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The fine-mode fraction (FMF) can be a useful tool to separate natural aerosols from man-made aerosols and to
assist in estimating surface concentrations of particulate matter with a diameter b 2.5 μm. A LookUp Table-
based Spectral Deconvolution Algorithm (LUT-SDA) was developed here for satellite-based applications using
data such asMODerate resolution Imaging Spectroradiometer (MODIS)measurements. Thismethodwas validat-
ed against ground-based FMF retrievals from the Aerosol Robotic Network (AERONET). The LUT-SDA was then
applied to two MODIS-retrieved aerosol optical thickness (AOT) products for the period of December 2013 to
July 2015: the MODIS Collection 6 (C6) Dark Target (DT) AOT product and the simplified high-resolution
MODIS Aerosol Retrieval Algorithm (SARA) AOT product. In comparison with the MODIS C6 FMF product in
three study areas (Beijing, Hong Kong, and Osaka), FMFs estimated by the LUT-SDA agreed more closely with
those retrieved from theAERONETwith a very low bias. Eighty percent of the FMF values fellwithin the expected
error range of ±0.4. The root mean square error (RMSE) was 0.168 with few anomalous values, whereas the
RMSE for the MODIS FMF was 0.340 with more anomalous values. The LUT-SDA FMF estimated using SARA
AOT data conveysmoredetailed information on urban pollution than that fromMODIS C6DTAOTdata. As a dem-
onstration, the seasonally-averaged spatial distribution of the FMF in Beijingwas obtained from the LUT-SDA ap-
plied to SARA AOT data and compared with that of the AERONET-retrieved FMF. Their seasonal trends agreed
well.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Atmospheric aerosols play a very important role in Earth's energy
balance and on climate change (Kaufman et al., 2002; Ramanathan et
al., 2007). They can also have an adverse effect on human health
(Pope et al., 2002). At present, our understanding of aerosol size distri-
butions from a spatial perspective is still limited.

The fine-mode fraction (FMF) is an important physical property of
aerosols that can be used to separate natural aerosols from man-made
aerosols (Bellouin et al., 2005). Like AOT, the aerosol FMF can be esti-
mated from either space-borne AOT observations such as those from
the MODerate resolution Imaging Spectroradiometer (MODIS) or from
the ground-based AOT measurements from the AERONET. Levy et al.
al University, 19 Xinjiekouwai
(2010) reported that the MODIS-retrieved FMF over land is still experi-
mental and highly uncertain. This is because satellite AOT retrievals
have to differentiate signals from aerosols and the land surface whose
reflectance can be substantial (Diner et al., 2005; Hauser et al., 2005;
Mishchenko and Geogdzhayev, 2007; Li et al., 2009; Kokhanovsky et
al., 2010; Lee and Chung, 2013). Because of this, the FMF over land is
much less accurate than over oceans. However, the AERONET FMF is
based on the Spectral Deconvolution Algorithm (SDA), which uses
solar extinction data obtained directly from solar measurements. As
such, it is only slightly influenced by surface reflectance and is almost
as accurate over oceans as over land (O'Neill et al., 2001, 2003). Gasso
and O'Neill (2006) showed a good correlation between the fine-mode
AOT from a sunphotometer and airborne in situ measurements using
the SDA. However, the AERONET has a much smaller spatial coverage
than does the MODIS.

