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Aerosol Optical Depth (AOD) is a measure of the columnar atmospheric aerosol content. Satellite remote
sensing has been used to retrieve AOD over land and ocean at spatial resolutions of several to several tens
of km. In most cases, a Radiative Transfer Model (RTM) is used to construct a look-up table (LUT) to act as
a map between measurements and physical quantities. In the current study, MODerate resolution Imaging
Spectroradiometer (MODIS) measurements were used to develop a Simplified Aerosol Retrieval Algorithm
(SARA) for use over Hong Kong at high (500 m) spatial resolution, without using a LUT. Instead, RTM calcula-
tions were applied directly to the MODIS data, with the aerosol properties derived from a local urban Aerosol
Robotic Network (AERONET) station at the Hong Kong Polytechnic University, and surface reflectance from
the MOD09GA level-2 daily surface reflectance product. For validation, the SARA AOD at 500 m, along with
the operational MODIS aerosol product (MOD04 C005) at 10 km spatial resolution, was compared with data
from a ground-based Microtops II sun photometer at the Hong Kong International Airport, a Sky-radiometer
at the City University of Hong Kong, and an AERONET station at Hong Kong Hok Tsui. The 500 mAOD retrieved
from the SARA showed a high consistency with ground-based AOD measurements, with average correlation
coefficient ~0.964, root mean square error (RMSE) ~0.077, and mean absolute error (MAE) ~0.065. The
SARA AOD showed a good agreement with MOD04 C005 AOD over both urban and rural areas of Hong
Kong, with average correlation coefficient ~0.917, RMSE ~0.087, and MAE ~0.072. The results demonstrate
that our simplified AOD algorithm is better able to represent aerosol conditions over Hong Kong than the
MOD04 C005 standard product as well as other higher resolution algorithms which have been tested over
Hong Kong.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Atmospheric aerosols are particles suspended in the atmosphere
that vary in their size distribution, shape, total column content, and
composition (Kaufman et al., 1997a). Aerosols play an important role
in determining the earth's radiation budget and its impact on climate
variability by the scattering and absorption of incoming solar energy.
They also absorb incoming solar radiation which causes a warming
effect in the atmosphere, whereas aerosol forcing at the top of the at-
mosphere may cause a cooling effect by reflecting solar radiation. A
full understanding of the impact of aerosol particles in climate and
air quality control strategies requires the retrieval of aerosol amounts
and characteristics. Spectral aerosol optical depth (AOD) is the param-
eter most frequently used, because it is the easiest quantitatively-
useful parameter to obtain (Clarke et al., 2001; Holben et al., 2001).
AOD is a measure of the extinction (scattering + absorption) of

solar light due to aerosol particles (Ångström, 1930; van de Hulst,
1948). Satellite remote sensing with passive imaging radiometers
can provide quantitative measurements of AOD (Tang et al., 2005)
from local to global scales (Kaufman et al., 2002). The spatial variabil-
ity of AOD can be examined much better from satellite sensors than
from ground stations, but satellite retrieval is subject to four major
uncertainties/challenges: calibration, cloud screening, selection of the
aerosol model and correction for surface reflection (Li et al., 2009).

Over land, the main objective of satellite remote sensing is to re-
trieve aerosol optical properties between the top of the atmosphere
(TOA) and the ground surface, as satellite received radiation corre-
sponds to radiation reflected from the surface affected by atmospheric
and aerosol scattering along the path aswell as atmospheric path radi-
ance. Since this path radiance from the atmosphere corresponds to the
optical penetration of light or AOD, the estimation of surface reflec-
tance (Li et al., 2009; Mishchenko et al., 1999) is an important factor
in developing an aerosol retrieval algorithm over land. Low surface re-
flectance values allow good discrimination between path radiance of
aerosols and the radiance of the land surface. However, high surface
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reflectance values make it difficult to accomplish this discrimination
as aerosol path radiance is often lower than surface radiance. AOD
products over land can be obtained by sensors such as the Total
Ozone Mapping Spectrometer (TOMS, Torres et al., 2002), the Sea-
viewing Wide Field-of-view Sensor (SEAWIFS, Sayer et al., 2012), the
Ozone Monitoring Instrument (OMI, Torres et al., 2007), Polarization
and Directionality of the Earth's Reflectances (POLDER, Herman et
al., 1997), the Along Track Scanning Radiometer (ATSR-2, North,
2002), the Geostationary Operational Environmental Satellite (GOES,
Prados et al., 2007), the Advanced Very High Resolution Radiometer
(AVHRR, Hauser et al., 2005; Riffler et al., 2010), theMEdiumResolution
Imaging Spectroradiometer (MERIS, Vidot et al., 2008), the Multiangle
Imaging SpectroRadiometer's (MISR, Kahn et al., 2005, 2010), and
AOD is available as standard products from the MOderate Resolution
Imaging Spectroradiometer (MODIS) deep blue algorithm (Hsu et al.,
2004, 2006) and dark target algorithm (Levy et al., 2007a, 2010;
Remer et al., 2005, 2008).

