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Despite continuous efforts to retrieve aerosol optical depth (AOD) using a conventional 5-channelmeteorological
imager in geostationary orbit, the accuracy in urban areas has beenpoorer than other areas primarily due to com-
plex urban surface properties and mixed aerosol types from different emission sources. The two largest error
sources in aerosol retrieval have been aerosol type selection and surface reflectance. In selecting the aerosol
type from a single visible channel, the season-dependent aerosol optical properties were adopted from long-
termmeasurements of Aerosol Robotic Network (AERONET) sun-photometers. With the aerosol optical proper-
ties obtained from theAERONET inversion data, look-up tableswere calculated by using a radiative transfer code:
the Second Simulation of the Satellite Signal in the Solar Spectrum (6S). Surface reflectance was estimated using
the clear sky compositemethod, a widely used technique for geostationary retrievals. Over East Asia, the AOD re-
trieved from the Meteorological Imager showed good agreement, although the values were affected by cloud
contamination errors. However, the conventional retrieval of the AOD over Hong Kong was largely
underestimated due to the lack of information on the aerosol type and surface properties. To detect spatial and
temporal variation of aerosol type over the area, the critical reflectance method, a technique to retrieve single
scattering albedo (SSA), was applied. Additionally, the background aerosol effect was corrected to improve the
accuracy of the surface reflectance over Hong Kong. The AOD retrieved from amodified algorithmwas compared
to the collocated data measured by AERONET in Hong Kong. The comparison showed that the new aerosol type
selection using the critical reflectance and the corrected surface reflectance significantly improved the accuracy
of AODs in Hong Kong areas, with a correlation coefficient increase from 0.65 to 0.76 and a regression line change
from τMI [basic algorithm] = 0.41τAERONET + 0.16 to τMI [new algorithm] = 0.70τAERONET + 0.01.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

It is well-known that aerosols play a crucial role in air quality and cli-
mate change (e.g. Haywood & Shine, 1995; IPCC, 2007). Therefore, nu-
merous aerosol retrieval algorithms utilizing satellite measurements
have been developed for both low earth orbit (LEO) (Diner et al.,
2001; Higurashi & Nakajima, 1999; Hsu, Tsay, King, & Herman, 2004;
Kaufman et al., 1997; Kim et al., 2007; Lee, Kim, Song, Ryu, et al.,
y, and Atmosphere, Brain Korea
i University, Seoul, Republic of
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2010; Mishchenko et al., 1999; Remer et al., 2005; Tanre, Kaufman,
Herman, & Mattoo, 1997; Torres, Bhartia, Herman, Ahmad, & Gleason,
1998; Torres et al., 2007; von Hoyningen-Huene, Freitag, & Burrows,
2003; Wong, Lee, Nichol, & Li, 2010) and geostationary orbit (GEO)
(Kim, Yoon, Ahn, Sohn, & Lim, 2008; Knapp, Vonder Haar, & Kaufman,
2002; Urm& Shon, 2005;Wang et al., 2003). The basic principle of aero-
sol optical depth (AOD) retrieval is to separate the reflectance by aero-
sol from the total signal sent to the satellite including reflectance from
the surface and atmosphere,where the estimation of surface reflectance
is one of themost important error sources. In order to obtain the surface
reflectance, Kaufman et al. (1997) suggested the dense dark vegetation
(DDV) method for the MODIS operational algorithm (known as Collec-
tion 4), and Remer et al. (2005) used the correlations between the
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reflectances in the visible channels and shortwave-IR channel at 2.1 μm.
vonHoyningen-Huene et al. (2003) used the normalized difference veg-
etation index (NDVI), and Levy, Remer, Mattoo, Vermote, and Kaufman
(2007) developed the second generation MODIS operation algorithm
(known as Collection 5.1) by making use of the NDVI to determine the
correlations suggested by Remer et al. (2005) for each pixel. With limit-
ed channels from the geostationary orbit, the clear sky composite tech-
nique has been widely used for aerosol retrieval (Kim et al., 2008;
Knapp et al., 2002; Wang et al., 2003; Yoon et al., 2007). Lee, Kim,
Song, Ryu, et al. (2010) adopted themethod over turbid water for aero-
sol retrieval from the Geostationary Ocean Color Imager (GOCI), and
Wong et al. (2010) used themethod for high spatial resolution retrieval
of the AOD from MODIS.

Continuous AODmonitoring is important for estimating the aerosol
emission and air quality change over urban areas, which have critical ef-
fects on human health in heavily populated areas. Since AOD is often
used as a linear estimator for fine particulate matter (PM2.5) (e.g., Liu
et al. 2004; Wang et al., 2003), biased AOD measurements can lead to
systematic errors in monitoring and forecasting PM2.5. However,
there have been limited studies on the retrieval of AOD focused on lo-
calized urban areas [e.g., Castanho et al., 2007; Oo et al., 2010; Wong,
Nichol, & Lee, 2011] due to the difficulty in handling the bright and het-
erogeneous nature of urban surfaces. Castanho et al. (2007) andOo et al.
(2010) showed that globally defined ratios of visible to shortwave-IR
reflectance in the MODIS Collection 5 operational algorithm used to es-
timate surface reflectance are significantly underestimated for urban
areas and lead to a large offset (τMODIS = 0.91τAERONET + 0.33,
R2 = 0.66) in Mexico City (Castanho et al., 2007) and a positive
bias (τMODIS = 1.24τAERONET + 0.11, R2 = 0.85) in New York City
(Oo et al., 2010). These studies demonstrated that the new reflec-
tance ratio of visible to shortwave-IR obtained for the urban areas
led to a great improvement in the agreement between the MODIS
and AERONET AOD results. Wong et al. (2011) showed that consider-
ing the complex and heterogeneous surface properties over
Hong Kong by increasing the spatial resolution to 500 m improved
the underestimation problem in the MODIS C005 AOD product. In
the study, the slope of the linear regression between the AODs
from the MODIS and AERONET was increased from 0.75 to 0.83.