The FMF may help estimate surface concentrations of particulate
matter (PM) with a diameter b 2.5 μm (PM2.5), as it pertains to the con-
tributions of smaller and larger particles to the AOT. Many studies have
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attempted to develop statistical models to estimate PM2.5 from AOT. Di
Nicolantonio et al. (2007) reported a sound correlation between the
fine-mode AOT and PM2.5 with a correlation coefficient reaching 0.74.
Zhang and Li (2013) found that the relationship between fine-mode
AOT and PM2.5 was stronger than that between AOT and PM2.5 under
hazy weather conditions in winter. Zhang and Li (2015) derived a rela-
tion involving the FMF and the columnar volume-to-extinction ratio of
fine particulates based on eight AERONET sites, and applied it to esti-
mate PM2.5 fromMODISmeasurements. However, Levy et al. (2007) re-
vealed that the MODIS FMF had little correlation with the AERONET
FMF. This may be because AERONET and MODIS FMFs were derived
using different methods. AERONET assumes a fine mode and coarse
modewith no overlap, whereasMODIS uses bimodal lognormalmodels
that may be overlapped to a certain extent (Kampe, 2008). Also, the
MODIS FMF is not determined as a continuous variable, but as 11 dis-
crete values from 0 to 1. Jethva et al. (2010) compared the MODIS
FMFwith the AERONET FMFand found that the rootmean square differ-
ence between the two was 0.61 (number of samples, N = 651).

As shown byO'Neill et al. (2001), the SDAwas developed as a simple
and efficient method for determining the fractions of fine and coarse
modes from spectral AOTs. They showed that the Ångström exponent
(AE) of fine-mode aerosols can be extracted directly from the first and
second order spectral derivatives of AOT, which means that values of
AOT at a minimum of three wavelengths are needed. However, most
of the current satellite aerosol retrieval products provide AOT at only
the blue and red bands (Zha et al., 2011; Luo et al., 2015), e.g., the re-
trieval products derived from the DT method (Levy et al., 2007) and
theminimum reflectance technique (Wong et al., 2011). If AOT is avail-
able at only two wavelengths, the AE can be calculated using the Volz
method (Soni et al., 2011), but the AE derivative cannot be obtained
from a second-order polynomial fit. Thus, an FMF retrieval method
based on AOT at two bands needs to be developed.

Themain objective of this study is to improve the spectral decompo-
sition method so that it can estimate the FMF based on AOT at two
Fig. 1. The Beijing, Hong Kong, and Osaka study areas (outlined in red). The locations of the
116.32°E), RADI (40.01°N, 116.38°E), XiangHe (39.75°N, 116.96°E), Noto (37.33°N, 137.14°E),
114.18°E), and Hong_Kong_Sheung (22.48°N, 114.12°E). (For interpretation of the references t
wavelengths following a LookUp Table-based SDA (LUT-SDA) method
for satellite applications. The method is demonstrated using ground-
based AERONET measurements made in Beijing, Hong Kong, and
Osaka. We will then use the derived FMF to estimate PM2.5, the subject
covered in Part II of this study.

2. Data and methods

2.1. Study area

For the sake of demonstration on an urban scale, we chose Beijing,
Hong Kong, Osaka, and their surrounding areas as our test area because
of their distinctly different environments and differing meteorological
conditions (Fig. 1). Beijing is the most polluted and driest among the
three sites. Hong Kong is a coastal city with low to moderate levels of
pollution and a marine climate. Osaka is in the centre of Japan and is
the largest commercial and industrial city after Tokyo (Sasaki and
Sakamoto, 2005). Because AOT retrievals depend critically on surface al-
bedo and aerosol single scattering albedo, the retrievals from each of
these regions are different, offering an opportunity to test the spatial
adaptability of the LUT-SDA method.

2.2. The LUT-Spectral Decomposition Algorithm (SDA)

The LUT-SDA proposed here uses an LUT for retrieving the FMF from
satellite-derived AOT and AE. To build an LUT, a set of hypothetical FMF
(η) and AE derivative (α') values are imported to the SDA calculation
along with the satellite-determined AE (α) for deriving the AE of fine-
mode aerosols (αf). The incremental interval for η is 0.01 with a range
from 0 to 1. The incremental interval for α' is 0.001 and its range for a
given satellite image will be discussed in section 3.1. The FMF can
then be estimated by minimizing χ2 in this LUT. The LUT based on the
SDA is described as follows:
nine AERONET sites used in the study are: Beijing (39.98°N, 116.38°E), CAMS (39.93°N,
Osaka (34.65°N, 135.59°E), Shirahama (33.69°N, 135.36°E), Hong_Kong_Polyu (22.30°N,
o color in this figure legend, the reader is referred to the web version of this article.)
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A simplified expression for the estimation of αf can be written as
(O'Neill et al., 2001):
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where α is the AE of the total aerosols, and αf and αc are fine- and
coarse-mode AEs, respectively. The parameters a, b*, c*, α', and αc can
be found in O'Neill (2010) and are also shown in Supplementary Section
1. The parameter αf is calculated as (O'Neill et al., 2001):