MODIS sensors aboard the National Aeronautics and Space Ad-
ministration (NASA)'s Earth Observing System (EOS) satellite plat-
forms, Terra and Aqua, have operated since December 1999 and
May 2002 respectively. Terra is a polar orbiting satellite at an altitude
of approximately 700 km with equatorial crossing (southward) at
around 10:30 a.m. local solar time (LST), and a swath width of
2330 km. MODIS has 36 wavelength channels ranging from 0.41 to
14 μm at moderate spatial resolutions (250m, 500 m and 1 km)
and good temporal resolution (1 to 2 days). It retrieves AOD over
land with spatial resolution of 10 × 10 km at nadir and 20 × 40 km
at the edge of the swath. Levy et al. (2007a, 2007b) introduced a
“second generation” dark target algorithm, Collection 5 (C005), in
the current MOD04 aerosol product. In C005, the surface reflectance
relationship between visible and SWIR channels is presented as a
function of vegetation index (NDVISWIR) and scattering angle (Levy
et al., 2007a). The MODIS algorithm reports Quality Assurance (QA)
flags ranging from 3 (good quality) to 0 (poor quality) (Hubanks et
al., 2012; Levy et al., 2010). Those with QA flag = 3 provide the
best match with AERONET AOD and are strongly recommended for
use in quantitative analysis. The C005 dark-target algorithm has
been studied globally and regionally (Hyer et al., 2011; Jethva et al.,
2007; Levy et al., 2010; Li et al., 2007; Mi et al., 2007; Papadimas et
al., 2009), and higher accuracy is reported than for the C004 algo-
rithm. For C005 AOD with QA flag = 3, 72% of retrievals fall within
the Expected Error (EE) envelope of ±(0.05 + 0.15AODAERONET) on
a global scale (Levy et al., 2010) but this varies regionally due to dif-
ferent surface types and aerosol loadings. The C005 retrieval is best
matched with AERONET AODwhere ρ2.21 μm ~ 0.10–0.15 (moderate-
ly dark) and NDVISWIR ~ 0.30–0.40 (moderately green) but it overes-
timates and underestimates AOD (by 0.02 or more) over bright
surfaces (ρ2.21 μm approaching 0.25 and NDVISWIR b 0.2) and unusu-
ally dark surfaces (ρ2.21 μm b 0.05 or green at NDVISWIR > 0.6), re-
spectively (Levy et al., 2010). The C005 retrieval has a positive bias
in AOD due to cloud fraction which varies from 26% of “Bad (QA
flag = 0)” retrievals to 10% of “Very Good (QA flag = 3)” retrievals
(Hyer et al., 2011).

