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A B S T R A C T

Since small aerosol particles are mostly anthropogenic, the fine-mode aerosol optical thickness (fAOT) can be
used to infer PM2.5 amounts. However, satellite-based fAOT products such as those from the Moderate
Resolution Imaging Spectroradiometer (MODIS) are highly uncertain over land. An improved fAOT retrieval
method called the look-up table–spectral deconvolution algorithm (LUT-SDA) was tested and improved using
data from Asia. The improvement is achieved by accounting for seasonal changes instead of using constant
annual mean values of the aerosol parameters used in the LUT-SDA derived from the Aerosol Robotic Network
(AERONET) data from 2010 to 2014. Compared with the previous version of the LUT-SDA developed for Beijing,
Hong Kong, and Osaka, the updated LUT-SDA generates more accurate fine-mode fractions (FMFs) with the total
mean root-mean-square error (RMSE) decreasing from 0.24 to 0.18. The updated LUT-SDA was then applied to
retrieve fAOT and was validated by retrievals from 45 AERONET sites over the period 2015 to 2016. A good
accuracy was achieved by this method with 31% of the validation sites having> 50% of retrievals falling within
the estimated error (EE) envelope ± (0.05+ 0.15×AERONET fAOT) and 42% of the validation sites having
40–50% of retrievals falling within the EE envelope. In the total validation and comparison with the MODIS
Collection 6 fAOT, the fAOT retrievals from the LUT-SDA agreed more closely with AERONET retrievals,
showing a low bias. About 48% of the LUT-SDA-based fAOT retrievals fell within the EE envelope
(RMSE=0.29), while ~22% of the MODIS-based fAOT retrievals fell within the EE envelope (RMSE=0.42).
The fAOT was significantly underestimated by the MODIS algorithm in most areas of Asia with many values of
zero. This study demonstrates that the refined LUT-SDA method is valid for the large-scale estimation of fAOT
from satellite images.

1. Introduction

Detailed knowledge about atmospheric aerosols is essential for un-
derstanding global climate changes, air pollution, and even weather
(IPCC, 2013; Li et al., 2017). Aerosol effects on Earth's radiative bal-
ance, air quality, and clouds are governed significantly by aerosol
particle size (Dusek et al., 2006; Chatterjee et al., 2012). Atmospheric
aerosols, particularly in the fine mode, play an important role in de-
termining the radiation budget of the earth-atmosphere system (IPCC,
2007; Yan et al., 2014). The adverse impact of aerosols on human

health is particularly susceptible to fine-mode aerosols. As such, besides
the widely used aerosol optical thickness (AOT), the fine-mode AOT
(fAOT) is being increasingly employed as well. Numerous studies have
demonstrated that small particles such as particulate matter (PM) with
a diameter< 2.5 μm, or PM2.5, are associated with mortality, re-
spiratory system problems, and lung cancer (Pope et al., 2009; Gurjar
et al., 2010; Beelen et al., 2014).

Particle size is one of the most important parameters to describe
aerosols (Csavina et al., 2014; Mirante et al., 2014; Cheng et al., 2015;
Tan et al., 2016). The fAOT is associated with the presence of fine
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particles emanating from anthropogenic sources and includes black
carbon, organic aerosols, sulfate, and nitrate (Bellouin et al., 2005).
Larger particles, or coarse-mode aerosols, are mostly emitted to the
atmosphere during mechanical processes from natural sources, e.g., soil
dust. The ability to distinguish between fine and coarse modes of
aerosols allows us to quantify the impact of human activities on the
atmospheric environment and climate. Thus, separating fine-mode
aerosols from the total aerosols is the first and pivotal step for the study
of anthropogenic effects on the earth's environment.