α�
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The LUT of the SDA for this study is based on Eq. (1) and Eq. (2),
which changes η and α' with a given step size within a certain range
to build the relationship betweenα,αf, α', and η. Then the difference be-
tween αf and αf
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The LUT-SDA calculation is summarized as follows:
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Fig. 2. Flowchart describing th
where η1, α'1, and α f
1 are uncorrected estimates of η, α', and αf.

Finally, through the α' bias error correction (Supplementary Section 2)
and the mean of extreme (MOE) modification (Supplementary Section
3, which is the same as in the SDA Version 4.1), η can be obtained.

2.3. AOT and AE data

Two sets of AOT and AE retrievals are used in this study: one set is
from the MODIS Collection 6 (MODIS C6) aerosol product and the
other set is derived from the Simplified high-resolution MODIS Aerosol
Retrieval Algorithm (SARA). The “Dark Target” (DT) algorithm-based
AOTs at the blue and red bands are extracted from theMODIS C6 aerosol
product. We use the 10-km resolution MODIS C6 AOT products to re-
trieve the FMF due to its higher accuracy relative to the 3-km resolution
AOT products (Remer et al., 2013; Munchak et al., 2013; Yan et al.,
2016). The AE is then calculated using AOT at the two wavelengths:

α ¼ −
ln

τ1
τ2

� �

ln
λ2

λ1

� � ; ð5Þ

whereλ1 andλ2are the differentwavelengths in μm(0.47 and0.66 μm
in this study), and τ1 and τ2 are the AOT at λ1 and λ2, respectively.

The C6 product still uses the VISvs2.1 surface reflectance parameter-
ization with a shortwave-infrared normalized difference vegetation
index dependence (Levy et al., 2013), which is described by Levy et al.
(2007).

The spatial resolution of the MODIS C6 aerosol product (10 km) is
too coarse for urban-scale studies, so this study uses a higher resolution
e SDA and the LUT-SDA.



Fig. 3. The look-up table used in the LUT-SDA. The blue points are test data fromAERONET.
(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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AOT (500m) for the retrieval of the FMF. Bilal et al. (2013) proposed the
SARAmethod for AOT retrievals, whichwas applied and validated using
data from Beijing (Bilal et al., 2014). The AOT from the SARA is calculat-
ed as

τa ¼ 4μsμv

ω0Pa
ρTOA−ρRay−

e− τRþτað Þ=μs e− τRþτað Þ=μvρs

1−ρs 0:92τR þ 1−gð Þτað Þexp − τR þ τað Þ½ �
� 	

;

ð6Þ

where τais the AOT, τR is the Rayleigh optical depth, ρTOAis the
satellite-measured top of the atmosphere reflectance, ρRay is the
Rayleigh reflectance, ρs is the surface reflectance, μsis the cosine of
the solar zenith angle, μvis the cosine of the sensor zenith angle, g
is the asymmetry factor, ω0 is the single scattering albedo (SSA),
andPais the aerosol scattering phase function. MODIS Terra Level 1B
products (MOD02HKM calibrated radiances and MOD03 geolocation
data), the MODIS surface reflectance product (MOD09GA,
MODIS_Grid_500m_2D), and MODIS C6 aerosol products from De-
cember 2013 to July 2015 were used. Data from cloud-free days
were extracted from these datasets. The MOD02HKM product
(500 m) was used for obtainingρTOA and the MOD03 product provid-
ed satellite and solar angles. Finally, the FMF extracted from the
MODIS C6 aerosol product was used for comparison purposes (only
the DT method releases an FMF product).
Fig. 4. Histograms of α' from four years (2009 t
The flowchart describing the LUT-SDA and its comparison with the
SDA is shown in Fig. 2.

