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Abstract: Quantifying aerosol compositions (e.g., type, loading) from remotely sensed measurements
by spaceborne, suborbital and ground-based platforms is a challenging task. In this study, the first
and second-order spectral derivatives of aerosol optical depth (AOD) with respect to wavelength
are explored to determine the partitions of the major components of aerosols based on the spectral
dependence of their particle optical size and complex refractive index. With theoretical simulations
from the Second Simulation of a Satellite Signal in the Solar Spectrum (6S) model, AOD spectral
derivatives are characterized for collective models of aerosol types, such as mineral dust (DS) par-
ticles, biomass-burning (BB) aerosols and anthropogenic pollutants (AP), as well as stretching out
to the mixtures among them. Based on the intrinsic values from normalized spectral derivatives,
referenced as the Normalized Derivative Aerosol Index (NDAI), a unique pattern is clearly exhibited
for bounding the major aerosol components; in turn, fractions of the total AOD (f AOD) for major
aerosol components can be extracted. The subtlety of this NDAI method is examined by using mea-
surements of typical aerosol cases identified carefully by the ground-based Aerosol Robotic Network
(AERONET) sun–sky spectroradiometer. The results may be highly practicable for quantifying f AOD
among mixed-type aerosols by means of the normalized AOD spectral derivatives.

Keywords: aerosol partition; AOD spectral derivatives; particle size; complex refractive index;
normalized derivative aerosol index; fractions of total AOD

1. Introduction

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC, 2013) stated that the variation (−0.85 to +0.15 Wm−2) of aerosol radiative forcing
is relatively significant compared with its counterpart (2.54 to 3.12 Wm−2) of well-mixed
greenhouse gases [1]. The large fluctuation in radiative forcing (RF) is primarily related
to the poor characterization of the microphysical and optical properties of atmospheric
aerosols [2,3]. These results also suggest that each type of aerosol does not weigh equally
with regard to the total amount of RF. For example, black carbon (the main component of
biomass burning (BB)) exhibits a positive RF (0.0 ± 0.2 Wm−2) in the atmosphere, while
the RFs of sulfate and nitrate (the main components of anthropogenic pollutants (AP))
are negative (−0.4 ± 0.2 Wm−2). During its lifecycle, however, some degree of aerosol
mixing frequently occurs, which further increases the complexity of quantifying aerosol
properties [4–6] and impacts the accuracy of RF assessments [7–9].

In the advent of satellite remote sensing, the generation and migration of aerosols on
a regional and/or global scale can be observed/monitored efficiently [7,10–13]. Since the
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1990s, many international programs have been productively operating series of low-Earth-
orbit (LEO) satellites, particularly the NASA’s Earth Observing System (EOS), to further
the monitoring and understanding of the Earth’s atmospheric system. King et al. [14]
showed that an enabling roadmap for the remote sensing of tropospheric aerosols from
space continues to enhance the accuracy of the impact assessments of natural and an-
thropogenic aerosols on the ecosystem. In the next wave of second-generation sensors
aboard geostationary (GEO) platforms, which largely evolved from mature LEO predeces-
sors [15–17], we envision that these LEO/GEO sensors will continue to enable the retrieval
of a growing number of aerosol parameters, such as spectral aerosol optical depth (AOD),
single-scattering albedo (SSA) particle size (in the form of fine/coarse modes and Ångström
exponents (AE)) and indications of particle shape (e.g., the depolarization of backscatter).
In turn, making optimal use of these data products for classifying/clustering aerosol types
(e.g., urban–industrial, biomass burning, mineral dust and maritime) observed from space
(see [5,18] and references therein) helps to quantify aerosol properties near source regions
and along transport pathways to sink areas, as well as radiative forcing calculations and
other applications during their lifecycle.

Ever since the era of EOS, sun-photometry measurements from ground-based network
have advanced in lockstep with spaceborne observations. Operating under a unified
protocol, Aerosol Robotic Network (AERONET) [19–21], together with many collaborating
networks (see https://aeronet.gsfc.nasa.gov/ (accessed on 14 April 2021) for details), is
utilized worldwide to examine the properties of major types of aerosols [22–24]. The
long-term observations of aerosol properties demonstrate that aerosol types can be well
identified in terms of their characteristics in optical/microphysical/radiative properties,
such as particle size (or AE), SSA and AOD [25–30]. Based on in-situ measurements [31], for
example, the SSA ranges of BB and AP, exhibiting largely similar particle size distributions
(or AE values), are about 0.87 ± 0.06 and 0.95 ± 0.05, respectively, implying that BB is
in a category of strong absorption as opposed to that of AP. In addition, the spectral
dependency of the SSA, showing generally a decreasing trend for BB/AP but increasing for
mineral dust (DS) aerosols [32–34], further suggested the use of the absorption Ångström
exponent (AAE, a combination of SSA and AE) to categorize aerosol types [35,36]. Thus, the
accuracy of the derived SSA is the utmost critical factor reported by Loeb and Su [37], who
retrieved aerosol properties bounded in the systematic uncertainty range of AERONET, a
3% variation in SSA resulted in RF changes of ~0.5–1.0 Wm−2. Furthermore, establishing
a dynamic range for categorizing aerosols [38–40] from ground-based (dense network)
measurements is very challenging due to the embedded strength of their high-temporal or
spatial resolution. Effective analyses of high-spectral observations would greatly aid in
identifying the composition of aerosol mixtures.