An important parameter for obtaining fAOT is the fine-mode frac-
tion (FMF). The FMF is defined as the fraction of fAOT to the total AOT:
FMF= fAOT / AOT. To date, there are two ways to determine FMF:
from satellite sensors and from ground-based measurements. Kaufman
et al. (2005) used Moderate Resolution Imaging Spectroradiometer
(MODIS) AOT and FMF over the oceans to assess the aerosol forcing of
climate which was estimated to be 1.4 ± 0.4Wm−2. Although the
FMF can be successfully retrieved by MODIS over oceans, it is unreli-
able over land. Levy et al. (2013) reported that the MODIS-retrieved
FMF over land is experimental and highly uncertain. As the ratio of
AOT in different spectral ranges, the FMF is more susceptible to AOD
retrieval errors that are very significant in general, especially over land
(Li et al., 2009; Kokhanovsky et al., 2010; Lee and Chung, 2013). In the
MODIS dark target (DT) algorithm, only four aerosol modes are chosen
(three fine modes and one coarse mode) to calculate the FMF. This FMF
is not a continuous variable but a value from a set of 11 discrete values
ranging from 0 to 1 (Suman et al., 2014). Mielonen et al. (2011) at-
tributed the poor MODIS FMF retrievals to the aerosol type selection.
They showed that the MODIS DT algorithm over land often selects the
dust aerosol model (FMF=0) for aerosol retrievals which may be an
unrealistic choice in some cases. Although Levy et al. (2010) indicated
that the MODIS FMF over land has little physical validity and do not
recommend using it for scientific research, some attempts at using it
have been made. Ramachandran (2007), for example, used the MODIS
FMF to analyze its inter- and intra-annual variations over four urban
areas in India. Zhang and Li (2015) proposed a physical approach of
estimating PM2.5 from the MODIS AOT, but noted that the MODIS FMF
limited the application of their method, which was reinforced by Li
et al. (2016).

Another way to estimate the FMF is based on ground measurements
such as those made by the Aerosol Robotic Network (AERONET). The
AERONET calculates the FMF using the spectral deconvolution algo-
rithm (SDA) and provides this product at a multitude of sites around the
world (O'Neill et al., 2001, 2003). Gassó and O'Neill (2006) did field
experiments to test the SDA and showed a high accuracy between SDA-
derived fAOT and airborne in situ measurements. As a result, the
AERONET SDA product has been increasingly used by others. Arola
et al. (2017) used AERONET SDA level 1 and level 2 products to assess
how the fAOT is enhanced under cloudy conditions. Zhang and Li
(2015) developed a relationship between the columnar volume-to-ex-
tinction ratio and the FMF based on level 1.5 SDA data from eight
AERONET sites. Although AERONET sites can provide accurate FMFs,
they are sparsely distributed around the world. For example, there are
only a few sites in China with FMF products.

Improvements have been made to the SDA. Zhang et al. (2013)
developed a parameterization scheme for correcting the fine-mode
Ångstrӧm index to improve the SDA accuracy. This led to a reduction in
the mean bias of the FMF from 0.072 to 0.044. An extension of the SDA
into the shortwave infrared was developed by O'Neill et al. (2008) in
order to enhance coarse-mode information with the aid of new
AERONET instruments that included a 1.64-μm channel. This method
was validated by Kaku et al. (2014). However, applying the SDA to
satellite data is still a challenge. This is because the SDA needs AOT at a
minimum of three wavelengths to derive the FMF. Most current satellite
AOT are derived from the DT or modified DT method which can provide
AOT at only the blue and red bands (Luo et al., 2015). To overcome this

limitation, Yan et al. (2017a) proposed a look-up table – SDA (LUT-
SDA) method that only needs AOT at two bands. It has been tested on
city scales around Beijing, Hong Kong, and Osaka using MODIS data, as
well as in northern China using Himawari-8 satellite data (Yan et al.,
2018). The fAOT conveys more accurate information than does AOT in
the estimation of surface PM2.5 (Yan et al., 2017b). However, the ori-
ginal LUT-SDA was only tested on urban and regional scales, and its
internal parameter was determined by annual AERONET SDA data (Yan
et al., 2017a). The annual-based parameter setting in the LUT-SDA may
incur significant errors because aerosol optical properties have obvious
seasonal variations (Lau et al., 2018).

The objectives of this study are: 1) to update the LUT-SDA para-
meters to account for the seasonal variation of aerosol properties and 2)
to examine the applicability of the updated LUT-SDA for fAOT re-
trievals using MODIS data collected in Asia. A comprehensive discus-
sion of the validation results and differences between the original and
updated LUT-SDA retrievals as well as those using the MODIS aerosol
product is presented.

2. Data and methods

2.1. Study area

Asia is currently inhabited by 60% of the world's population. With
the rapid growth in population, economic development, and urbani-
zation in Asia, air pollution has become a major environmental problem
in this region (Wang et al., 2014). Asia also has diverse climatic con-
ditions and geographic features (Fig. 1). This offers the opportunity to
test the adaptability of the LUT-SDA over large spatial scales under the
condition of heavy air pollution.