2.4. AERONET

The AERONET is a globally distributed network, which provides
multi-wavelength AOT measurements with a high accuracy and an
uncertainty b 0.02 (Holben et al., 2001). In this study, FMF data from
nine AERONET stations were used for validation (Fig. 1): Beijing (Level
2), CAMS (Level 2), RADI (only Level 1.5 available), XiangHe (Level 2),
Noto (Level 2), Osaka (Level 2), Shirahama (Level 2), Hong_Kong_Polyu
(Level 2), and Hong_Kong_Sheung (Level 2).

3. Results and discussion

3.1. LUT-SDA and optimal AE derivative for satellite images

The LUTused in the LUT-SDAbased on Eq. (1) and Eq. (2) is shown in
Fig. 3. Solid lines represent η with constant values (0.1 to 1 in incre-
ments of 0.2). Dashed lines represent α'with constant values (−2 to 2
in increments of 1). The dashed lines representing α' equal to 1 and 2
are very short and are not visible in the figure. Based on the LUT-SDA,
α'has a great influence on the retrieved FMF. The magnitude of the in-
crement selected to divide the range of α' values in the LUT is a key fac-
tor in the retrieval of the FMF. A better accuracy in α' is achieved as the
increment becomes smaller. However, to analyze satellite images, a
finer resolution would substantially increase the computational time.
Thus, for satellite data, a reliable and computationally less expensive
method is needed. An AERONET-based dataset of daily α' calculated
from the year 2009 to 2012was generated for different regions (Beijing,
Hong Kong, and Osaka). Fig. 4 shows histograms of α' for these four
years. The distributions of α' are different in each of the study areas. α'
is always negative in Beijing (mean = −0.23), while it is positive in
Hong Kong (mean = 0.65) and Osaka (mean = 0.54). In general, the
daily α' ranges from−1.2 to 1.2,−0.6 to 1.8, and−0.6 to 1.4 in Beijing,
HongKong, andOsaka, respectively. In addition, all these ranges contain
the first and third quartiles ofα'. So to calculate the satellite FMF, the
range of α' is set to −1.2 to 1.2 for Beijing, −0.6 to 1.8 for Hong Kong,
and −0.6 to 1.4 for Osaka with incremental intervals of 0.001 in the
LUT. To validate the LUT-SDA performance and to show the differences
between the LUT-SDA and the SDA, we used the same AERONET-re-
trieved AOT (500 nm) and AE data from January to June 2013 as input
to calculate the FMF. Fig. 5 shows that the LUT-SDA-derived FMF
o 2012) for Beijing, Hong Kong, and Osaka.



Fig. 5.Comparisons of the LUT-SDA-derived FMF (in black) and theAERONET FMF (in red) from January to June2013 in Beijing, Osaka, andHongKong. (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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matches the SDA-derived FMF well, which suggests that the LUT-SDA
can provide reliable estimates of the FMF. To analyze the impact of the
AERONET-based AOT retrieval error on the FMF, the correlation be-
tween the errors of the FMF [abs(AERONET FMF − LUT-SDA FMF)]
and those of α' [abs(AERONET α'- LUT-SDA α')] is shown in Fig. 6. The
FMF error increases as the error in α' increases. Because the AOT and
AE inputs are the same for each algorithm, the only difference in input
is α' (Fig. 2). As shown in Fig. 4, the empirical range of α' cannot contain
all cases, and the incremental interval of α' will also contribute toward
the error of the final FMF calculation as shown in Eq. (3).
3.2. An application to the MODIS C6 aerosol product

The LUT-SDAwas applied to data extracted from theMODIS C6 aero-
sol product for Beijing (7 April 2014), Hong Kong (23March 2014), and
Osaka (14 December 2014) so that the performance of the LUT-SDA
FMF and comparisons with the MODIS C6 FMF could be examined. Fig.
7 shows that the MODIS C6 FMF has nil values in many locations
Fig. 6. Correlation between the FMF and α' errors. The red line is the best-fit line through the d
referred to the web version of this article.)
while the LUT-SDA FMF does not. This phenomenon is also seen in
other cases, which are shown in supplementary Figs. S1–S6.