Based on the in-situ measurements, the multispectral optical properties can not only
provide information on particle size distribution [41] but also can calculate aerosol fine
and coarse mode scattering and extinction coefficients by means of the extended spectral
deconvolution algorithm (DSA+) methodology provided by Kaku et al. [42]. To enhance
subtle spectral features, derivative spectroscopy methods (see [43] for a recent review) on
the basis of nth-order derivatives have been applied to the investigation of pharmacology,
medical biology and satellite oceanography [44–50]. Hansell et al. [51] successfully parti-
tioned the relative contributions of AOD between BB aerosols and thin cirrus clouds, using
spectral derivative analysis for solar spectroradiometric measurements. Moreover, in a
series of papers, Fuller et al., [52] showed that the scattering and absorption processes of
aerosol mixtures, as major extensions beyond the Lorenz–Mie theory for single spheres,
are associated not only with their particle size and material (i.e., refractive indices) but
also additional particulate morphologies and fractions. Thus, derivative spectroscopy
can be applied to correlate spectral AODs with major aerosol types [53], largely based
on the differences in the spectral gradient of AOD across the visible and near-infrared
wavelengths between DS, AP and BB aerosols [54–56].

https://aeronet.gsfc.nasa.gov/
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In this study, we explore the weighting of the first and second-order spectral deriva-
tives of AOD, related to the two prime variables of particle size and complex refractive
index in Lorenz–Mie theory, to the partitioning the type and loading of aerosol mixtures.
With the theoretical simulations from the Second Simulation of a Satellite Signal in the Solar
Spectrum (6S) model, AOD spectral derivatives are characterized for three major aerosol
types (i.e., DS for mineral dust particles, BB for biomass-burning aerosols and AP for an-
thropogenic pollutants) and stretched out for mixtures of them. The Normalized Derivative
Aerosol Index (NDAI) is accordingly proposed with normalized first and second-order
derivatives for the AOD fraction (f AOD) determination of major components. To examine
the performance of the proposed NDAI approach, we conducted an experiment in East
Asia to validate the results for aerosol partitioning with theoretical simulations (6S model)
and in-situ measurements (aerosol products of AERONET).

2. Methodology
2.1. Experiment of Theoretical Simulation

The 6S radiative transfer code is an open-source code that uses computing equipment to im-
plement an atmospheric radiation algorithm for specific sensors [57,58]. Kotchenova et al. [59]
demonstrated good overall agreement with Coulson’s tabulated values within a 0.22%
difference, while for Monte Carlo simulations, the molecular and the aerosol atmosphere
differences were 0.4% and 0.9%, respectively. The accuracy of remote sensing results from
MODIS in terms of atmospheric correction was also improved by the usage of the 6S model
and resulted in a better retrieval of aerosol properties by means of a refined internal aerosol
inversion algorithm ([59] and references therein). It is also well recognized that many
forms of aerosol compositions exist in the real atmosphere. Thus, in this study, the 6SV1.1
version (vector, version 1.1) was employed simply for practical reasons to compute the
spectral AODs by utilizing the recommended collective aerosol modes from the World
Meteorological Organization (WMO) [60,61] to represent AP, DS and BB categories.

In the microphysics menu of 6S, multiple options (e.g., sole, composite, user-defined)
of aerosol models are provided with choice of a modified gamma, Junge power law or
multimodal lognormal (up to four modes) size distribution. For the 6S simulations, a mul-
timodal lognormal size distribution is selected, in which the size distribution is separated
into several ranges to accommodate each component of atmospheric aerosols [62,63]. With
the user-defined microphysical model, the values of the complex index of refraction (nr
and ni, in real and imaginary parts), geometric mean radius (Rmean in µm) and geometric
standard deviation (σ), referring to WMO datasets, are listed in Table 1 as the experimental
dataset in this study. Thus, the characteristics of spectral AODs can be derived to explore
the spectral patterns of DS, AP and BB aerosols in multiple perspectives.

2.2. Spectral Derivatives of AOD

The radiometric differences in the spectral character between aerosols are principally
associated with particle size and the imaginary part of the complex refractive index ([51]
and references therein). The spectral derivative of optical properties can be further linked
to the characteristics of suspended particles in scattering and absorption processes. Re-
garding spectral characteristics, the optical properties of aerosols are generally wavelength-
dependent; for instance, the SSA of DS aerosols increases as the wavelength increases,
while those of AP and BB aerosols decrease. Discrepancies in spectral behavior associated
with SSA magnitudes can be used as a proxy for discriminating the presented aerosol
types [33,36,54]. However, the large-scale identification of aerosol types by means of SSA
properties becomes challenging due to insufficient satellite retrievals. Furthermore, regions
of mixed aerosols present another constraint for the application of satellite data. On the
contrary, the dissimilarities of the spectral AOD between aerosol types indicate the discrim-
inatory potential of AOD gradients; in particular, between BB and AP aerosols. The related
studies of the spectral derivative analysis of solar spectroradiometric measurements have



Remote Sens. 2021, 13, 1544 4 of 20

also illustrated the differences of radiometric properties in derivative spectra ([51,53] and
references therein).

Table 1. Spectral complex indices of refraction and parameters of lognormal size distributions used
for DS, AP and BB aerosols from the World Meteorological Organization (WMO)’s recommendations
(WMO-WCP112, the experiment dataset in this study) DS: mineral dust; AP: anthropogenic pollutants;
BB: biomass burning.

λ

(µm)
DS AP BB

nr ni nr ni nr ni

0.400 1.53 8.00 × 10−3 1.53 5.00 × 10−3 1.75 0.46
0.488 1.53 8.00 × 10−3 1.53 5.00 × 10−3 1.75 0.45
0.515 1.53 8.00 × 10−3 1.53 5.00 × 10−3 1.75 0.45
0.550 1.53 8.00 × 10−3 1.53 6.00 × 10−3 1.75 0.44
0.633 1.53 8.00 × 10−3 1.53 6.00 × 10−3 1.75 0.43
0.694 1.53 8.00 × 10−3 1.53 7.00 × 10−3 1.75 0.43
0.860 1.52 8.00 × 10−3 1.52 1.20 × 10−3 1.75 0.43
1.536 1.4 8.00 × 10−3 1.51 2.30 × 10−3 1.77 0.46
2.250 1.22 9.00 × 10−3 1.42 1.00 × 10−3 1.81 0.50
3.750 1.27 1.10 × 10−2 1.452 4.00 × 10−3 1.90 0.57