In addition to the importance of accuracy in surface reflectance, the
determination of the aerosol type is also an important factor in the aero-
sol retrieval algorithm. According to Zhang, Christopher, and Holben
(2001), the uncertainty due to surface reflectance by 1% results in a
10% error in the AOD for small AODs (τ = 0.5), and a perturbation in
SSA by ±3% with respect to the reference value of 0.90 results in a
10% error for small AODs (τ = 0.5) and a 32% error for large AODs
(τ = 1.5). Therefore, the rapid change in the aerosol optical type due
to the mixture of emission sources over urban areas both spatially and
temporally is another important error source in AOD retrieval, especial-
ly for the single visible channel algorithm, which has limitations in
selecting the aerosol type.

A single visible channel from the Meteorological Imager (MI)
onboard the Communication, Ocean, and Meteorological Satellite
(COMS), the first Korean geostationary multi-purpose satellite, can be
utilized to retrieve the AOD at high temporal and spatial resolutions of
30 min and 1 km, respectively. Previously, a geostationary single chan-
nel algorithm to retrieve AOD was developed for East Asia (Yoon et al.,
2007) with the clear sky composite method. Then, Kim et al. (2008)
improved the algorithm by applying the mid-IR channel at 3.7 μm, in
addition to the conventional visible channel, to obtain more accurate
surface reflectance. In the previous study, the retrieved AOD was
comparedwith the values fromAERONET showing the linear regression
τMTSAT-1R = 0.93τAERONET + 0.21, with R2 = 0.52, at Anmyeon, Korea,
for the period from February to March 2006. Although the algorithm
showed the potential in retrieving accurate AODs from geostationary
satellites, it still has a limitation for monitoring urban aerosol due to
the fact that the usage of the mid-IR channel is restricted to areas over
dark vegetation. Thus, the objective of this study is the improvement
of AOD retrieval accuracy over the urban area of Hong Kong.

Due to the steady loading of pollutants in Hong Kong, background
aerosols have caused a bias in estimating the surface reflectance, as
found by Knapp et al. (2002). When the background aerosol optical
depth (BOD) was ignored or underestimated, less aerosol scattering
was removed from themeasured top-of-atmosphere (TOA) reflectance,
resulting in an underestimation of the retrieved AOD. Yoon (2006)
showed that the general BOD value of the all AERONET AODs
[670 nm] in 2001 was less than 0.4 and the values resulted in 40%
error of surface reflectance in the clear sky composite method. From
these results, monthly-analyzed BOD over Hong Kong in this study
was considered to improve the accuracy of surface reflectance.

Furthermore, the critical reflectance method was adopted to select
the proper aerosol type, while only the continental aerosol type in the
radiative transfer model, 6S, was assumed in the previous studies. The
surface reflectance for which a change of AOD does not change the
TOA reflectance was defined as critical reflectance, showing a one-to-
one relationship with the aerosol SSA (Fraser & Kaufman, 1985). Since
the critical reflectance can be obtained even from single-channel reflec-
tance, this method is very valuable for the geostationary algorithm. For
this study, the aerosol optical properties for five SSA conditions were
optimized over East Asia by extensive inversion data at selected
AERONET sites and applied to calculate look-up tables (LUTs). The
newly retrieved AODs were compared with those from the AERONET
measurements over the Hong Kong area. With the capability of geosta-
tionary satellites for hourly global coverage, this improved algorithm
was expected to contribute to the monitoring of aerosol events and
the comparison of numerical model results.

2. Aerosol optical depth retrieval algorithm

In this study, basically, a single visible channel algorithmwas devel-
oped tomonitor the long-range transport of aerosol over East Asia with
geostationarymeasurement, based on the general LUT approach. In cal-
culating LUTs, the dynamic aerosol optical model was constructed in
order to allow amode radius change in volume size distributionwith re-
spect to the AOD and SSA, which was compiled for each season. Then,
one of the LUTs was selected in the inversion process depending on
the conditions of the measurement. The clear sky composite method
was adopted for the basic algorithm with an assumption that BOD is 0.

The algorithmwasmodified for AOD retrieval in the localized urban
area of Hong Kong, with new features: the BOD correction was newly
added to consider the persistent aerosol loading in the urban area, and
the critical reflectance was applied to select the appropriate aerosol
type in real time over Hong Kong. To calculate the LUTs for the critical
reflectance method, five-aerosol models were newly constructed from
AERONET inversion data for different bins of SSA. The clear sky compos-
ite method, which is still a good approach for urban areas with less var-
iable surface conditions than other areas over time, was also used to
obtain surface reflectance.

Fig. 1 shows the flowchart of the AOD retrieval algorithm with the
above-mentioned new features. The MI provides the single visible re-
flectance (0.55–0.80 μm) in 1 km spatial resolution and the brightness
temperature (BT) at four IR channels in 4 km resolution. The band
ranges for those IR channels were 10.3–11.3 μm, 11.5–12.5 μm, 6.5–
7.0 μm, and 3.5–4.0 μm, respectively. To simultaneously use the BT
and the visible reflectance in cloud detection, the visible reflectance
was resampled at a resolution of 4 km.

The AOD was only retrieved for cloud-free pixels by comparing the
simulated and measured TOA reflectance values. In the algorithm,
cloud pixels were detected and masked out first using an integrated
methodology including threshold tests that detect bright and cold
clouds. In this methodology, a threshold of 0.28 for the TOA reflectance
at visible channels separates the bright cloud pixels, and a threshold of
5 K for the BT difference between the maximum BT for the previous



Fig. 1. Flowchart of the AOD retrieval algorithm using the single visible channel of the MI.
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30 days and the BT of the current pixel value separates the cold cloud
pixels. The maximum BT at the IR1 channel for each pixel was regarded
as clear conditions without clouds or aerosol by an assumption that a
cloudpixel is colder than a clear pixel. However, thismethodhas several
uncertainties for each season. Duringwinter, the low temperature of the
snow surface can result in incorrect detection of clear pixels. During
spring and autumn, the increasing and decreasing trends of the surface
temperature can lead to the underestimation and overestimation of
cloud detection, respectively. During the summer monsoon season,
the lack of clear conditions may cause an error in cloud detection as
well. After cloud masking, the AOD was retrieved by the LUT approach.