Monitoring and understanding the behavior of atmospheric
aerosols at local scales over complex urban terrain such as Hong
Kong requires aerosol retrieval algorithms that support high spatial
resolution. Thus Li et al. (2005) modified the DDV algorithm to re-
trieve AOD from MODIS at a 1 km spatial resolution over Hong
Kong although validation was limited to DDV dark targets. Wong
et al. (2011) retrieved AOD from MODIS at 500 m resolution over
Hong Kong using the Minimum Reflectance Technique (MRT) for
surface reflectance estimations. However the MRT computation is
time consuming and suffers from changing surface reflectance.
Wang et al. (2012) retrieved AOD from MODIS at 500 m resolution
over Mainland China and Hong Kong using Xue and Cracknell's
(1995) surface reflectance estimation method which is based on

multiple view-angle observations and a radiative transfer equa-
tion, but validation was limited to only two months of data. All of
these methods make use of a look-up table (LUT), which includes
parameters such as solar and view angles, AOD, single scattering al-
bedo (SSA), asymmetry factor and aerosol models. The MODIS AOD
retrieved from the LUT process for the current period is based on
viewing geometry and aerosol conditions from earlier observations
so that an independent determination is not made. Therefore a
new, high spatial resolution satellite aerosol retrieval algorithm
based on real viewing geometry encompassing a wide range of
aerosol conditions and aerosol types (ωo = 0.80–1.0) is required
to retrieve AOD.

The primary objectives of this study are to: (i) explore a simpli-
fied, high resolution AOD retrieval method for MODIS images over
mixed surfaces which does not require a LUT, and (ii) evaluate
the MOD04 C005 standard aerosol product at 10 km spatial resolu-
tion over the same surfaces for comparison purposes. Secondary
objectives are to (i) evaluate the ability of the method to identify
pollution sources at regional scale, and (ii) analyze the temporal
behavior of aerosols over the complex and hilly terrain of Hong
Kong.

2. Study area and data used

Hong Kong is situated on complex and hilly terrain on the coast of
south-east China with an area of 1095 km2 and highest elevation of
957 m above sea level. It has a humid subtropical climate with
mean annual rainfall from 1400 mm to 3000 mm. It has been
experiencing visibility and air quality problems as have many other
Asian cities (Chan & Yao, 2008) due to the presence of ambient par-
ticulate matter (PM). The PM comes from both local and regional
sources (Tsang et al., 2008). To help monitor this situation, two
AERONET (urban and rural) stations as well as a Sky-radiometer
and Microtops II Sun photometers have been deployed. The Urban
AERONET station (Hong_Kong_PolyU, 22.303° N, 114.179° E) is at the
center of the urban area at the Hong Kong Polytechnic University
(PolyU) and has operated since 2005. The Rural AERONET station
(Hong_Kong_Hok_Tsui, 22.209° N, 114.258° E) was installed in a re-
mote rural area near the coast and operated from 2007 to 2010.
AERONET (Holben et al., 1998, 2001) is aworldwide network of approx-
imately more than 700 well calibrated Sun photometers. It provides
cloud free AOD observations (Smirnov et al., 2000) in seven channels
(0.340–1.020 μm) every 15 min, with an uncertainty of ~0.01–0.02
(Holben et al., 2001), which is three to five times more accurate than
satellite observations (Remer et al., 2009).

The Microtops II Sun photometer (Morys et al., 2001) is a portable
manually operated instrument which was deployed at the Hong Kong
Internal Airport (HKIA, 22.317°N, 113.917°E) thought to be the most
polluted area of Hong Kong. The Microtops II Sun photometer mea-
sures AOD by direct solar irradiance measurements in five wavebands
(0.380–1.020 μm)with an uncertainty of ~0.015–0.02 (Knobelspiesse
et al., 2004).

The portable ground-based Sky-radiometer is a scanning spectral
radiometer (Nakajima et al., 1996) deployed at the City University of
Hong Kong (CityU, 22.340°N, 114.170°E) in a suburban area. It mea-
sures AOD in five channels (0.400–1.020 μm) by taking measure-
ments of direct and diffuse solar irradiance with an uncertainty of
0.01–0.025 (Campanelli et al., 2004). The Sky-radiometer AOD has dif-
ferences of 0.01 (Che et al., 2008) to 0.03 (Liu et al., 2011) compared
with AERONET AOD.

The PolyU (urban) AERONET AOD at 0.55 μm was used in the de-
velopment of the SARA, and for validating the retrievals the Hok Tsui
(rural) AERONET, CityU (suburban) Sky-radiometer, and HKIA (rural)
Microtops II Sun photometers were used. The AOD at 0.55 μm for
these instruments was interpolated from other wavelengths using the
Ångström exponent (Ångström, 1964). The locations of the AERONET,
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Sky-radiometer andMicrotops II Sun photometers station inHongKong
are shown in Fig. 1 and the characteristics of these Sun photometers are
given in Table 1.