Fig. 8 shows the scatterplot of LUT-SDA-derived andMODIS C6 FMFs
as a function of AERONET FMF (daily comparisons of data from different
AERONET stations are shown in supplementary Fig. S7). There are more
points concentrated around the 1:1 line, with 80% of them fallingwithin
the expected error (EE) envelope of ±0.4 for LUT-SDA FMF. 20% of the
MODIS C6 FMF points fall within the EE envelope, with 76% of them be-
yond the EE envelope due to the nil value problem (the histogram
shown in supplementary Fig. S8). The RMSE are summarized in Table
1. The RMSEs of the LUT-SDA FMF are all less than those of the MODIS
C6 FMF at the nine AERONET stations. The mean RMSE of the LUT-SDA
FMF at these AERONET stations is 0.168, which is less than the mean
RMSE of the MODIS C6 FMF (0.340).

3.3. An application to the MODIS SARA AOT

Weapplied the LUT-SDA to SARAAOT to take advantage of its higher
spatial resolution (500 m). The LUT-SDA-derived FMF using SARA AOT
ata points. (For interpretation of the references to color in this figure legend, the reader is
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agrees well with the AERONET FMF (Supplementary Fig. S9) and has an
RMSE equal to 0.160. Here,we use results from18May2014 to illustrate
the difference between the FMFs derived from SARAAOT andMODIS C6
AOT data. Fig. 9a and b show the spatial distributions of MODIS C6 AOT
and SARA-derived AOT, respectively, for the Beijing area. Despite having
drastically different resolutions, the gross magnitude and spatial pat-
terns of AOT retrieved by the SARA bear close resemblance to the
MODIS C6 AOT, and shows that there was high aerosol loading south-
east of Beijing on this date. This area includes the city central region
Fig. 7. Spatial distributions of the LUT-SDA FMF (left column) and the MODIS C6 FMF (righ
where roads are crowded and the population is dense. In addition,
many construction projects, such as a new subway station, are in
progress, as described by Yan et al. (2015). There are stark contrasts,
however, in the FMF retrieved by the two approaches: many invalid
retrievals (zero or near zero) across the region for the MODIS C6 re-
trievals (Fig. 9c). This result may not be realistic because a pure
coarse-mode (FMF = 0) AOT in an urban area is hardly ever occurs
in such a large city area like Beijing. However, the LUT-SDA FMF de-
rived using SARA AOT (Fig. 9d) and MODIS C6 AOT (Fig. 9e) data
t column) for Beijing (top row), Osaka (middle row), and Hong Kong (bottom row).



Fig. 8.Validation ofMODISC6 and LUT-SDAFMFs against theAERONET FMF. The solid red lines are the 1:1 lines and thedotted red lines are the estimated error envelope lines (±0.4). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
RMSEs of the LUT-SDA and MODIS C6 FMFs for different AERONET stations.

AERONET MODIS C6 FMF LUT-SDA FMF

Beijing 0.332 0.173
CAMS 0.344 0.168
RADI 0.369 0.194
XiangHe 0.276 0.166
PolyU 0.322 0.160
Sheung 0.422 0.152
Osaka 0.316 0.171
Shirahama 0.328 0.175
Noto 0.349 0.153
Mean 0.340 0.168
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show high FMF values (0.6–0.7) in the city of Beijing. The LUT-SDA
FMFs based on SARA and MODIS C6 AOT data have a better spatial
coverage than the MODIS C6 FMF as well as no extreme values of 0,
which is the expected case for urban areas. A comparison between
Fig. 9d and Fig. 9e suggests that the FMF derived from SARA AOT
data provides more detailed information in the urban area shown
here than does the MODIS C6 AOT-based FMF, so may be more suit-
able for urban-scale studies in general.