Over the Hong Kong area, surface reflectance was calculated with
the BOD correction, which will be mentioned later in Section 2.5. On
the other hand, the aerosol typewas selected by using the obtained crit-
ical reflectance value according to the precalculated relationship be-
tween the critical reflectance and SSA when the pixels satisfied the
availability test, as described in Section 2.3. For the remaining pixels
where the availability test was not satisfied, the aerosol property opti-
mized for Hong Kong was assumed.

Hereafter, each part of the study is described in detail. After a de-
scription of the methodology of the basic algorithm, a description of
the improvedmethodologies, the usage of the critical reflectancemeth-
od, and the BOD correction follow.
2.1. Aerosol optical properties over East Asia

The calculation of the LUT with a well-defined aerosol model is criti-
cal in order to obtain an accurate AOD value, because the measured TOA
reflectance is significantly affected by the amount and microphysical
properties of aerosol. Therefore, extensive AERONET inversion data
over East Asia (20°N–50°N, 95°E–145°E) (Dubovik & King, 2000;
Dubovik et al., 2000) were analyzed to obtain the optimized aerosol
model for East Asia. Table 1 lists the details for the AERONET sites used,
where 4898 datasets were compiled over 11 years, from 1999 to 2010.

Fig. 2 shows the seasonal mean of the volume size distribution, and
Table 2 lists the refractive index data obtained from the selected
AERONET sites over the study period. The seasonal aerosol optical prop-
erties were analyzed in order to consider the changes in the emission
sources and meteorological conditions. As shown in Fig. 2, fine-mode
particles of the bi-modal lognormal size distributionwere dominant ex-
cept in the spring, when frequent dust events lead to an increase in
coarse-mode particles over East Asia. As Lee, Kim, Song, Kim, et al.
(2010) suggested, the most frequently detected aerosol type over East
Asia is black carbon (BC). The refractive indices represented in Table 2
are close to those of the absorbing aerosol (Lee, Kim, Song, Ryu, et al.,
2010). The obtained AERONET dataset shows that the mode radius
tends to changewith increases in the AOD and SSA.With respect to sea-
sonal variations, SSA increased during the summer due to the hygro-
scopic growth of the aerosol in humid conditions, while the SSA
decreased during the winter due to the large amount of BC emissions
from heating sources. The seasonal SSAs at 675 nm for different AOD
bins are listed in Table 2, with averages of 0.92, 0.94, 0.92, and 0.91 for
spring (MAM), summer (JJA), autumn (SON), and winter (DJF), respec-
tively. As AOD increased, the SSA increased from 0.91 to 0.95, 0.92 to
0.96, 0.90 to 0.94, and 0.88 to 0.93 for each season in the same order
as above.
2.2. Calculation of the look-up table

With the obtained aerosol model from the analysis of the AERONET
inversion data, the seasonal LUTs were calculated using a radiative
transfer code: 6S (Second Simulation of the Satellite Signal in the Solar



Table 1
The list of the AERONET sites used to analyze the long-term aerosol optical properties.

Site Number of data Latitude (°N) Longitude (°E) Data period

Anmyeon 543 36.539 126.33 1999–2007
Bac_Giang 314 21.291 106.225 2003–2009
Beijing 906 39.977 116.381 2001–2007
Chen-Kung_Univ 309 23 120.217 2002–2010
Dongsha_Island 48 20.699 116.729 2004–2010
EPA-NCU 248 24.968 121.185 2006–2010
Gosan_SNU 193 33.292 126.162 2001–2010
Gwangju_K-JIST 217 35.228 126.843 2004–2009
Hong_Kong_Hok_Tsui 119 22.21 114.258 2007–2010
Hong_Kong_PolyU 86 22.303 114.18 2005–2010
Inner_Mongolia 11 42.683 115.954 2001–2001
Lulin 67 23.469 120.874 2007–2010
Osaka 286 34.651 135.591 2001–2008
Seoul_SNU 87 37.458 126.951 2000–2003
Shirahama 1050 33.693 135.357 2000–2010
Taichung 13 24.106 120.491 2005–2005
Taipei_CWB 293 25.03 121.5 2002–2010
Ussuriysk 108 43.7 132.163 2004–2010
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Spectrum) (Vermote, Tanre, Deuze, Herman, &Morcrette, 1997). The 6S
has been widely used in satellite remote sensing including the LUT for
the MODIS atmospheric correction algorithm. As the measured TOA re-
flectance consists of scattering from the surface reflectance and the at-
mosphere including aerosol, the TOA reflectance was calculated and
constructed as a LUT as a function of the AOD, the optical property of
aerosol, the geometry of the sun and satellite, and the surface
conditions. Table 3 shows the ranges of variables used to calculate the
LUT. The numbers of entries were selected carefully to save computing
time and to maintain the required accuracy. The calculated TOA reflec-
tancewas interpolated linearly between the neighboring bins for geom-
etry, AOD, surface reflectance, and elevation. The surface topography
and US62 standard atmosphere (McClatchey, Fenn, Selby, Volz, &
Fig. 2. The volume size distribution for each season obtained from the AERONET inversion
data listed in Table 1. The size distributions are averaged for each AOD interval, and the
color of the curve indicates the mean AOD value. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
Garing, 1972) were considered to be parameters to correct Rayleigh
scattering.
2.3. Critical reflectance method

In the case of Hong Kong, the diversity of aerosol particles from dif-
ferent sources influences the retrieval of AOD (Wong, Nichol, & Lee,
2013). The air quality over the area is influenced by various sources
from continents, industrialized regions, and oceans depending on the
wind direction. The average SSA at 675 nm obtained from AERONET in-
version data over the area changed as follows: (1) 0.90 for spring, (2)
0.92 for summer, (3) 0.91 for autumn, and (4) 0.90 for winter. In gener-
al, the occurrence of BC emissions over South Asia is significantly higher
than that over North Asia (Lee, Kim, Song, Kim, et al., 2010). Thus, SSA
for each season over Hong Kong is systematically lower than the ana-
lyzed value for East Asia, as shown in Section 2.1. For this reason, the
aerosol property for East Asia does not represent the aerosol properties
in Hong Kong. Furthermore, with the heavy traffic and large population
in Hong Kong, the source of aerosol changes diurnally and seasonally, so
the selection of the proper aerosol type over the Hong Kong area has a
crucial role in AOD retrieval. Therefore, critical reflectance was intro-
duced in order to define the aerosol types over Hong Kong.