2.2. MODIS data

The MODIS/Terra Level-3 (L3) Collection 6 (C6) daily gridded at-
mospheric data product (MOD08) from 2015 to 2016 was used for LUT-
SDA fAOT calculations. The L3 MODIS aerosol product is a global daily
aggregation of L2 MODIS data into grids at a spatial resolution of 1°×1°
(Hubanks et al., 2008). It is advantageous to use the MOD08 product
because averaging reduces random noise, and the data quality is checked
(Suman et al., 2014). In the previous global validation, the mean error of
the daily L3 MODIS 550-nm AOT is 0.03 with a root mean square error
(RMSE) of 0.14 (Ruiz-Arias et al., 2013). AOTs in the channels centered
at 470 nm and 660 nm were extracted from the Aerosol_Optical_Depth_-
Land parameter to derive the Ångström exponent (AE). The Aero-
sol_Optical_Depth_Land parameter is derived from the L2 MODIS aerosol
product “Corrected_Optical_Depth_Land” whose quality assurance index
is greater than or equal to 1 (Kokhanovsky, 2009). Since the fine-mode
aerosol parameters, i.e., Optical_Depth_Ratio_Small_Land and Opti-
cal_Depth_Ratio_Small_Land_And_Ocean, were also removed from the
MOD08 product (Hubanks et al., 2015), we obtained the FMF from the
C6 L2 MODIS aerosol parameter (Optical_Depth_Ratio_Small_Land) and
aggregated the data onto the same spatial resolution grid (1°×1°) as the
MOD08 product for comparison purposes. Note that only the DT algo-
rithm provides FMF outputs (Levy et al., 2013). Thus, we only selected
DT-based AOT and AE for this study.

2.3. AERONET

Version 2 SDA inversion products from AERONET were used. The
AERONET sites chosen for this study are listed in Table S1. Level 2.0
AERONET SDA data from 2010 to 2014 in Asia were selected for ex-
amining the seasonal characteristics of the AE derivative (α′). α′ is a
complement to AE as a measure of the rate of slope change with respect
to wavelength, which quantifies the deviation from linearity of the
wavelength-based AOT variation in logarithmic coordinates (Soni et al.,
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2011). Level 1.5 data were used if Level 2.0 data were not available.
Data from 2015 to 2016 were used for validation purposes. Since the
AERONET fAOT is at 500 nm, we interpolated MODIS C6 AOT retrievals
at 550 nm into 500-nm AOT for fAOT calculations and comparisons.
Note that the FMF derived by MODIS is not the same quantity as that
obtained from the AERONET SDA method (O'Neill et al., 2003). The
AERONET SDA method assumes one coarse mode and one fine mode
thus the FMF is the weighting between these two modes. However, the
MODIS FMF is a weighting between bimodal models, where the fine-
mode dominant models contain a coarse mode and the coarse-mode
dominant models contain a fine mode. This means that the MODIS FMF
is not a weighting between fine and coarse modes (Levy et al., 2007). If
the MODIS FMF=0, the dust model provides the best solution for the
AOT retrieval (Mielonen et al., 2011). Although the FMF is not uniquely
defined, the MODIS FMF and the AERONET FMF should be correlated
with each other (Jethva et al., 2007). Levy et al. (2007) validated the
MODIS FMF with the AERONET FMF and showed that compared to the
C5.1 FMF product, the C5.2 FMF product improved with R2 increasing

from 0.07 to 0.25. They gauged the improvement in the MODIS FMF
product based on its correlation with the AERONET FMF (Levy et al.,
2007).

2.4. The LUT-SDA

As described by Yan et al. (2017a), the LUT-SDA is based on the
MODIS-derived AOT and AE to retrieve the FMF. To build an LUT, a set
of hypothetical FMF (η) and α′ are imported into the SDA along with
the AE (α) to build the relationship with the AE of the fine-mode
aerosols (αf). The LUT is thus a four-dimensional one between η, α′, α,
and αf. Based on the constructed LUT, the FMF can be estimated by a
cost function as shown by Yan et al. (2017a). The final fAOT is calcu-
lated using the MODIS-derived AOT and LUT-SDA-derived FMF
(fAOT=AOT×FMF). In this study, we used AERONET historical SDA
data to update the α′ at different locations and then applied the updated
LUT-SDA to retrieve fAOT. The validation domain is Asia (Fig. 2).