Rmean (µm) 0.50 0.005 0.0118
Rstd (σ) 2.99 2.99 2.00

Referencing the Ångström empirical formula [64], the first-order derivative of AOD
(∇τ) between the λ1 and λ2 interval can be computed as shown in Equation (1) [53],

∂τ

∂λ
≈ ∇τ(λ1,λ2)

=
τλ1 − τλ2

∆λ
= τλ2 × (1− Aα)× B, (1)

where ∆λ = λ2 − λ1, A = λ2/λ1 and B = 1/(λ2 − λ1) are the constants for the specific
spectral bands. λ is the wavelength (µm) and α is the AE (Ångström exponent, related to
particle size distribution). Equation (1) shows that the first-order derivative (∇τ(λ1,λ2)

) is a
function of particle size distribution (α variable) and aerosol loading (AOD, which is not an
intrinsic property of aerosols). Thus, the value of the first-order derivative will vary with
aerosol loading, even for the same type. To eliminate the effect of aerosol loadings on the
characteristics of the intrinsic property between aerosol types, the spectral derivative is
normalized by an AOD loading reference (τλre f ), as shown in Equation (2).

NDAI(λ1,λ2)
≡ ∇τ(λ1,λ2)

/τλre f , (2)

where τλre f can be selected from either τλ1 , τλ2 or another relevant parameter (τλ3) to
bind the dynamic range to the spectral derivative of each type. More importantly, this
normalized first-order derivative (named the Normalized Derivative Aerosol Index, NDAI,
as defined in Equation (2)) is the most significant intrinsic property for partitioning the
AOD fractions (f AOD) of major components in mixed aerosols (see also Section 2.3).
Throughout this study, the AOD at the blue band (0.44µm), AOD(0.44µm), was selected as
the normalization reference of aerosol loading (i.e., τλre f ) for each type. In addition, since
the remote sensing and retrievals are ill-posed problems [65], multiple solutions may be
involved in the close range of NDAI(λ1,λ2)

values (e.g., similar effective particle sizes but
different types of pure and/or mixed type aerosols). Thus, the major components needed
to be identified before the determination of the f AOD(NDAI) within mixtures. In terms of
the essential properties of scattering and absorption between aerosol types (DS, AP and
BB), the second-order derivative of AOD (∼=∇2τ(λ1,λ2,λ3)

) related to the imaginary part of
the refractive index [51] was exploited to help identify the major components of mixtures.
The second-order derivative of spectral AOD without and with a referenced AOD (τλre f )
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normalization can be expressed as Equations (3) and (4), respectively, by approximating
the spectrum interval (i.e., λ2 − λ1 ∼= λ3 − λ2). The wavelengths at 0.44, 0.675 and 0.87 µm
are selected for λ1, λ2, λ3 in above equations, respectively.

∂2τ

∂λ2
∼= ∇2τ(λ1,λ2,λ3)

=

(
τλ1 − 2τλ2 + τλ3

)
(λ1 − λ2)(λ2 − λ3)

(3)

∂2τ

∂λ2 /τλre f
∼= ∇2τ(λ1,λ2,λ3)

/τλre f =

(
τλ1 − 2τλ2 + τλ3

)
/τλre f

(λ1 − λ2)(λ2 − λ3)
, (4)

2.3. AOD Partitioning in Aerosol Mixtures

For a dual-type mixture with major components of type A and type B, the change
of AOD (∆τABmixed

(λ1,λ2)
) depends on the AOD fraction (f AOD) of each component, which is

described as
∆τABmixed

(λ1,λ2)
= f A

AOD∆τA
(λ1,λ2)

+ f B
AOD∆τB

(λ1,λ2)
, (5)

where f A
AOD and f B

AOD represent the f AOD(NDAI) in spectra (λ1, λ2) of type A and B aerosols
of the mixture, and f A

AOD + f B
AOD = 1. Based on Equation (2), Equation (5) can be further

derived in terms of NDAI as Equation (6).

NDAIABmixed
(λ1,λ2)

= ∇τABmixed
(λ1,λ2)

/τre f = f A
AODNDAIA

(λ1,λ2)
+ f B

AODNDAIB
(λ1,λ2)

(6)

Equation (6) shows that the NDAI(λ1,λ2)
value of a dual-type mixture is a linear

composition of NDAI with the AOD fraction of each component, indicating the potential
of NDAI(λ1,λ2)

in determining the f AOD(NDAI) of aerosol mixtures. Associated with the
intrinsic NDAI property of each type, the f AOD(NDAI) of dual-type aerosols can be obtained
as follows:

f A
AOD =

NDAImean−A
(λ1,λ2)

−NDAIABmixed
(λ1,λ2)

NDAImean−A
(λ1,λ2)

−NDAImean−B
(λ1,λ2)

(7)

where NDAImean−A
(λ1,λ2)

and NDAImean−B
(λ1,λ2)

are the intrinsic NDAI(λ1,λ2)
values of aerosol type

A and type B, while NDAIABmixed
(λ1,λ2)

is the NDAI(λ1,λ2)
value of type A–B mixtures (see also

Figure S1). A similar algorithm for the spectral derivative has been constructed for parti-
tioning relative contributions of aerosols and clouds in spectral fluxes by Hansell et al. [53].