The critical reflectance occurs when the backscattering effect of
aerosol is balanced with the absorbing effect (Wells, Martins, Remer,
Kreidenweis, & Stephens, 2012). Over the bright surface, the increase
Table 2
The refractive index and SSA at 675 nm for each seasonal aerosol type obtained from the
AERONET inversion data (MAM: March, April May; JJA: June, July, August; SON: Septem-
ber, October, November; DJF: December, January, February).

AOD

0.15 0.45 0.8 1.2 1.6 N2.6

Refractive index [real]
at 675 nm

MAM 1.47 1.47 1.47 1.49 1.53 1.52
JJA 1.41 1.42 1.44 1.46 1.46 1.45
SON 1.43 1.44 1.45 1.44 1.46 1.47
DJF 1.45 1.46 1.47 1.49 1.48 1.50

Refractive index
[imaginary]
at 675 nm

MAM 0.0084 0.0073 0.0074 0.0073 0.0060 0.0050
JJA 0.0086 0.0080 0.0062 0.0060 0.0064 0.0061
SON 0.0103 0.0096 0.0085 0.0082 0.0093 0.0083
DJF 0.0131 0.0102 0.0107 0.0121 0.0115 0.0088

SSA at 675 nm MAM 0.91 0.92 0.93 0.93 0.94 0.95
JJA 0.92 0.93 0.95 0.95 0.95 0.96
SON 0.90 0.91 0.93 0.94 0.93 0.94
DJF 0.88 0.91 0.91 0.92 0.92 0.93



Table 3
The list of the input variables used to calculate the look-up table.

Variable name No. of entries Entries

SZA 8 0, 10,…, 70
SAZA 8 0, 10,…, 70
RAA 19 0, 10,…, 180
AOD 9 0.0, 0.15, 0.45, 0.8, 1.2, 1.6, 2.6, 4, 5
Surface reflectance 4 0.0, 0.1, 0.2, 0.3
Surface elevation 2 0 km, 4 km
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of aerosol reduces the TOA reflectance by absorbing the upwelling radi-
ance from the surface, while the increase of aerosol has a positive con-
tribution to TOA reflectance over a dark surface. There exists,
therefore, the surface reflectance at which the aerosol contribution to
the TOA reflectance changes from positive to negative. The surface re-
flectance is called the critical reflectance (Castanho, Martins, & Artaxo,
2008). As the SSA increases, more upwelling radiance is required to bal-
ance between backscattering and absorbing effects of aerosol in the
fixed AOD condition. For that reason, the critical reflectance increases
with SSA.

To apply the critical reflectance method, first of all, the sensitivity of
the critical reflectance to the SSA was simulated by the 6S with five SSA
conditions (SSA1 = 0.77, SSA2 = 0.83, SSA3 = 0.88, SSA4 = 0.93,
and SSA5 = 0.97), and the relationship between the two variables is
shown in Fig. 3 with its mean and standard deviation (1-sigma). The
mean and standard values are shown as closed circles and error bars, re-
spectively. When considering the geometry of the COMS measure-
ments, the critical reflectance was calculated for the scattering angle
between 120° and 180°.

In the satellite measurements, the critical reflectance can be obtain-
ed by a linear regression between the TOA reflectance values measured
for clean and polluted conditions. Clean condition reflectance (Fig. 4(a))
was estimated by the minimum TOA reflectance for the previous
30 days at each pixel, and the measured TOA reflectance was regarded
as the polluted condition reflectance (Fig. 4(b)). An area of
120 × 120 km (30 × 30 pixels, latitude = [21.96°N to 23.18°N],
longitude = [113.20°E to 114.56°E]) near Hong Kong was selected,
which was then divided into 6 × 6 tiles with 25 (5 × 5) pixels each.
Then, using a scatter plot of the TOA reflectance, as shown in Fig. 4(c),
the critical reflectance was obtained from the intersection (closed cir-
cle) of the regression line (solid) and the one-to-one line (dotted) by
definition. From the critical reflectance and its relationship with the
SSA in Fig. 3, an aerosol typewas selected among thefive SSA conditions
for each tile based on the selected critical reflectance. To assure thequal-
ity of the retrieved information, tiles that had any of the following
SSA(550 nm)
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Fig. 3.Calculated critical reflectance for thefive values of SSA at 550 nm. The values of crit-
ical reflectance are simulated for the geometry of theMImeasurement using the radiative
transfer model 6S.
conditions were excluded: (1) a determination coefficient lower than
0.7, (2) a number of cloudy pixels greater than 50% of the total, (3) a
root mean square error (RMSE) greater than 0.006 between the data
points and the fitting results, (4) a slope of the fitting line greater than
1, and (5) an effective path radiance less than 0.02. This radiance, the
y-intercept value of the fitting line, was about 10 times the AOD differ-
ence between clean and polluted days (Zhu, Martins, & Remer, 2011).
After the quality assurance test, the aerosol types were selected by the
critical reflectance method for 5.6% of the total clear pixels for the full
spatial domain over the whole evaluation period. For the tiles where
the critical reflectance could not be identified, the aerosol type was as-
sumed according to the seasonal mean SSA over Hong Kong.