Fig. 1. The study area. Colors represent the normalized difference vegetation index (NDVI), and the red dots show the locations of AERONET sites from which data
are used in this study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Optimal seasonal AE derivative for the LUT-SDA

In the previous LUT-SDA, the α′ was an annual-based setting and
tested in three cities with the following ranges of values: −1.2 to 1.2 in
Beijing, −0.6 to 1.8 in Hong Kong, and −0.6 to 1.4 in Osaka. However,
α′ contains critical aerosol particle size information, and its strong
seasonal variations have been noted (Kaskaoutis et al., 2009; Soni et al.,
2010; Lau et al., 2018).As shown by O'Neill et al. (2001) and Eck et al.
(2010), large positive α′ indicates the dominance of fine-mode aerosols
whereas α′ close to 0 or negative values of α′ are characteristic of
coarse-mode aerosols. The annual-based α′ may, therefore, incur errors
in the FMF retrieval and even make it hard for large scale applications.

So in this study, we further derive α′ for each season in different
areas of Asia. Seasonal α′ values were obtained from historical data at
55 AERONET stations (Table S1). Here we used AERONET data at four
sites as examples. Fig. 3 reveals positive and higher values of α′ at the
Hong Kong Polytechnic University site (Hong_Kong_PolyU) in the
spring, autumn, and winter from 2010 to 2014. This indicates that
mostly fine-mode particles dominated in these seasons. However, close
to 0 and negative α′ are found in the summer, and its frequency is
nearly the same as the positive values (values range from −2.2 to 2).
This suggests the presence of both fine- and coarse-mode aerosols over
Hong Kong in this season (Eck et al., 1999). Positive α′ values also
prevail in spring, autumn, and winter at the Chiang Mai site in Thailand
(Chiang_Mai_Met_Sta) except in summer when it is always negative.
This finding is consistent with that reported by Janjai et al. (2012). Due
to extensive biomass burning that occurs as a by-product of seasonal
agricultural clean-up activities in the dry season (November–April), fine

aerosols are more prevalent than large aerosols in spring, autumn, and
winter. In Beijing and Xinglong, α′ values are largely positive during
summer, indicating that fine-mode aerosols dominate then. By contrast,
in spring, autumn, and winter, near to 0 and negative α′ values are
observed, which indicates the presence of coarse-mode particles. The
dominance of coarse-mode aerosols in spring was mainly attributed to
the appearance of coarse mineral particles during dust events in
northern China (Yu et al., 2009). Mostly fine-mode aerosols dominate
during the wet season of summer in Beijing and Xinglong because of the
increase in humidity and the hygroscopic growth of aerosols (Gao et al.,
2013). As shown in Fig. 3, the seasonal patterns of α′ at Beijing and
Xinglong are similar. This suggests that α′ does not change much be-
tween these neighboring cities and adjacent areas in general. Gao et al.
(2013) also point out this phenomenon. That fine-mode aerosols dom-
inate during the summer in Beijing puts into question whether Yan et al.
(2017a) set an appropriate range of values for α′ in their study (−1.2 to
1.2). So according to seasonal α′ data at different locations, we reset the
ranges of α′ to be the first and third quartiles of the data in each season.
Taking Beijing as an example, the range of α′ is set to −0.7 to 0.6 for
spring, 0.6 to 2.1 for summer, −0.7 to 1.5 for autumn, and −1 to 0.6
for winter.

3.2. Comparison between the updated seasonal α′ and annual α′ for the
LUT-SDA

Fig. 4A–D presents seasonal LUT-SDA FMF errors arising from using
seasonal α′ and annual α′ values for Beijing, Hong Kong, and Osaka.
Fig. 4D shows their RMSEs. The error is defined as the difference LUT-
SDA FMF – AERONET FMF at 0.5 μm. The updated seasonal α′-based
retrievals are more accurate than the annual α′-based retrievals. More

Fig. 2. Schematic diagram describing the LUT-SDA used in this study.
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of the 1−σ interval of the bias falls within the estimated error (EE)
envelope in seasonal α′-based FMFs for Beijing (Fig. 4A). RMSEs are
reduced in all seasons (Fig. 4D), especially in winter when the RMSE
decreases from 0.29 to 0.20 (number of samples, N= 71). In other
words, FMF retrieval errors in Beijing in winter can be significantly
reduced by using seasonal α′ values instead of annual α′ values. A si-
milar reduction in retrieval errors is also seen for Osaka and Hong Kong
when seasonal α′ values are used instead of annual α′ values. The mean
RMSEs for all seasons reduces from 0.22 to 0.18 (Osaka) and 0.24 to
0.22 (Hong Kong). Overall, the total mean RMSE decreases from 0.24 to
0.18 for these three cities.