Remote sensing of aerosols in Hong Kong is limited by cloud cover,
but cloud-free skies are most common in November, December and
January. The MODIS (Terra) data products (MOD02HKM calibrated
radiance, MOD03 geolocation data, MOD09 surface reflectance and
MOD04 C005 operational aerosol product) for Hong Kong were
obtained from the GSFC (Goddard Space Flight Center) Level 1 and At-
mosphere Archive and Distribution System (LAADS) (http://ladsweb.
nascom.nasa.gov).

3. Methodology

A Simplified Aerosol Retrieval Algorithm was developed that
does not use the common technique of constructing a LUT from
the Radiative Transfer Model (RTM). Instead, RTM equations were
applied directly to the MODIS data products (MOD02, MOD03,
and MOD09) to retrieve AOD at high spatial resolution (500 m).
The SARA AOD retrievals have three assumptions; (i) the surface
is Lambertian, (ii) single scattering approximation, and (iii) the
single scattering albedo and asymmetric factor do not vary spatial-
ly over the region on day of retrieval. Thus the SARA requires
MOD02HKMdata to calculate the TOA reflectance,MOD03data to obtain
the solar and view angles, MOD09GA to retrieve the daily surface reflec-
tance and AERONET data to obtain the single scattering albedo and
asymmetric factor for the day of the retrieval (the PolyU AERONET sta-
tion is used for this purpose).

The MOD02HKM swath data provide the satellite received TOA radi-
ance (LTOA(λ)) in the visible tomid-infraredwavelengths of the solar spec-
trum from 0.41 μm to 2.16 μm (Salomonson et al., 2006). The SARA is
based on the satellite received spectral reflectance (ρλ), which is a func-
tion of measured spectral radiance (LTOA(λ)), solar zenith angle, earth–
sun distance in astronomical unit and mean solar exoatmospheric
radiation (Eq. 1):

ρTOA λð Þ ¼
πLTOA λð Þd

2

ESUNλμs
ð1Þ

where ρTOA(λ) = satellite received TOA spectral reflectance, LTOA(λ) =
satellite received TOA spectral radiance, ESUNλ = mean solar exoatmos-
pheric radiation as a function of MODIS band number (Tasumi et al.,
2008), d = the earth–sun distance in astronomical unit (Duffie &
Beckman, 1991), and μs = cosine of solar zenith angle. The satellite re-
ceived TOA spectral reflectance is defined as a function of atmospheric
path reflectance (scattering of solar radiation within the atmosphere),
and surface function (reflection of the solar radiation from the surface
that is directly transmitted to the TOA). The TOA spectral reflectance,
ρTOA(λ), a function of solar and view zenith and azimuth angles, can be es-
timated using Eq. (2) (Tanré et al., 1988; Vermote et al., 1997):

ρTOA λ;θs ;θv ;ϕð Þ ¼ ρAer λ;θs ;θv ;ϕð Þ þ ρRay λ;θs ;θv ;ϕð Þ þ
T θsð ÞT θvð Þρs λ;θs ;θv ;ϕð Þ
1−ρs λ;θs ;θv ;ϕð ÞS λð Þ

ð2Þ

where θs = solar zenith angle, θv = view zenith angle, ϕ = relative
azimuth angle,ρAer λ;θs ;θv ;ϕð Þ = aerosol reflectance resulting frommultiple
scattering in the absence of molecules, ρAer λ;θs ;θv ;ϕð Þ = Rayleigh
reflectance resulting from multiple scattering in the absence of
aerosols, T θsð Þ = transmission of the atmosphere on sun-surface path,
T θvð Þ = transmission of the atmosphere on the surface-sensor path,
ρs λ;θs ;θv ;ϕð Þ = surface reflectance, and S(λ) = atmospheric backscattering

Fig. 1. AERONET, Sky-radiometer and Microtops II Sun photometers station in the complex terrain of Hong Kong.