Because the number of the retrieved SSA was not sufficient, the ac-
curacy of the obtained SSA from the critical reflectance is not shown
here. According to Zhu et al. (2011), 88% of the SSA retrieved from the
critical reflectance method have a smaller difference than 0.03 with
AERONET measurements. As an uncertainty test of the critical reflec-
tance method, the previous study showed that the change of BOD
from 0.1 to 0.3 leads to an increase of the critical reflectance by 0.005
when the AOD is 0.5 on the polluted day. Also, the SSA difference be-
tween clean and polluted days adds uncertainty in the critical reflec-
tance determination. However, the previous study suggested that
those uncertainties are within the acceptable range. Therefore, the per-
sistent background aerosol floating may affect the accuracy of the criti-
cal reflectance, but it was not considered in this study.

2.4. Surface reflectance retrieval

Prior to the AOD retrieval, the surface reflectance needs to be esti-
mated in order to distinguish the aerosol signal from the measured
TOA reflectance. For estimating the surface reflectance, the clear sky
composite method was adopted to take advantage of the geostationary
observation. The composite method determined the surface reflectance
by finding theminimum value from the Rayleigh- and gas-corrected re-
flectance values over the previous 30 days at a given pixel. A search
window was selected to ensure the probability to find a clear day in
the region using the satellite dataset.

The contribution of the surface and atmosphere can be presented as
Eq. (1) by Fraser and Kaufman (1985):

Imeas ¼ I0 þ T � R= 1 � Sb � Rð Þ ð1Þ

where Imeas is the measured TOA reflectance, I0 is the atmospheric re-
flectance with the Rayleigh and aerosol scattering effect, Sb is the hemi-
spheric reflectance, T is the atmospheric transmittance for the geometry
of the sun's illumination and satellite viewing, and R is the surface re-
flectance. For the aerosol free condition, I0 is equal to the Rayleigh scat-
tering. By rearranging Eq. (1), the surface reflectance is expressed as a
function of the Imeas, I0, Sb, and T as follows in Eq. (2):

R ¼ Imeas−I0ð Þ= T þ Sb Imeas−I0ð Þð Þ: ð2Þ

Eq. (2) shows that the surface reflectance can be obtained by
correcting the atmospheric effects from the measured TOA reflectance.
However, the I0, Sb, and T cannot be retrievedwith the satellitemeasure-
ment. For this reason, they were calculated from the 6S assuming back-
ground aerosol condition, and applied to Eq. (2) regardless of the
presence of aerosol. Because the background aerosol condition was as-
sumed instead of the actual aerosol condition for the measured scene
in the atmospheric correction, the calculated values are represented as
I0′, Sb′, and T′ in Fig. 1, and the obtained result from Eq. (2) is defined
as semi-surface reflectance, R′. Over dark surfaces, the underestimation
of the aerosol scattering effect causes the increase of semi-surface re-
flectance. Therefore, the minimum value among the 30 day R′ values
was regarded as the surface reflectance under the assumption that



Fig. 4. TOA reflectance images of (a) clean and (b) polluted conditions. The image is divided into 6 × 6 tiles, and 25 values of the TOA reflectance at each tile are compared to calculate
critical reflectance. The intersection of the one-to-one line (thin solid line) and the regression line (thick solid line) in the (c) scatter plot indicates the critical reflectance. Using the cal-
culated critical reflectance, (d) the SSA is selected for each tile. SSA1, SSA2, SSA3, SSA4 and SSA5 indicate the representative SSA values of 0.77, 0.83, 0.88, 0.93 and 0.97, respectively.
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there was at least one clear condition without clouds and/or aerosol for
each pixel.

The estimated surface reflectance by the clear sky composite meth-
od showed a reasonable pattern representing the desert, dark vegeta-
tion, and urban areas over East Asia. The turbid water reflectance over
the west of the Korean Peninsula and downstream of the Yangtze
River was well detected as well. However, the reflectance signal near
the critical reflectance lost sensitivity to changes in the aerosol loading,
and the signal began to decrease with an increase in the AODwhere the
surface reflectance was greater than the critical reflectance (Hsu et al.,
2004). Therefore, the clear sky composite method was inapplicable to
bright surfaces in this case. The seasonally averaged SSAs over East
Asia including Hong Kong, which are shown in Section 2.1 and 2.3,
were generally larger than 0.9. According to the simulated relationship
between SSA and the critical reflectance in Fig. 3, the critical reflectance
was higher than 0.2 within the typical SSA range. Based on that reason,
the pixels with a surface reflectance value higher than 0.2 weremasked
out during the AOD retrieval in order to avoid the uncertainty in surface
reflectance.

Over the ocean, the uncertainty in estimating the surface reflectance
is relatively small because the ocean surface is dark and homogeneous
in general except in high wind conditions. However, the estimation of
the reflectance of land surfaces is difficult due to the large temporal
and spatial variation of surface type and its bidirectional nature at
each pixel. Vegetation change during the search window is especially
a limitation for the clear sky composite method. According to the
MODIS NDVI product (MOD13C1-Lv.3) during 2012, the vegetation
index increased from April to July and steadily decreased from August
to December. Over the Anmyeon area, a coastal background site in
Korea, the maximum increase and decrease of the NDVI during a 16-
day period was 0.12 in May and 0.10 in December. The values over Bei-
jing and Seoul also represented a similar variation.Meanwhile, theNDVI
and the surface reflectance at 0.66 μm (R0.66) in the MODIS aerosol
product (MYD04-Lv.2) showed linear regression as R0.66 = 0.08–
0.09∙NDVI with a correlation coefficient of 0.87. The relationship indi-
cates that the 0.1 increase of the NDVI corresponded to the 0.009 de-
crease of the R0.66. As mentioned above, because 1% of surface
reflectance error results in 10% of AOD error in the low AOD condition,
the vegetation change during April and December could add uncertain-
ty in AOD retrieval. Similar to the vegetation change, solar angle change
could also be one of the uncertainty sources in the surface reflectance
estimation. Over the East Asia region, the solar zenith angle change dur-
ing the 30-day period varies from 0.16% in January to 33.92% in Septem-
ber. Generally, those values are large during MAM and SON and small
during DJF and JJA. To avoid the solar angle change effect, we found
theminimumvalue of the semi-surface reflectance, which uses normal-
ized solar reflectance instead of converting the minimum TOA reflec-
tance to the surface reflectance.