3.4. Seasonally-averaged FMF in Beijing

The spatial distributions of seasonally-averaged FMF retrieved
from the SARA AOT (500 m) are presented in Fig. 10. The FMF was
0.6–0.65 over most of Beijing in March–April–May. Such springtime
values are generally lower than those in summer (Fig. 10c) and win-
ter (Fig. 10a). This is because Beijing experiences sand storms origi-
nating from western and northern China, e.g., the Mongolian Gobi
Desert, in spring (Zhang et al., 2014). These sand storms bring in
rich coarse-mode aerosols (dust), resulting in a smaller FMF
(Ramachandran, 2007). The FMF is large in summer in Beijing, ex-
ceeding 0.75 in most places. In summer, Beijing typically experiences
a summer monsoon dominated by heavy convective rainfall that is
effective in removing coarse-mode aerosols from the atmosphere,
but fine-mode aerosols, including new particles, are readily generat-
ed even shortly after rainfall, resulting in a large FMF. The FMF in
winter was between 0.65 and 0.7 in most areas, which suggests the
dominance of fine-mode aerosols in winter. This is likely related to
heating in winter, when coal combustion increases significantly
and enhances the emission of anthropogenic aerosols (Zhao et al.,
2014). Fig. 10 reveals large FMFs in the urban centre of Beijing
where there is always heavy traffic and dense population. In these
regions, Ramachandran (2007) reported that fine-mode aerosols
are mainly due to gas-to-particle conversion and automobile emis-
sions. To validate the seasonal pattern of the FMF derived by the
LUT-SDA, the AERONET FMF for the corresponding period was ob-
tained for comparison. As shown in Fig. 11, the AERONET FMF has a
similar magnitude and seasonal pattern as those of the LUT-SDA
FMF. In both cases, the FMF is higher from June–August than from
December–February and March–May.
3.5. Application of the LUT-SDA to a large area using high-resolution AOT

Fig. 12 shows the spatial distribution of the LUT-SDA-derived FMF
(based on SARA AOT data) over northeast China on 16 October 2014
when the region was largely cloud-free. Large values of FMF are seen
in the North China Plain, which includes Beijing, Tianjin, and Baoding.
The North China Plain is one of the most populated and industrialized
areas in China. The rapid development of urbanized construction in
this region has led to severe PM2.5 pollution (Quan et al., 2011; Tao et
al., 2012). The spatial distribution of FMFs in Fig. 12 is similar to that
of PM2.5 concentrations reported byXin et al. (2014). Datong, Shuozhou,
and Xinzhou, all located in Shanxi Province, are the other areas with
large FMFs (N0.6). Ma et al. (2014) reported that Shanxi Province also
experiences high levels of PM2.5 pollution. Fig. 12 illustrates that the
LUT-SDA with high-resolution AOT as input can be successfully
employed for large-scale urban studies. Further studies of the correla-
tion between FMFs and PM2.5 concentrations are required.

3.6. Discussion

As shown in Fig. 2, the biggest difference between the LUT-SDA and
the SDA is that the LUT-SDA uses only two parameters (AOT and AE) to
calculate the FMF. In Table 1, the RMSE of the LUT-SDA-derived FMF is
0.168, which suggests that a high accuracy in FMF retrievals is still



Fig. 9.Comparisons of aerosol optical thickness (AOT) and fine-mode fraction (FMF) products: (A)MODIS C6AOT, (B) SARAAOT, (C)MODIS C6 FMF, (D) LUT-SDA FMF derived from SARA
AOT data, and (E) LUT-SDA FMF derived from MODIS C6 AOT data for the Beijing urban area.