Table 1
AERONET, Sky-radiometer, and Microtops II Sun photometers.

Instrument AERONET Sky-radiometer Microtops II

Wavelength (μm) 0.340 0.440 0.340
0.380 0.500 0.500
0.440 0.675 0.675
0.500 0.870 0.870
0.675 1.020 1.020
0.870
0.940

Uncertainty 0.01–0.02 0.01–0.025 0.015–0.02
Field-of-view (°) 1.2 1.0 2.5
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ratios to account for the multiple reflection between the surface and at-
mosphere. T θsð Þ and T θvð Þ are defined by Eqs. (3) and (4):

T θsð Þ ¼ exp − τR þ τað Þ � 1
.

μs

� �
ð3Þ

T θvð Þ ¼ exp − τR þ τað Þ � 1
.

μv

� �
: ð4Þ

Our SARA relies on the aerosol reflectance,ρAer λ;θs ;θv ;ϕð Þ, which can be
calculated by subtracting the Rayleigh path reflectance,ρRay λ;θs ;θv ;ϕð Þ, and
surface function from the satellite measured top of atmosphere reflec-
tance, ρTOA λ;θs ;θv ;ϕð Þ (Eq. 5):

ρAer λ;θs ;θv ;ϕð Þ ¼ ρTOA λ;θs ;θv ;ϕð Þ−ρRay λ;θs ;θv ;ϕð Þ−
T θsð ÞT θvð Þρs λ;θs ;θv ;ϕð Þ
1−ρs λ;θs ;θv ;ϕð ÞS λð Þ

: ð5Þ

The correction of the satellite data for Rayleigh scattering (Antoine &
Morel, 1998) depends on determination of the Rayleigh phase function
(Lado-Bordowsky & Naour, 1997; Liang, 2005) and Rayleigh optical
depth (τR, Eq. 6, Liang, 2005):

τR ¼ Pz

Po
0:00864þ 6:5 � 10−6 � z

� �
λ− 3:196þ0:074λþ0:05=λð Þ ð6Þ

where Pz = ambient pressure with respect to elevation (mbar), Po =
1013.25 mbar (pressure at sea-level), z = ground elevation (height)
above sea level in kilometer (km), and λ = wavelength inmicrometers.

Surface reflectance is possibly the most important factor in the
retrieval of aerosol optical depth from satellite remote sensing mea-
surements (Li et al., 2009; Mishchenko et al., 1999). Surface reflec-
tance for SARA is obtained from the MODIS level-2G (MOD09GA)
daily surface reflectance product at 500 m spatial resolution (Vermote
& Kotchenova, 2008). This product employs atmospheric correction
(conversion of TOA into surface reflectance) to estimate the surface re-
flectance in MODIS bands 1 to 7 (0.470 μm–2.13 μm). The algorithm
used by the MODIS atmospheric products (MOD04 — aerosol optical
depth, MOD05 — water vapor, MOD07 — ozone and MOD35 — cloud
mask) and ancillary data (Digital Elevation Model (DEM) and Atmo-
spheric Pressure) account for aerosol and gaseous scattering and
absorption, adjacency effects of land cover, Bidirectional Reflectance
Distribution Function (BRDF) effect, and contamination by thin cirrus.
The accuracy of the surface reflectance product (MOD09) depends on
the accuracy of these input parameters and is given as 93% and 90%
when surface reflectances are 0.3 and 0.1, respectively (Vermote &
Kotchenova, 2008). Our SARA algorithm uses the green wavelength
(0.55 μm, band 4), of MOD09GA directly.

The Eddington method (Eq. 7) can be used as a good approxima-
tion of the atmospheric backscattering ratio (Sλ, Tanré et al., 1979)
for the correction of the surface function.