To reduce the uncertainty generated by the change in surface proper-
ty with time and to consider the non-Lambertian nature, several studies
adapted a BRDF correctionmethod such as themulti-angle implementa-
tion of atmospheric correction (MAIAC) algorithm (Lyapustin et al.,
2011; Zhang et al., 2011). In this study, we made an attempt to apply
the anisotropic reflectance obtained from MODIS BRDF parameters
(MCD43) to the clear sky reflectance in order to correct the BRDF, but
the effect was not significant. The clear sky composite for the semi-
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surface reflectance already takes into account the BRDF effect in a way,
because the composite is from normalized reflectance for a fixed sun–
satellite geometry. Therefore, additional BRDF correctionwasnot applied
here.

2.5. Background aerosol

In general, urbanized areas are steadily influenced by aerosols of
both natural and anthropogenic origins, thus, background aerosol pre-
sents persistently even on clear days. According to the long-term analy-
sis of the AOD products retrieved from both MODIS and AERONET, the
background aerosol over Hong Kong is much greater than over other
urban regions. The underestimation of this background aerosol in the
basic algorithm results in a miscalculation of atmospheric parameters
in Eq. (2) and an overestimation of the surface reflectance because the
contribution of BOD is added to surface reflectance.

Fig. 5 shows the time series of the monthly and daily minimum
AODs at 550 nm obtained from the 7 years of AERONET measurements
at Hong Kong Polytechnology University [longitude = 114.18°E,
latitude = 22.30°N] from 2005 to 2011. From the measured AOD, the
second minimum AOD in a given month was defined as the monthly
BOD to avoid measurement noise and to reduce the temporal disconti-
nuity of the BOD. The secondminimumAOD showed an autocorrelation
coefficient of 0.59, whereas the first minimum AOD series showed a
value of 0.38. Although the average difference of 0.028 between the
first and secondminimumAODswas larger than the knownuncertainty
of 0.01 in AOD measurements from CIMEL instruments (Eck et al.,
1999), the second minimum with stable time variation was preferred
to avoid discontinuity in AOD retrieval.

As shown in Fig. 5, the monthly BOD over Hong Kong ranged from
0.03 and 0.3, while the assumed BOD in several previous studies ranged
from 0 to 0.03 (e.g., Kim et al., 2008; Knapp, Frouin, Kondragunta, &
Prados, 2005; Wong et al., 2011; Yoon et al., 2007). Over Hong Kong,
the southerly monsoon brings warm, moist air from the ocean and
leads to frequent precipitation, while the persistent northeast mon-
soons in spring and winter carry pollutants from various sources over
the southeastern regions of China (He, Li, Mao, Lau, & Li, 2006). Also,
the stable atmospheric conditions resulting from the cool, dry air in
spring and winter trap the local pollution for a longer time than in
other seasons. For this reason, the maximum BOD value occurred in
April, while the minimum value occurred in August, as shown in Fig. 5.

The underestimation of the BODwas related to the underestimation
of the retrieved AOD. Accordingly, the monthly BODs were applied to
Fig. 5. Time series of the absolute minimum of the AOD at 550 nm obtained from 7 years
of AERONETmeasurements at theHongKong PolytechnologyUniversity site from 2005 to
2011. The black solid line is the dailyminimum, and the red dotted line is themonthly sec-
ondminimumAOD. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
correct the atmospheric effects in the retrieval process of the surface re-
flectance over the Hong Kong region. Since the BOD generally ranges
from 0 to 0.4, as suggested by Yoon (2006), the background aerosol
properties were analyzed from selected AERONET inversion data with
AODs lower than 0.4 at 550 nm. Then, the obtained aerosol properties
and the BOD were applied to calculate parameters such as the I0′, T′,
and Sb′ in Eq. (2), shown in Section 2.4, for the atmospheric correction.

3. Results and discussion

3.1. Results from the basic algorithm

The retrieved AOD over East Asia from the basic retrieval algorithm
is presented in Fig. 6(b),which shows the transport of high aerosol load-
ing from China to the Korean Peninsula. Generally, the results showed
reasonable distribution varying from 0 to 3 and agreed well with the
RGB image from the GOCI observation, as shown in Fig. 6(a). There
was no discontinuity between the land and ocean, as the same method
was applied for both regions. This algorithm also detected clean condi-
tions even over turbid water areas, which can sometimes bemistakenly
detected as having large amounts of aerosol. However, the central part
of the huge dust plume in the northern part of the Shandong Peninsula
was misidentified as clouds, and noise still remained near the edge of
the large clouds over the China Sea, the Philippine Sea, and the south
of the Pacific. Therefore, more careful attention is required to under-
stand the effects of clouds on the retrieved AOD image and to improve
the algorithm.

For the quantitative validation of the result, the retrieved AOD was
compared with the value from MODIS measurements. In this study,
the MODIS AOD datasets (MYD04 level2) were collocated with the
criteria in timewithin 30 min and in space within 0.5 × 0.5° for valida-
tion. To avoid the remaining cloud noise, the retrieved AODs from the
MI, which had lower standard deviations of the AOD than 50% of the
mean AODwithin the spatial collocation area, were averaged and com-
pared to the MODIS data. The comparison result is shown in Fig. 6(c)
and (d) for the period from May 2011 to May 2012 over land and
ocean, respectively. The comparison results show that the performance
of the single channel algorithmwas reasonably good, with a correlation
coefficient (r) of 0.85 and 0.68 over ocean and land, respectively. How-
ever, the retrieved AOD over land was largely underestimated by about
47.3%with a higher y-intercept value of 0.29 compared to the reference
value, while the results over the oceanwere slightly underestimated by
about 4.3%with a lower y-intercept of 0.03. Also, the RMSE values show
that the landAODhas a larger residual than the oceanAOD.As described
above, the uncertainty in the surface reflectance retrieval over land re-
sults from the existence of background aerosol, which leads to the
AOD underestimation, and the uncertainty is further complicated with
the temporal change of surface property.