3. Measurements

Using unified, well-maintained and calibrated ground-based sun photometers,
AERONET [19] is a globally distributed aerosol observation network whose retrieved
aerosol properties have become benchmark references for validating various satellite
aerosol retrievals. In this study, all available Level 1.5 and Level 2.0 cloud screened data
from 24 stations (Figure 1) during the period from 1997 to 2016 were collected. The spectral
AOD and SSA at the wavelengths of 0.44, 0.675, 0.87 and 1.02µm were used to distinguish
the optical characteristics for aerosol types. The aerosol particle size distribution (α in
Equation (1)) was computed from AODs at the wavelengths of 0.44 µm and 0.675 µm for
further analysis in this study. Primary considerations for the AERONET sites selected in
this study included (1) the source regions of aerosol emission for DS, BB and AP types,
(2) the temporal completeness of data during the study periods and (3) the prior investiga-
tions related to aerosol types from AERONET measurements. Figure 1 shows the locations
of the selected AERONET sites associated with simulations of AP plumes over East Asia,
DS plumes around Central Asia and AP–BB mixed plumes in Southeast Asia.
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Figure 1. Location of the Aerosol Robotic Network (AERONET) sites including control sites (red
squares) and validation sites (green squares) overlaid on the simulated extinction thickness of DS
(red), organic/black carbon (green), sulfates (white) and sea salt (blue) from NASA Goddard Earth
Observing System (GEOS-5) and the Goddard Chemistry Aerosol Radiation and Transport (GOCART)
models. The figure is reproduced from the image provided on http://svs.gsfc.nasa.gov/30017
website (accessed on 21 February 2018) with the Google Earth utility.

The in-situ measurements from AERONET sites used in this study include the source
regions of DS, AP and BB emissions. The sites of Tamanrasset and the Solar Village stations
are located in the DS storm region of Northern Africa and Middle East and were selected
for the analysis of DS particles during the wet season (April–September) [8,33,35]. Beijing
is located in northwestern China and is on the frequent path of DS plumes transported
from the Takalamkan and Gobi deserts to eastern Asia. Accordingly, the measurement
from Beijing station provides a unique chance to better understand the optical properties
of DS aerosols in Asia. Therefore, observations from Beijing, Solar Village and Tamanrasset
stations were used as the reference of DS aerosol properties. Since urban and industrial
areas are generally the source regions of AP emission, references of AP aerosols were
collected from the stations located in urban areas (e.g., Taihu, Taipei, Beijing and Hong
Kong) during air pollution episodes. To exclude the influence of DS or BB aerosols in Asia,
the observations were only collected in August and September for AP properties. BB events
occur frequently in Indochina and southeast China during springtime and summertime,
respectively. During these seasons, the deliberate burning of forest, crops and rice bran to
reclaim agricultural land produces large amounts of BB aerosols [66–69]. The AERONET
in Pimai, Mukdahan, Chiang Mai was thus selected as the source region of BB optical
properties. The data listed in Table 2 were collected under manual supervision from each
AERONET site with an AOD larger than 0.4 for the control dataset and validation dataset,
respectively. The optical properties of each type (DS, BB and AP) were characterized based
on the control dataset for the NDAI approach, while the validation dataset was employed
to evaluate the performance of the NDAI approach.

http://svs.gsfc.nasa.gov/30017
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Table 2. The control dataset and validation dataset from source regions of AERONET sites for aerosol type identification
during the periods from 1997 to 2012 and 2014 to 2016, respectively. NDAI: normalized difference aerosol index.

Control dataset (for NDAI approach construction).

DS BB AP

April–May March–May August–September

Beijing (39N,116E)
2001–2012

Chiang Mai (18N,98E)
2006–2012

Beijing (39N,116E)
2001–2012

Dalanzadgad (43N,104E)
1997–2012

Mukdahan (16N,104E)
2003–2010

Hong Kong (22N,114E)
2005–2012

Solar Village (24N,46E)
1998–2012

Pimai (15N,102E)
2003–2008

Taihu (31N,120E)
2005–2012

Tamanrasset (22N,5E)
2006–2012

Taipei (25N,121E)
2002–2012

Validation dataset (for NDAI product validation)

DS BB AP

April–May(2014–2016) March–May(2014–2016) August–September (2014–2016)

Beijing (39N,116E) Chiang Mai (18N,98E) Beijing (39N,116E)
La Laguna (28N,16W) Doi Ang Khang (19N,99E) Durban UKZN (30S, 31 E)
XuZhou (34N,117E) Luang Namtha (20N,101E) Hong Kong (22N,114E)

Zinder Airport (14N, 9E) Maeson (19N,99E) La Laguna (28N,16W)
Mongu Inn (15S, 23E) Mongu Inn (15S, 23E)
NhaTrang (12N,109E) Taihu (31N,120E)

Omkoi (17N,98E) Taipei (25N,121E)
Silpakorn Univ

(13N,100E) XuZhou (34N,117E)

Ubon Ratchathani
(15N,104E)

Vientiane (17N,102E)

4. Results and Analysis
4.1. Theoretical Spectral AOD Derivatives

The spectral distributions of AOD at specific wavelengths (0.44, 0.47, 0.55, 0.66, 0.675,
0.87 and 1.02 µm) for various aerosol loadings were simulated from 6S with the experi-
mental dataset (Table 1) for each aerosol type and are presented in Figure 2. Applying
the Bezier curve method, the discrete points were connected. The spectral distribution
of DS particles (yellow lines) revealed a flat trend with small increases correlated with
wavelength, while AP and BB aerosols (red and green lines) tended to decrease constantly,
which were similar results to previous studies [56,70]. As the Ångström exponent showed,
the spectral gradient was primarily related to the particle size information, indicating that
the radius of DS particles was much greater than the counterparts of AP and BBs. Although
a similar particle size may have raised the difficulty in discriminating AP from BB, their
spectral gradients were still slightly different. In addition, it is worthy of notice that the
gradient of spectral AOD could vary with aerosol loading (AOD(0.55µm) value of 0.4, 0.8,
1.2, 1.6 and 2.0) even for the same type.