Fig. 10. Seasonally-averaged spatial distribution of thefine-mode fraction (FMF) inBeijing retrievedusing SARAAOT data: (A)winter (December–February), (B) spring (March–May), and
(C) summer (June–August).
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Fig. 11. AERONET FMF and satellite-derived FMF using the LUT-SDA for the period of December 2013 to July 2015. A: mean FMF in each month. B: box plots of AERONET FMF in winter
(December–February), spring (March–May), and summer (June–August). C: box plots of satellite-derived FMF inwinter (December–February), spring (March–May), and summer (June–
August).
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difficult to obtain from satellite images. This is because satellite-based
AE retrievals, which provide size information about aerosols, have
many uncertainties. As shown in supplementary Fig. S10c, the
Fig. 12. Fine-mode fraction (FMF) retrievals o
correlation between the MODIS AE and the AERONET AE is 0.34 in this
study. Many MODIS AE data points fall close to AE = 0.5, a result also
found by Yang et al. (2014). From supplementary Fig. S10d, it is clear
ver northeast China on 16 October 2014.
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that when the accuracy of the AE is enhanced, the accuracy of the re-
trieved FMF is clearly improved. Although the retrieved AOT can have
a high precision (Supplementary Fig. S10a and b), the derived AE is gen-
erally less precise. Hasekamp and Landgraf (2007) indicated that uncer-
tainties in the surface reflectance were one of the largest sources of
error with regard to aerosol properties retrieved from MODIS. They
also found that single-viewing-angle measurements of intensity alone
did not provide sufficient information about aerosol properties. Sayer
et al. (2013) reported that the latest MODIS C6 “Deep Blue” AOT has a
strong correlation with the AERONET AOT (R = 0.93). However, the
AE validation had a weaker correlation (R = 0.45). In the latest
MODIS C6 aerosol product, the AE over land (based on the DT algo-
rithm) has been removed, therefore users need to derive it themselves
(Levy et al., 2013). So to obtain an accurate FMF, a reliable method for
retrieving AE needs to be developed. Because MODIS is not a multi-
viewing-angle instrument, the use of ground-based data (e.g.,
AERONET) is a way of improving the FMF retrieval accuracy. Jethva et
al. (2010) found that using the new absorbing aerosol model (SSA =
0.85), which is based on AERONET, could improve the retrieval accuracy
of FMF over India.

4. Conclusions

This study develops a satellite-based algorithm for retrieving the
aerosol fine-mode fraction (FMF) with a particular application to
MODIS satellite images in mind. However, the method can be applied
to other imagery frommulti-wavelength sensors taking measurements
in the solar spectral region. It follows the spectral deconvolution algo-
rithm (SDA) first presented by O'Neill et al. (2001) and improved here
by building a well-structured look-up table (LUT) with an optimized
data range of α' for calculating satellite FMFs. The most significant ad-
vantage of this method is that it greatly improves the efficiency of
FMF retrievals by using aerosol optical thickness (AOT) information at
only two wavelengths.

The LUT-SDA was applied to two MODIS AOT products retrieved by
two different algorithms: the MODIS C6 dark-target (DT) algorithm
(Levy et al., 2007) and the MODIS Aerosol Retrieval Algorithm
(SARA) AOT (Bilal et al., 2013). A significant improvement is
achieved in retrieving FMF, which is in good agreement with
ground-based AERONET data. Using the AERONET FMF as baseline
data, the LUT-SDA FMF using MODIS C6 AOT data has a mean root
mean square error of 0.168, which is much less than that of the
MODIS C6 FMF (0.340). Compared with the MODIS C6 FMF, the
LUT-SDA FMF (using MODIS C6 AOT or SARA AOT data) has no ex-
treme values. Using the LUT-SDA with SARA AOT data, the seasonal-
ly-averaged FMF in Beijing shows a distinct seasonal pattern,
namely, highest in summer and lowest in spring when dust aerosol
episodes often influence the region. This finding is in close agree-
ment with the FMF derived from AERONET data.

This study demonstrates that the LUT-SDA is an effective method to
derive the FMF using MODIS AOT retrievals. In addition, the LUT-SDA
can be further modified and applied to other satellite images, e.g.,
Landsat or theNational Polar-orbiting Partnership (NPP)/Joint Polar Sat-
ellite System (JPSS) satellites.
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