Fig. 7 compares validation results for East Asia overall and local re-
gions of Hong Kong and Anmyeon sites. For validation, the AODs mea-
sured from AERONET over the East Asia region from May 2011 to June
2012 were collocated with the criteria in time within 30 min and in
space within 7 × 7 pixels surrounding the location of the AERONET
site. For East Asia, the correlation coefficient is 0.69, and the linear re-
gression is represented by a slope of 0.74, y-intercept of 0.21, and
RMSE of 0.28. Although the data frequency in the color bar represents
that the retrieved AODs are well matched with the AERONET value,
the scatter plot shows that the RMSE and y-intercept are significantly
increased by the overestimated AOD in the range where AERONET
AODs are lower than 0.5. Those overestimated AODs appeared during
autumn and winter due to the increase in retrieval uncertainty related
to the vegetation change and/or cloud/snow detection error.

Fig. 7(b) shows the comparison of the retrieved AODwith AERONET
data at Hong Kong, and Fig. 7(c) shows the same at the Anmyeon site.
Due to the data availability at the two sites in the AERONET level 2.0 in-
version dataset, the period of validation is fromMay to October, 2011 at
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Fig. 6.Anexample of (a) theRGB image fromGOCI and (b) the retrievedAOD at 550 nm fromMIonApril 27, 2012. The scatter plots show the relationship between retrievedAODs and the
values fromMODIS over (c) land and (d) ocean, respectively. The period of the comparison dataset is from May 2011 to May 2012. The dashed line shows the linear regression and the
color sale indicates the data frequency. (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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Hong Kong and from March to May at Anmyeon. In the case of
Anmyeon, although the result might be affected by the error of surface
reflectance related to vegetation growth in spring, the retrieved AODs
showed agreement on the value of AERONET measurements with the
correlation coefficient of 0.93. The regression line showed that there
was an overestimation tendency with a regression slope of 1.20, y-
intercept of −0.08, and RMSE of 0.11. Whereas the retrieval accuracy
was in the reasonable range at the background site, Anmyeon, the accu-
racy at Hong Kong was not as high for the validation, as shown in
Fig. 7(b). This comparison shows that the retrieved AOD over Hong
Kong was significantly underestimated. According to the MODIS NDVI
product for 2012, the annual change of vegetation over the region of
Hong Kong was not significant even during spring and autumn. Thus,
the uncertainty caused by surface condition change was relatively low,
but the uncertainty related to the determination of aerosol type and
underestimated BOD is still a problem remaining over the Hong Kong
area. So, the poor results could be improved by identifying the correct
aerosol type and compensating the underestimated BOD, as described
above.
3.2. Comparison of improved AOD against AERONET

The algorithmwas improved by selecting the proper aerosol models
using the critical reflectance and compensating for the effects of the
BOD. As shown in Fig. 4(d), the SSA tended to be overestimated in the
previous seasonal average models than the value determined by the
critical reflectance, which resulted in a decrease in the AOD. The re-
trieved AOD with the critical reflectance method was validated against
the AOD derived from the AERONET measurements for the same six
months. Fig. 8(a) shows the validation results with a slight improve-
ment for all of the comparison parameters, such as the correlation coef-
ficient (r), slope, and y-intercept of the linear correlation, from the
values shown in Fig. 7. The first and third columns in Table 4 compare
the actual values.

Using the BOD correction, the estimated surface reflectance over the
dark areas decreased slightly. The change in surface reflectance not only
led to an increase in the AODover the dark regions, but also reduced the
number of pixelswith negative AOD. The negative AODoccurswhen the
summation of surface reflectance and atmospheric molecular scattering
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Fig. 7.Comparisons between the obtainedAOD from the basic algorithmand the value from theAERONET (a) over the East Asia, (b) at theHongKong PolytechnologyUniversity, and (c) at
the Anmyeon. The colors of the points indicate the data frequency in (a), and themonth of the measurement in (b) and (c). The data period for the comparison at the Hong Kong and the
Anmyeon are fromMay to October in 2011 and fromMarch toMay in 2012, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to theweb
version of this article.)
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is larger than the measured TOA reflectance. As a result of these chang-
es, the number of data points with a low AOD value was increased, and
the linear regression between themodified AODandAERONET values in
Fig. 8(b) was improved. In this algorithm, the basic seasonal aerosol
model was used instead of the critical reflectance method. Comparing
Fig. 8(b) with Fig. 8(a), we can see that the improvements in the accu-
racy due to the BOD correction were more effective than the aerosol
model correction in terms of the correlation slope and the y-intercept,
while the effects of the improvement in the correlation coefficient
were similar in both methods.

The retrieved AOD from the algorithm that simultaneously adopts
both of the additional corrections was improved most significantly,
with a correlation coefficient of 0.76, a slope of 0.70, and a y-offset of
0.10, as shown in Fig. 8(c). The comparison results show that the under-
estimation trendwas significantly reduced by adopting bothmethods in
b) BOD
Correction 

a) Critical
Reflectance method 

Fig. 8. Comparison between the AOD from the MI retrieval algorithm and that from the A
method; (b) algorithm with background aerosol correction; (c) algorithm with both corre
line is the regression result.
order to consider the heterogeneous aerosol conditions over the urban-
ized area, although the slope was still lower than 1. Fig. 9 shows (a) the
RGB image, (b) the retrieved AOD from theMODISmeasurement, (c) an
example of the retrieved AOD from the MI over Hong Kong on October
18th, 2011, and (d) the scatter plot between AODs fromMI and MODIS
fromMay to October 2011. Comparing the RGB images, we can see that
the localized AOD distribution over the Hong Kong area shows reason-
able agreement. In addition, the retrieved AOD in higher spatial resolu-
tion of the MI measurements can provide a more detailed information
about the aerosol loading over the region than the MODIS product
with a spatial resolution of 10 km × 10 km. In the comparison of AOD
with that of MODIS, the slope and y-intercept of linear regression over
the ocean was better than the values over land. The comparison over
land showed the linear correlation of τMI = 0.69τMODIS + 0.12 with
the correlation coefficient of 0.75 and was very similar to the
c) Both Critical
reflectance method 
and BOD correction 

ERONET measurement for each algorithm: (a) algorithm with the critical reflectance
ctions. The error bar is the temporal/spatial standard deviation, and the black dotted



Table 4
Summary of the comparison results in Fig. 7 and Fig. 8.

