluble component
DP Dust_Pollution mixing aerosol
DU Dust aerosol
FAWC fine-mode aerosol water content
FMF Fine-mode fraction
FNAI fine-mode non-absorbing insoluble component
FNAS fine-mode non-absorbing soluble component
GEOS-5 Goddard Earth Observing System model, Version 5
GRASP Generalized Retrieval of Atmosphere and Surface Properties
LSM Least-squares method
MA Marine aerosol
MAE Mean absolute error
MERRA-2 Modern-Era Retrospective Analysis for Research and Applications, Version 2
MRE Mean relative error
MU Multi-source Urban aerosol
ocC Organic carbon
PHOTONS Photométrie pour le Traitement Opérationnel de Normalisation Satellitaire
SAE Scattering ;\ngstrém exponent
SSA Single scattering albedo
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