Detailed changes in simulated spectral AODs can be difficult to discern between
AP and BB particles in a zeroth-order spectrum, as shown in Figure 2. However, spectral
derivatives can facilitate the identification of subtle changes in AOD resulting from different
scattering and absorption processes. Thus, spectral derivatives could be a potential link to
particle size and complex refractive indexes to enhance the intrinsic characters of particles,
as also suggested by Hansell et al. [51]. Based on the data shown in Figure 2, Figure 3a
depicts the first-order derivative of AOD,∇τ(λ1,λ2)

, derived from the spectral pairs of
0.44–0.55, 0.55–0.675, 0.675–0.87 and 0.87–1.02 (µm) for DS, AP and BB aerosols, respectively.
Different curves in the same color stand for the AOD(0.55µm) values of 0.4, 0.8, 1.2, 1.6 and
2.0 respectively. The values of ∇τ(λ1,λ2)

for DS aerosols became almost flat (i.e., they all
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tended to zero) with wavelength. It is obvious that the gaps in ∇τ(λ1,λ2)
between AP

and BB aerosols altering and deviating with aerosol loading become more pronounced in
shorter wavelength spectra except for DS (due to the flat distribution of spectral AOD). For
the second-order derivative of AOD before loading normalization, three sets of DS, AP and
BB aerosols each with three sequential spectral AODs (0.44–0.55–0.675, 0.55–0.675–0.87 and
0.675–0.87–1.02 µm) are examined, as shown in Figure 3b. Although the difference between
AP and BB aerosols can be more enlarged in terms of ∇2τ, the value of the second-order
derivative is still loading-dependent, in a similar manner to the situation of ∇τ(λ1,λ2)

, as
shown in Figure 3a. Both first and second-order derivatives indicated the importance of
normalization if an intrinsic character is required. After normalizing with the AOD(0.44µm),
as shown in Figure 3c,d, the curves of each type in different loadings began to merge
together into their own intrinsic spectrums. The loading effect was efficiently eliminated in
the intrinsic values of DS, AP and BB aerosols.
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Figure 2. The simulated spectral aerosol optical depths (AODs) at 0.44, 0.47, 0.55, 0.66, 0.675, 0.87
and 1.02 µm for DS (yellow), BB (green) and AP (red) aerosols under AOD(0.55µm) values of 0.4, 0.8,
1.2, 1.6 and 2.0 from the 6S (Second Simulation of a Satellite Signal in the Solar Spectrum) model with
the experimental dataset.
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Figure 3. The first and second–order derivatives of spectral AOD before (panel a,b) and after (panel c,d) optical depth
normalization along with the wavelength for DS (yellow), BB (green) and AP (red) aerosols. Each curve is fitted using the
Bezier curve method.

Visible bands are most sensitive to atmospheric aerosols, which could result in sig-
nificant differences in spectral derivatives. However, it is not clear how to identify the
aerosol types with the values of first and second-order derivatives (∇τ(0.44, 0.675) and
∇2τ(0.44,0.675,0.87)) in the conditions of slight aerosol loading, as illustrated in Figure 4a,c.
On the contrary, the intrinsic characteristics of each aerosol type from normalized deriva-
tives are shown to be independent to the loading effect (Figure 4b,d). The constant value
even with obviously dissimilar intrinsic derivatives between types facilitates the identifica-
tion of aerosol types with more confidence. Table 3 summarizes the optical properties for
DS, AP and BB aerosols based on 6S simulations. However, most of the cases we faced were
not merely of the pure type; the optical properties usually diversified after the types mixed.
The application of intrinsic properties from the pure type was therefore limited. Thus, the
dynamic ranges caused by the mixing effect between DS, AP and BB were explored in terms
of first and second-order derivatives. The discrepancy of intrinsic values between each
pure type was recognizable in the domain of spectral derivatives, as shown by the symbols
located in Figure 4e,f. It was obvious that the spectral derivatives of AP and BB varied
with aerosol loading (Figure 4e) but converged after normalization (Figure 4f). The chained
lines between symbols, respectively, indicate the dynamic ranges of DS–AP, DS–BB and
AP–BB mixtures and demonstrate the weighting potentials among the major components.
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Table 3. The optical properties of AP, BB and DS aerosols from AERONET measurements and 6S simulations from the
experimental dataset. The AERONET dataset is screened with an AOD(0.44µm) of more than 0.8 with the single-scattering
albedo (SSA)(0.675µm) criterion. AE: Ångström exponents.

Data Source Aerosol Intrinsic Property DS (n = 205) AP (n = 394) BB (n = 85)

Instrument observation
(AERONET)

AOD(0.44µm) 1.24 ± 0.55 1.47 ± 0.66 1.33 ± 0.38
AE(0.44, 0.675µm) 0.25 ± 0.21 1.12 ± 0.16 1.54 ± 0.12

SSA(0.675µm) 0.95 ± 0.01 0.93 ± 0.01 0.89 ± 0.01
NDAI(0.44, 0.675, τ(ref)=0.44µm) −0.27 ± 0.26 −1.62 ± 0.18 −2.05 ± 0.11

NDAI(0.44, 0.675, τ(ref) = 0.675µm) −0.31 ± 0.32 −2.65 ± 0.46 −3.98 ± 0.43
NDAI(0.44, 0.675, τ(ref)=0.87µm) −0.33 ± 0.34 −3.73 ± 0.80 −6.22 ± 0.75
NDAI(0.44, 0.675, τ(ref)=1.02µm) −0.35 ± 0.36 −4.71 ± 1.14 −8.60 ± 1.34

Theoretical simulation (6S model
and experiment dataset)

AOD(0.44µm) 1.19 ± 0.40 1.48 ± 0.49 1.64 ± 0.55
AE(0.44, 0.675µm) 0.16 1.05 1.50

SSA(0.675µm) 0.95 0.95 0.87
NDAI(0.44, 0.675, τ(ref)=0.44µm) −0.28 −1.58 −2.07
NDAI(0.44, 0.675, τ(ref)=0.675µm) −0.30 −2.81 −4.39
NDAI(0.44, 0.675, τ(ref)=0.87µm) −0.30 −3.86 −6.19
NDAI(0.44, 0.675, τ(ref)=1.02µm) −0.30 −4.84 −7.48