Basic algorithm Only critical reflectance Only BOD correction Both BOD and critical reflectance

r 0.65 0.70 0.70 0.76
Slope 0.41 0.46 0.54 0.70
Intercept 0.16 0.16 0.05 0.01
RMSE 0.14 0.12 0.15 0.15

185M. Kim et al. / Remote Sensing of Environment 142 (2014) 176–187
comparisonwith AERONETmeasurements. However, the RMSEwas rel-
atively larger than the value for the AERONET comparison.

4. Summary

The strength of the AOD retrieval with geostationary measurements
lies in the capability to monitor the change in air quality with high tem-
poral and spatial resolution. The capability is in particularly high de-
mand for urbanized areas with large populations and diverse emission
sources of aerosol. The aerosol loading over the localized urban area is
closely related to public health and industrial activity. However, the ac-
curacy of the AOD over the region has been relatively inferior compared
to the work over dark vegetative surfaces or the ocean, because of the
difficulty in considering the localized surface and atmospheric condi-
tions. For this reason, an improved algorithmwas developed to retrieve
the AOD over urban areas by combining multiple techniques with a re-
alistic dataset. In this algorithm, the presence of the background aerosol,
which can be represented as a positive minimum in optical thickness,
MODIS RGB IMAGE

MODIS AOD [550 nm]

a)

c)

Fig. 9. An example of (a) the MODIS RGB image, (b) the retrieved AOD product with addition
2011 at 05 UTC. (d) is a scatter plot between AODs from MI and MODIS fromMay to October i
was applied to the atmospheric correction to improve the accuracy of
the surface reflectance, and the critical reflectancemethodwas adopted
to select the aerosol model with only a single visible reflectance. Then,
the retrieved results were validated with the measured values from
AERONET.

The validation results show that the retrieved AODover the Anmyeon
area, where the BOD was relatively lower than that of the urban area,
were strongly correlated with the value of AERONET, with a correlation
coefficient of 0.93 and a slope of 1.20 without additional corrections.
The overestimation could be caused by seasonal vegetation change. The
thin cirrus clouds and cloud shadows, which were difficult to mask ex-
cept by using very high resolution thermal images, were an additional
source of uncertainty in the current AOD retrieval. Over HongKong, how-
ever, the retrievedAODwas significantly underestimated,while the com-
parison results over the background area were slightly overestimated.
The underestimation was primarily caused by the misidentification of
the aerosol type and a lack of background aerosol information in the
basic algorithm. The assumed aerosol model in the basic algorithm
MI AOD [550 nm]b)

d)

al corrections, and (c) the MODIS level 2 AOD product over Hong Kong on October 18th,
n 2011. The black squares are results over land and white squares are results over ocean.
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cannot represent the conditions in Hong Kong, becausemore than 70% of
the AERONET data set used to estimate the seasonal aerosol model was
measured inNortheast Asia. In the comparison of the local aerosol optical
properties over Hong Kong, the local SSAwas consistently lower than the
seasonally assumed value, although the increase in the SSA in summer,
related to monsoon conditions, was well matched. These disagreements
in the aerosol model may have resulted in the underestimation of AOD.
In addition, owing to the steady local pollutant emissions, aerosol trans-
port by the northeast monsoons, and sea salt from the south ocean,
Hong Kong has the largest loading of background aerosol. Therefore,
there was an obvious estimation error in the surface reflectance caused
by ignoring the background aerosol.

Using the critical reflectance over Hong Kong, the SSA from the se-
lected aerosolmodelwasmostly lower than the value from the seasonal
model, resulting from the increase in the retrieved AOD. However, the
accuracy improvement by the method was marginal, because only sev-
eral pixels satisfied the quality assurance test. Unnatural AOD disconti-
nuity caused by the spatial discontinuity of the SSA model was also one
of the problems with the method. In addition to the critical reflectance
method, the effects of the BOD correction were more obvious in the im-
provement of the y-offset value. The average decrease in the surface re-
flectance by 2.5% led to an increase in the retrieved AOD, and the new
AOD was in better agreement with those of AERONET. By the effects of
both of the corrections, the correlation coefficient increased from 0.65
to 0.76, and the slope of the linear regression increased from 0.41 to
0.70. The y-intercept decreased from 0.16 to 0.01. Those correlation pa-
rameters indicate that the underestimation trend of the AOD over
Hong Kong was significantly improved. Therefore, the algorithm for
AOD retrieval developed in this study is expected to providemore accu-
rate results over both rural and urban areas in high temporal resolution.
These results can also be utilized in comparison with the results from
chemistry transport models.

While the additional corrections for urban areas led to the enhance-
ment of AOD retrieval, bright urban surfaces with large spatial variance
still had uncertainty in the surface reflectance estimation, and bidirec-
tional reflectance could be applied to overcome this problem. Also, in-
complete cloud masking can produce noise signals and high AOD
values near the edge of cloudy pixels, but a tight threshold for cloud de-
tection masked out too many aerosol scenes and reduced retrieval cov-
erage. The BT threshold test used in this study may cause a cloud
detection error during the change of the seasons, and the lack of a cirrus
cloud detection process caused the overestimation of AOD retrieval.
Therefore, future work needs to have a more robust, accurate cloud
masking method and BRDF correction.
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