Fig. 5 illustrates the improvement that occurs across the range of
AERONET FMF values when using seasonal α′ values. The statistics are
presented as box-whisker plots where the half-widths of the blue boxes
represent the standard deviations of the AERONET FMF. In Beijing and
Osaka (Fig. 5A and C), all 1− σ intervals of the bias, i.e., the boxes,
using seasonal α′ fall within the EE envelope in the AERONET FMF
range of 0.6–1.0. Those using annual α′ fall within the EE envelope in
the AERONET FMF range of 0.7–0.9 (Fig. 5B and D). Compared with
annual α′-based results, seasonal α′-based FMF retrievals agree better

with AERONET FMF retrievals in the 0.5–1 range in Hong Kong (Fig. 5E
and F). Mean biases of the seasonal α′-based retrievals are gen-
erally< 0.1. Fig. 5 also shows that there are large biases in the 0–0.5
range for both retrievals.

Fig. 6 shows the final fAOT calculated by seasonal α′- and annual α′-
based LUT-SDA FMFs for Beijing, Hong Kong, and Osaka. In Beijing, the
correlation between the retrieved fAOT and ground-based AERONET
fAOT is improved using the seasonal α′ with the coefficient of de-
termination (R2) increasing from 0.65 to 0.69 and the RMSE decreasing
from 0.42 to 0.39. A similar improvement is seen for Hong Kong with
R2 increasing from 0.38 (from the regression of annual α′-based fAOT
on AERONET fAOT) to 0.49 (from the regression of seasonal α′-based
fAOT on AERONET fAOT). Meanwhile, the RMSE decreased from 0.27
to 0.23, and the percentage of derived fAOTs within the EE envelope
increased from 40% to 44%. As for Osaka, again, the correlation be-
tween the LUT-SDA fAOT and the AERONET fAOT is improved with R2

increasing from 0.32 to 0.41 and the RMSE decreasing from 0.16 to
0.14. Figs. 4–6 confirm the validity and necessity for updated the α′
from the annual to the seasonal-based α′ in the LUT-SDA.

Fig. 3. Histograms of α′ for different seasons at the (from top to bottom) Xinglong, Chiang_Mai_Met_Sta, Beijing, and Hong_Kong_PolyU AERONET sites. The red
dashed line shows α′= 0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. FMF error as a function of season for (A) Beijing, (B) Osaka, and (C) Hong Kong. The FMF error is defined as LUT-SDA-retrieved FMF – AERONET FMF. The
red dashed line is the zero-error line, and the gray shaded area is the estimated error envelope (± 0.1). The means, medians, and 66% (1− σ) intervals of the
differences are shown as blue dots, horizontal lines within the boxes, and the boxes themselves, respectively. The black whiskers are the 96% (2−σ) intervals. D:
RMSE of the LUT-SDA FMF in different seasons using seasonal and annual α′ values. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.3. Validating fAOT at different locations in Asia

Fig. 7 shows seasonal mean LUT-SDA and AERONET fAOTs ob-
tained by averaging daily fAOTs from 2015 to 2016 over Asia. In
general, high fAOT loading is found in central/eastern China and
northeastern India in all seasons. The population density is high, and
industry is heavy in both of these regions, likely leading to the gen-
eration of anthropogenic pollution and more fine particles (Ma et al.,
2014; Xin et al., 2014). In central/eastern China, the LUT-SDA fAOT in
summer is higher than in other seasons. The AERONET fAOT also shows

this. For example, in Beijing, the AERONET fAOT in summer (> 0.8) is
higher than in spring (0.6–0.8), autumn (0.3–0.6), and winter
(0.2–0.25). In summer, these regions typically experience a summer
monsoon. Itahashi et al. (2012) suggested that high values of fAOT are
caused by pollutant transport patterns during the monsoon in these
locations. Over Bangladesh and northeastern India, the LUT-SDA fAOT
reaches a maximum in winter (~1.2–2.0) and decreases in spring
(~0.3–0.6). In winter in northern India, the boundary layer is shallow
which gives rise to haze, leading to a higher fAOT (Ramachandran,
2007). In Vietnam, Laos, and Thailand, the LUT-SDA fAOT is highest in

Fig. 5. Box plots of FMF errors (LUT-SDA - AERONET) as a function of AERONET FMF at 0.5 μm for seasonal α′- and annual α′-based results for (A–B) Beijing, (C–D)
Osaka, and (E–F) Hong Kong. The means, medians, and 66% (1− σ) intervals of the differences are shown as red dots, horizontal lines within the boxes, and the
boxes themselves, respectively. The blue whiskers are the 96% (2− σ) intervals. The black dashed line is 0, and the red dashed lines represent the estimated error
envelope for the total FMF ± (0.05+ 15%). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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spring. This pattern is also seen in the AERONET fAOT dataset. Smoke
aerosols due to frequent burning in spring in this region are likely re-
sponsible for this pattern. Overall, the LUT-SDA and AERONET fAOT
seasonal trends and spatial patterns agree reasonably well.