4.2. Measurements for Spectral AOD Derivatives

To ensure data quality, the measurements were generally checked with and AOD(0.44µm)
larger than 0.8 for further applications [33,54,71]. In this study, the severer criteria
(AOD(0.44µm) > 0.8) with confident parameters (e.g., SSA) were considered for preferable
data filtering. As a result, a total of 684 AERONET data points were selected (i.e., the
control dataset in Table 2) for the optical characteristics of each aerosol type that dominated
in source regions. The optical properties exhibited by each type are summarized in Table 3,
including AOD(0.55µm), AE(0.44, 0.675µm), SSA(0.675µm) as well as NDAI. The AOD values
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of different aerosol types (DS, BB and AP) indicated a kind of concentration loading of
aerosols emitted around the selected source regions. Since the value of AEDS differed from
the others (AEBB and AEAP), the AE value was utilized to distinguish between DS and
non-DS aerosols over land.

In comparison with in-situ measurements, the simulated 6S spectral distributions
of AODs were appropriate, especially the patterns of AP and BB aerosols. Since in-situ
measurements of pure DS aerosols are extremely rare, the simulated AE value (0.16) of DS
was reasonably different from that of AERONET (0.25). Owing to the strong absorption, the
SSA of BB aerosols was significantly smaller than DS and AP aerosols. The values of SSADS
(0.95 ± 0.01), SSABB (0.89 ± 0.01) and SSAAP (0.93 ± 0.01) in Table 3 were consistent with
previous studies [31,72–76]. The derived values of AOD(0.55µm), AE(0.44, 0.675µm) and NDAIs
were also consistent with AERONET measurements. Furthermore, the discrepancies of
DS, AP and BB aerosols in NDAI(0.44, 0.675, 0.44µm) values between AERONET and the 6S
model (theoretical simulations) were 4%, 2% and 1%, respectively, supporting the proposed
NDAI approach, with high potential for aerosol type discrimination and also confirming
the appropriateness of site selection for dominant aerosol types.

As the first-order derivative of spectral AODs((0.44, 0.675)) demonstrates, both model
simulations (Figure 5a) and AERONET measurements (Figure 5b) revealed the variabilities
in particle size (α) and aerosol loading (τ). Moreover, the slope of each aerosol type from
theoretical simulations was even more consistent with the in-situ measurements, strongly
supporting the proposed NDAI approach in this study. However, the gradients of AP
and BB groups were apparently overlaid when the aerosol loading became small, even
AOD value higher than 1.0 as Figure 5b shows, which would cause confusion in aerosol
type identification.
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was clearly separated. Generally, the performance of normalization with different spectra 
is similar after examinations (see Figure S2 for results using four spectral AOD normali-
zations). While, in Figure 6, the first-order derivative normalized with AOD(0.87μm) was se-
lected from Figure S2 since its normal distribution mapping was relatively better than 
other reference wavelengths. The results largely conformed to the theoretical simulations 
(Figure 4b). For the case normalized by the aerosol loading of (0.87μm), the NDAI values of 
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Figure 5. AOD gradients ((0.44, 0.675µm)) of DS (yellow), BB (green) and AP (red) aerosols along with
AOD(0.44µm) from (a) 6S model simulation and (b) AERONET measurements.

After normalization with aerosol loading using the NDAI, as defined by Equation (2),
the dynamic range of the first-order derivatives of spectral AODs for each aerosol type
was clearly separated. Generally, the performance of normalization with different spectra
is similar after examinations (see Figure S2 for results using four spectral AOD normal-
izations). While, in Figure 6, the first-order derivative normalized with AOD(0.87µm) was
selected from Figure S2 since its normal distribution mapping was relatively better than
other reference wavelengths. The results largely conformed to the theoretical simulations
(Figure 4b). For the case normalized by the aerosol loading of (0.87µm), the NDAI values
of DS, AP and BB aerosols ranged within −0.33 ± 0.34, −3.73 ± 0.80 and −6.22 ± 0.75,
respectively, facilitating the discrimination of aerosol types. The results also indicated that
the particle size distribution of BB aerosols could be discriminated from the counterparts of
AP aerosols after AOD normalization. It is worth noting that the intrinsic properties were
generally independent of loading (i.e., AOD), implying the results after normalization are
also available to the cases of AOD smaller than 0.8. The intervals of the normalized ∇τ
(NDAI values) outside the dynamic ranges of pure aerosol types were initially considered
to correspond to the situations of mixed types or other aerosols, known as the overlapping
regions in the first-order derivative of spectral AODs, such as the intervals between DS–AP,
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AP–BB and DS–BB. The NDAI within the DS–BB interval may be confused with the overlap
of DS–AP mixtures. Thus, the major components of mixtures should be identified before
f AOD partitioning.
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Based on the discrepancy of each aerosol type in scattering and absorption (i.e., refrac-
tive index), the second-order derivative of the spectral AOD (∇2τ) is explored to identify
the major components of mixtures. Firstly, the second-order derivative (normalized ∇2τ)
versus the first-order derivative (normalized ∇τ) simulated from the 6S model was exam-
ined with a fine level (0.01) of mixing weight of volume density for the mixtures with two
major components. The relationship between first and second-order spectral derivatives
basically followed a quadratic polynomial along with the mixing weight of components,
but it also could be well described by the linear relationship within 0.44–0.87 µm spectra,
as Figure 7 shows. Theoretically, the curves of these relationships could be considered
as the boundary of dual-type mixtures (i.e., DS–AP, DS–BB and AP–BB) in the spectral
derivative domain, and the locations inside the triangle region composed by these curves
were mixtures between the three major types presented (see also Figure 10 in Section 5).
The results exhibited that the mean value of DS–BB in the value of the normalized∇2τ was
much higher than the value of DS–AP mixtures. Furthermore, the overlapping interval
in the first-order derivative (normalized ∇τ) among DS–BB mixtures and AP aerosols, as
Figure 6 shows, can be properly discerned as well. The first and second-order spectral
derivatives of DS, AP, BB, DS–AP, DS–BB and AP–BB aerosols from in-situ measurements of
AERONET sites also suggested the practicality in aerosol partitioning, as shown in Figure 7.
Therefore, the normalized first-order derivative (known as NDAI value) associated with
the second-order derivative was eventually found for aerosol partition in pure type and
major components, including DS, AP, BB, DS–AP, DS–BB and AP–BB species in this study.
It is important to emphasize the capability of discriminating AP from BB aerosols in the
spectral derivative domain, even for the mixtures. Associated with the intrinsic spectral
derivatives of major components (Table 3), the AOD fractions of mixtures can be further
partitioned according to the NDAI value (normalized ∇τ) of the mixture.

4.3. Verification of AOD Fraction from NDAI

After the major components of mixtures could be potentially identified, two datasets
were used to examine the usefulness of the NDAI approach for AOD fractions, named
“f AODNDAI” and “f AODINP”. The AOD fractions partitioned by the proposed NDAI
approach according to the simulated spectral AOD are denoted as the f AODNDAI dataset,
while the AOD fractions (f AODINP) derived from inputs of mixing weights were taken
as the reference of f AODNDAI evaluation (see also Section 2.3). The results of all dual-
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component mixtures demonstrated high consistency (R2 = 0.998) between f AODNDAI and
f AODINP, as Figure 8a shows. The differences of AOD fraction determined by NDAI
approach (f AODNDAI) from initial inputs (f AODINP) are less than 0.08% after detailed
comparison as shown in Figure 8b. The maximum discrepancies occurred at the fractioned
value of 0.5 and were principally caused by the linear assumption in f AOD determination
from a quadratic polynomial distribution alike, as shown in Figure 8a. Furthermore, the
particle size could be the other factor leading to larger uncertainty (e.g., DS–AP and DS–BB
in Figure 8b) due to the NDAI being defined as a function of particle size distribution
(e.g., α value). For instance, a larger DS particle may result in more fluctuation than the
smaller particles (AP and BB), demonstrating the size effect according to Mie scattering
theory. The overall results, nevertheless, still exhibit the capability of the NDAI approach
in partitioning aerosols.
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Figure 7. The second–order derivative (normalized ∇2τ) versus first–order derivative (normalized
∇τ) of dual–component mixtures (DS–BB, DS–AP and AP–BB, denoted as “6S”) simulated with 0.01
step from 0.00 to 1.00 in mixing weights of volume density from the 6S model. The measurements of
AERONET sites (denoted as “A”) are collocated together with the mean value and standard deviation
of spectral derivatives for DS, AP, BB, DS–AP, DS–BB and AP–BB aerosols.
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Figure 8. (a) The comparison of the derived f AOD from the NDAI approach (f AODNDAI) with
the input mixing weight of the simulation (with f AODINP as the reference). The yellow triangles
denote that the AOD fraction of BB in DS–BB mixtures increased from 0.0 to 1.0 along the X–axis,
while AOD fraction of DS decreased from 1.0 to 0.0 accordingly. The same illustrations are displayed
for the mixtures of DS–AP (red triangles) and AP–BB (green triangles). (b) The difference between
f AODNDAI and f AODINP is shown as a percentage.

4.4. Validation of Aerosol Type with In-Situ Measurement

In Southeast and Eastern Asia, the seasons of March–May, April–May and August–
September are favorable to the emission of BB, DS and AP aerosols, respectively. As a
significant property to distinguish different clusters of aerosols, the SSA and AE parameters
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were used to validate and confirm whether the NDAI method contained information of
aerosol absorption. For aerosol type identification and validation by the NDAI approach,
in-situ measurements of 18 AERONET sites principally located nearby the source regions
(cf. Figure 1) were examined according to the validation dataset in Table 2. A total of
190-point measurements with heavy loading (AOD > 0.8) corresponding with AERONET
data from 2014 to 2016 were selected manually for the examination of the NDAI approach
to aerosol type identification.

Corresponding to the in-situ measurements of AERONET, Figure 9a depicts the
SSA(0.675µm) and AE(0.44, 0.675µm) mean value of each type (DS,AP and BB) of aerosol based
on NDAI categorization from the validation dataset (from 2014 to 2016) and experiment
dataset of the 6S model in comparison with the counterparts of the control dataset (from
1997 to 2012). The overall SSA(0.675µm) and AE(0.44, 0.675µm) results of aerosol categoriza-
tion based on the NDAI method exhibit high similarity between 6S model simulations
and in-situ measurements of the control dataset, as shown in Figure 9a. The detailed
difference between validation (AERONET NDAI) and control (AERONET in situ) datasets
in SSA(0.675µm) were 0.86%, 0.13% and 4.5% for DS, AP and BB, respectively, while the
differences between control and experiment datasets in SSA(0.675µm) were 0.32%, 1.83%
and 2.36% for DS, AP and BB, respectively (see Figure 9b). Because more AERONET sites
were included in the validation dataset (Table 2), the difference of the by aerosol type in
SSA(0.675µm) between validation and control datasets might be caused from the burning
materials related to regional land use/land cover; for example, agricultural wastes and for-
est fire. Nevertheless, the overall results of SSA(0.675µm) were similar to the control dataset.
The overall AE(0.47, 0.66µm) results of aerosol categorization from AERONET NDAI reveal
high similarity between 6S-modeled simulations and in-situ measurements, as Figure 9c
illustrates, strongly supporting the high potential for aerosol type discrimination of the
NDAI approach.
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Figure 9. (a) Comparisons of SSA(0.675µm) and AE(0.44, 0.675µm) for DS (yellow), BB (green) and
AP (red) aerosol types between the results of the validation dataset from the NDAI approach
(circle) and the control dataset (square) in Table 2 and 6S model simulations (triangle). The detailed
comparisons are shown in a bar chart format for the validation dataset from the NDAI approach
(dense–dot) and the control dataset (slashed) and 6S model simulations (dashed) in (b) SSA(0.675µm)

and (c) AE(0.44, 0.675µm), respectively.
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5. Discussion