Fig. 8A shows validation results for all-season LUT-SDA fAOTs. The
validation results for individual seasons are shown in Supplementary
Fig. S1. Because the LUT-SDA fAOT is calculated as the product of the
MODIS AOT and the LUT-SDA FMF, the accuracy of the MODIS AOT

can have an impact on the final fAOT outputs. MODIS AOTs were thus
validated using AERONET AOT retrievals (Table S2 and Figs. S2–S6).
Overall, the RMSE of the MODIS AOT is 0.34 with 40.81% of the de-
rived-AOT falling within the EE envelope ± (0.05+15%). For the
LUT-SDA validation (Fig. 8A), 31% of the validation sites (the total
number of validation sites is 45) have more than half of their retrievals
falling within the EE envelope. Forty-two percent of the validation sites
have 40–50% of their retrievals falling within the EE envelope, and

Fig. 6. Updated (seasonal α′-based, left panels) and previous (annual α′-based, right panels) LUT-SDA fAOTs collocated with 0.5-μm AERONET fAOTs. Data are
sorted according to ordered pairs (AERONET, LUT-SDA) of fAOT in 0.05 intervals, and the color represents the number of cases (see color bars) having that particular
ordered-pair value. The 1:1 line and estimated error (EE) envelopes ± (0.05+ 15%) are plotted in black solid and dashed lines, respectively. The red lines are the
best-fit lines from linear regression. The coefficients of determination (R2), the number of samples (N), and the root-mean-square errors (RMSE) are given in each
panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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27% of the validation sites have<40% of their retrievals falling within
this envelope. Good agreement is seen over South Korea and Japan
where 40–70% of LUT-SDA retrievals fall within the EE envelope. At
most validation sites in southern Asia, 30–50% of the retrievals are
within the EE envelope. However, at Taihu,< 20% of the LUT-SDA
retrievals fall within the EE envelope (Fig. 8A and C). This is because
MODIS AOT retrievals are inaccurate at this location. Fig. 8B and Table
S2 shows that most of the MODIS AOT retrievals lie outside of the EE
envelope at this location (N=134), and the RMSE is high (0.53). Zheng
et al. (2011) suggested that the inaccurate estimation of surface re-
flectance is a major source of error in MODIS DT AOT retrievals. They
also found that MODIS DT AOTs were significantly overestimated at
Taihu, which is surrounded by parkland, with<30% of the retrievals
falling within the EE envelope. Wang et al. (2007) and He et al. (2010)
found that water pollution in Taihu Lake is the primary factor for the
surface reflectance estimation error in the MODIS DT algorithm. The
LUT-SDA uses MODIS AOT retrievals as input data for the FMF calcu-
lation, so the uncertainty in AOT will result in errors in the FMF out-
puts. Fig. 8D shows that the LUT-SDA-derived FMF cannot match the
AERONET FMF well at Taihu. Thus MODIS AOT retrievals are likely an
important source of error in LUT-SDA retrievals of fAOT.