With the employment of the current NDAI approach, the fractions of mixed aerosol
types that frequently appear over Central Africa, East and Southeast Asia can be potentially
partitioned/synthesized in terms of their optical properties. For the application of the
NDAI approach in reality, atmospheric aerosols usually include all of the three types (i.e.,
DS, AP and BB). Indeed, as demonstrated in Figure 10, based on the experimental dataset,
the first and second-order derivatives of the spectral AOD may have high potential for the
partitioning of triple-type mixtures on the basis of the database constructed with three-
model mixtures. In Figure 10, the first-order derivatives (∇τ) are calculated from 0.44 and
0.675 µm for the optical properties of particle size distribution, with steps of 0.01 from 0.00
to 1.00 for the mixture of the weights of the volume density. In contrast, the second-order
derivatives (∇2τ) are calculated from 0.44, 0.675 and 0.87 µm for the optical properties
related to the refractive index. The results indicate the potential of three-model mixtures
partitioning (i.e., DS, AP and BB aerosols). Nevertheless, the extension of this application
to cover more real-world cases, the required database with in-situ measurements have
to be constructed; in particular, the differences of regional aerosol properties in terms of
particle size distribution and the complex index of refraction cannot be neglected.
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Figure 10. The second–order derivative (∇2τ with 0.44, 0.675 and 0.87 µm related to the refractive
index) against the first–order derivative (∇τ with 0.44 and 0.675 µm related to size distribution)
normalized by AOD(0.47µm) simulated with a step of 0.01 from 0.00 to 1.00 when mixing the weights
of volume density from the 6S model for triple–component mixtures (i.e., DS, AP and BB aerosols).

It is well understood that the first derivative of spectral optical depth (or Angstrom
exponent) reveals the size dependence, particularly the normalized one (Figure 3c) in
separating the fine-mode (AP and BB) from coarse-mode (DS) aerosols. Furthermore, the
second derivative of spectral optical depth, with respective to the normalized one that
major contribution of size parameter to the optical depth been suppressed, enhances the
subtle influence of refractive index between AP and BB (Figure 3d). These analyses form
the basis for constructing the principle of partition shown in Figure 4. Thus, it was not
the intension of this study to resolve completely the issues incurred in aerosol retrievals;
instead, we demonstrated an effective yet simple method for partitioning aerosol type and
loading under current setup and assumptions. It is our intension to continue fine-tuning
the method and relaxing assumptions involved.
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6. Conclusions and Future Work

Considering the intrinsic characteristics of optical size distribution, spectral absorption
and scattering, the spectral derivatives of AOD for partitioning aerosol types among dust
(DS), anthropogenic pollutant (AP) and biomass burning (BB) particles in AOD fraction are
proposed and demonstrated in this study. Based on the theoretical simulations (6S model)
and in situ measurements (AERONET) near source regions, the first and second-order
AOD derivatives are shown to be highly sensitive to the aerosol particle size distribution
and complex index of refraction (SSA). With the discrepancies of BB, AP and DS aerosols
in the derivatives of spectral AODs, an approach—namely the Normalized Derivative
Aerosol Index (NDAI)—is introduced to partition the AOD components of mixed aerosol
types. The theoretical 6S simulations with the NDAI approach agreed well with in-situ
measurements from AERONET (with a discrepancy less than 10%). This investigation also
delivers an aerosol index for the discrimination of BB from AP aerosols to circumvent the
constraint of insufficient SSA data, which reveals high potential for the application of the
approach to satellite observations. In summary, the potential contribution of the NDAI
approach could be expected to be as follows: (1) to partition the major components of
aerosol types based on their multi-spectral optical depth; (2) to potentially map out the
spatial distribution of AOD dominated by DS, BB and AP aerosols by means of satellite
observations; and (3) to optimistically compensate for the lack of SSA measurements while
assessing aerosol radiative forcing. It is also noted that the concept of approach proposed
for aerosol partition could be more significant than its further applications in this study.

However, there are two issues related to the effect of surface reflectivity on AOD
retrieval and the spectral characteristics of sea salt aerosols when applying the NDAI
approach to satellite observations to partition aerosol types and loadings. The NDAI
approach at present is only suitable to applications over land due to the lack of sea salt
spectral optical properties over ocean areas. For land areas, the accuracy of spectral AODs
retrieved from satellite observation is still affected by the uncertainty of surface reflectivity.
Therefore, it is anticipated that the above issues will be addressed for the application
of our approach to satellite observations, including the partitioning of tri-component
aerosols over land and sea salt species discrimination over oceanic regions in the follow-
up research works. Once the satellite observations are available for the partitioning of
aerosol types and loadings in quantifying aerosol properties over a regional or global scale,
the spatiotemporal variations of aerosol radiative forcing can be reasonably mapped to
facilitate the further analysis of global warming and climate changes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs13081544/s1, Figure S1. Schematic of AOD fractions (f AOD) for dual–type aerosols (type
A and B) based on NDAI values which defined by the normalized 1st–order derivative of spectral
AOD in this study. Figure S2. The 1st–order derivative of spectral AOD (∇τ) between 0.44 µm
and 0.675 µm, using normalization reference of (a) AOD0.44µm, (b) AOD0.675µm, (c) AOD0.87µm and
(d) AOD1.02µm for DS (yellow), BB (green) and AP (red) aerosols against AOD0.44µm. Based on
the control dataset of AERONET measurements, the dashed lines indicate mappings with normal
distribution and black dot for mean values.
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