3.4. Comparison with the MODIS aerosol product

Fig. 9 shows yearly averaged spatial distributions of MODIS fAOT

and LUT-SDA fAOT. In 2015, both MODIS and LUT-SDA fAOTs were
high (> 0.6) in the western and northern parts of Indonesia. MODIS
fAOTs ranged from 0.6–0.7 in western China (Beijing, Hebei, and
Shandong Province) which is much lower in magnitude than the LUT-
SDA fAOTs (> 0.8). An opposite pattern is seen in Bangladesh where
LUT-SDA fAOTs were>0.8, but MODIS fAOTs ranged from 0.3–0.4. In
2016, MODIS fAOTs in most parts of China were lower than LUT-SDA
fAOTs as well. In particular, in southern China, MODIS fAOTs ranged
from 0.1–0.4 while LUT-SDA fAOTs ranged from 0.5–0.7. MODIS fAOTs
in northern Laos are higher than the corresponding LUT-SDA fAOTs
(> 0.8 and 0.6–0.7, respectively). MODIS and LUT-SDA fAOTs dropped
in magnitude in Indonesia and slightly decreased in China in 2016
compared with the 2015 retrievals. Itahashi et al. (2012) reported that
the decline in fAOT corresponded to the decline in sulfur dioxide (SO2)
emissions. Li et al. (2017) found that the 2016 SO2 emission in China
was 8.4Mt yr−1 which is lower than the 2015 SO2 emission
(~10Mt yr−1). This agrees with our finding of a decreasing trend in
fAOT in 2016. From Fig. 9, the MODIS fAOT is always lower than the
LUT-SDA fAOT over Asia. One reason is that the MODIS DT algorithm
underestimates the FMF. Figs. S7–S10 shows the validation of the
MODIS FMF, and Table S3 summarizes the validation results. Most of
the MODIS-derived FMFs are below the 1:1 line due to the nil retrieval
issue for MODIS FMF outputs. Fig. 10 shows that the yearly MODIS FMF
is always between 0.5 and 0.6 in most areas of Asia. Even in Hebei
Province in China where high levels of PM2.5 pollution occur, the

Fig. 7. Seasonal mean fAOT from the LUT-SDA (background colors) and from AERONET (colored filled circles). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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MODIS FMF still ranges from 0.5–0.6 in 2015 and 2016. However, the
LUT-SDA FMF is> 0.7 in this region and also has high values (0.7–1.0)
in many other provinces. Jethva et al. (2010) also found a similar un-
derestimation of the MODIS-derived FMF in comparison with the
AERONET FMF. The inaccuracy of MODIS-retrieved FMFs was reported
by Levy et al. (2007). Using 780 pairs of collocated data at 200
AERONET stations, the linear regression relation between MODIS- and
AERONET-derived FMF had a slope equal to1.051, a y-intercept equal
to −0.347, and an R2 equal to 0.248 (Levy et al., 2007). Note that the
MODIS C6 FMF can equal zero (Figs. S7–S10), which was also noted by
Jethva et al. (2010) and Suman et al. (2014).

Fig. 11 shows LUT-SDA- and MODIS-derived fAOTs as a function of
AERONET fAOT. High kernel density values show where most of the
data lie. The MODIS-derived FMF has the smaller data volume because
FMF data are provided only when the AOT quality assurance flag equals
three. In order to compare their accuracies, redundant data were

removed from the LUT-SDA dataset, and a new dataset was generated
with the same data volume as the MODIS dataset (N=3807). From
Fig. 11, ~48% of LUT-SDA fAOT retrievals fall within the EE envelope.
The linear regression relation has a slope equal to 0.91 and a y-intercept
equal to 0.01 with an R2 of 0.65 and an RMSE of 0.29. About 22% of the
MODIS-derived fAOT points fall within the EE envelope while 64% of
them are below the lower limit of the EE envelope due to the zero-value
problem. The RMSE for the MODIS fAOT retrievals is 0.42 which is
higher than that for the LUT-SDA fAOT retrievals. Overall, the LUT-
SDA-derived FMFs agree well with AERONET retrievals, suggesting that
the proposed retrieval method performs well.

3.5. Discussion

In this study, we found a significant underestimation in MODIS
fAOT retrievals compared with AERONET fAOT retrievals. This issue is

Fig. 8. (A) Validation of the LUT-SDA fAOT (at 500 nm) in Asia at each site, (B) MODIS as a function of AERONET AOT (at 500 nm) at Taihu, and (C) LUT-SDA fAOT
as a function of AERONET fAOT (at 500 nm) at Taihu. The solid black lines in (B) and (C) are the 1:1 lines, the dotted black lines are the estimated error (EE) envelope
lines, and the red lines are the best-fit lines from linear regression. (D) Time series of the LUT-SDA-derived FMF (in blue) and the Taihu AERONET FMF (in red) from
2015 to 2016. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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consistent with the finding of Jethva et al. (2010) who found that the
MODIS fAOT was underestimated in northern India (N=651,
slope=0.44, and R2=0.58). As shown in Figs. S7–S10, one reason for
the underestimation lies in the existence of many zero or close-to-zero
values in the MODIS-derived FMF. In addition, a considerable un-
certainty with high RMSE between MODIS and AERONET FMFs was
found in this study (Table S3), and this uncertainty was also reported by
Lee and Chung (2013). Levy et al. (2007) pointed out that MODIS FMF
retrievals are very sensitive to the choice of aerosol model. Jethva et al.
(2010) and Suman et al. (2014) suggested that using a more absorbing
aerosol type is better suited for fine-mode aerosols and can improve the
retrieval accuracy in southern India. It is, however, not possible to
constrain the aerosol model from satellite information alone
(Kokhanovsky et al., 2007). How to make a sound a priori assumption
about the aerosol model is a major challenge which may be overcome to
some extent by using ground-based measurements in different locations
and seasons, as attempted in this and previous studies (O'Neill et al.,
2001; Yan et al., 2017a).

The LUT-SDA can greatly improve the accuracy of fAOT retrievals,

especially when using the update seasonal α′ value. Compared with the
previous annual α′-based LUT-SDA, the updated seasonal α′-based LUT-
SDA improves the retrieval accuracy (Figs. 4–6). However, as shown in
Fig. 5, there still are some uncertainties in the LUT-SDA FMF at low
values (0–0.5). Since fAOT rather than total AOT is more closely linked
to anthropogenic pollution sources (Bellouin et al., 2005), the more
reliable fAOT retrieved by the LUT-SDA is a useful product to use for
environmental research. Lee and Chung (2013) stated that the lack of
reliable fine-mode aerosol data hinders the accurate estimation of
global aerosol radiative forcing. Studies focused on the latter have used
aerosol simulation models to distinguish natural aerosols from anthro-
pogenic ones over land (Bellouin et al., 2005; Chung et al., 2005). To
overcome this limitation, the LUT-SDA can serve as a useful and pow-
erful tool for large-scale anthropogenic aerosol estimations.

The point of reducing the relative bias between MODIS FMFs and
AERONET FMFs is to demonstrate the promising application of using
FMFs to estimate PM2.5. The estimation of ground-level PM2.5 from
satellite-derived AOT is fraught with uncertainties, a major one being
the inability to retrieve FMF for fAOT which is more closely related to

Fig. 9. Yearly averaged spatial distributions of fAOT in Asia from the MODIS DT algorithm (top panels) and the LUT-SDA (bottom panels) for the years 2015 (left-
hand panels) and 2016 (right-hand panels).
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PM2.5 (Zhang and Li, 2013, 2015). Although the AERONET FMF-based
PM2.5 retrieval model can significantly improve the PM2.5 estimation
accuracy (Li et al., 2016; Yan et al., 2017b), the MODIS and AERONET
FMFs are defined differently and have a high bias between them. This
limits the AERONET FMF-based PM2.5 retrieval model by using MODIS
FMF for spatial PM2.5 retrievals. To remedy the problem, we have up-
dated the LUT-SDA in this study to improve the retrieval of fAOT by
taking advantage of the climatology of regional aerosol properties re-
trieved from AERONET (Eck et al., 2010).

4. Conclusions

In this study, an updated LUT-SDA for fAOT is presented and vali-
dated in Asia. Based on five years of seasonal α′ data from different
AERONET locations (2010–2014), we first updated the range of α′ in
the LUT-SDA to make this parameter more in line with its seasonal
characteristics. The comparison with the annual-based α′ LUT-SDA in
Beijing, Hong Kong, and Osaka (Yan et al., 2017a) showed improve-
ments in the FMF retrievals for the three cities with the total mean

RMSE decreasing from 0.24 to 0.18. Improvements in fAOT retrievals
can also be achieved when using the updated LUT-SDA. The percentage
of retrievals falling within the EE envelope increases by 2.06, 3.67, and
7.30% for Beijing, Hong Kong, and Osaka, respectively. The updated
LUT-SDA was then applied to data from Asia and validated by retrievals
from 45 AERONET sites over the period of 2015–2016. The validation
showed that a good accuracy was achieved by the proposed method.
More than half of the updated LUT-SDA-derived fAOT retrievals at 31%
of the sites and 40–50% of the retrievals at 42% of the sites fell within
the EE envelope. Compared with the MODIS-derived C6 fAOT, a sig-
nificant improvement in fAOT retrievals was achieved by the LUT-SDA.
Using AERONET fAOT retrievals as baseline data, ~48% of LUT-SDA-
based fAOT retrievals fell within the EE envelope (N=3807,
RMSE=0.29), which is an improvement over that of the MODIS fAOT
(~22% of the retrievals fell within the EE envelope, N= 3807,
RMSE=0.42). The fAOT was significantly underestimated by the
MODIS algorithm in most areas of Asia with many unphysical values of
zero. This study demonstrates that the refined LUT-SDA method is valid
for the large-scale estimation of fAOT from satellite images.

Fig. 10. Same as Fig. 6 but for the FMF.
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