Sλ ¼ 0:92τR þ 1−gð Þτað Þ exp − τR þ τað Þ½ �: ð7Þ

The remotely sensed aerosol reflectance, ρAer λ;θs ;θv ;ϕð Þ, was retrieved
for the 0.55 μm wavelength by correction for Rayleigh scattering
ρRay λ;θs ;θv ;ϕð Þ and the surface function. In the single scattering approxi-
mation, satellite measured aerosol reflectance is proportional to the
aerosol optical depth τa, single scattering albedoωo and aerosol scatter-
ing phase function Pa (Eq. 8, Gordon & Wang, 1994; Kaufman et al.,
1997b; King et al., 1999; Kokhanovsky & Leeuw, 2009).

ρAer λ;θs ;θv ;ϕð Þ ¼
ωoτa;λPa θs ;θv ;ϕð Þ

4μsμv
: ð8Þ

Therefore, AOD, τa, can be retrieved by re-arranging Eq. (8) as
Eq. (9):

τa;λ ¼ 4μsμv

ωoPa θs ;θv ;ϕð Þ
ρAer λ;θs ;θv ;ϕð Þ: ð9Þ

The aerosol scattering phase functionPa θs ;θv ;ϕð Þ represents the angu-
lar distribution of light scattered by particles and can be determined
using the single-term Henyey–Greenstein method (Eq. 10, Rahman
et al., 1993):

Pa θs ;θv ;ϕð Þ ¼
1−g2

1þ g2−2g cos π−Θð Þ� �3=2

ð10Þ

where Θ is the scattering phase angle (Levy et al., 2007b). The asym-
metry parameter g indicates the relative dominance of forward/back
scattering and it remains constant for the most of the aerosol models
(Tanré et al., 1979).

Substituting Eq. (5) into Eq. (9) yields Eq. (11) where the three un-
knowns (τa,λ, ωo, and g) are shown explicitly. The values of ωo, and g
for the day for which the SARA AOD is being retrieved are determined
from a match between SARA AOD as a function of ωo, and g and the
PolyU (urban) AERONET AOD within ±30 min of the MODIS local
overpass time. This is accomplished empirically using the fixed point
iteration (FPI) method (Kelley, 1995) and by varying the values of
ωo, and g until the match is obtained.

τa;λ ¼ 4μsμv

ωoPa θs ;θv ;ϕð Þ

ρTOA λ;θs ;θv ;ϕð Þ−ρRay λ;θs ;θv ;ϕð Þ

−
e− τRþτa;λð Þ=μs e− τRþτa;λð Þ=μvρs λ;θs ;θv ;ϕð Þ

1−ρs λ;θs ;θv ;ϕð Þ 0:92τR þ 1−gð Þτa;λ
� �

exp − τR þ τa;λ
� �h i

2
664

3
775:

ð11Þ

For validation, AOD measurements from three ground-based Sun
photometers were used. Due to limited coincident Sun photometer
and MODIS data due to cloud cover and in order to increase the num-
ber of statistical samples and also to consider the spatial variability
imposed by atmospheric motion, the Sun photometer AOD was aver-
aged within ±30 min (AERONET), and ±60 min (Microtops II sun
photometers and Sky-radiometer) of the MODIS overpass time over
Hong Kong, and the 500 m retrieved (SARA) AOD was extracted
from a 3 × 3 spatial subset region (average of 9 pixels) centered on
the ground-based stations (Ichoku et al., 2002). A total of 42, 32 and
20 data points of SARA retrieved AOD for 2007 to 2009 were matched
with Hok Tsui AERONET, Sky-radiometer andMicrotops II Sun photom-
eters, respectively. The MOD04 C005 AOD from the parameter
‘Optical_Depth_Land_and_Ocean (AOD at 0.55 μm for both ocean
(best) and land (corrected) with best quality data, QA flag = 3)’ was
extracted for a 3 × 3 spatial subset region (average of 9 pixels). For
C005 AOD, only 16, 42, and 8 values were found to be matched for
comparison against AERONET (Fig. 2b), Sky-radiometer (Fig. 4c), and
Microtops II (Fig. 4d) Sun photometers, respectively. Finally, the SARA
AOD was compared with C005 AOD to evaluate the quality of the
SARA retrieval over nine locations of Hong Kong within different land
cover types (Table 2).

4. Statistical analysis

Statistical indicators were used to evaluate comparisons of the
satellite retrieved AOD with ground-based Sun photometers; namely
correlation coefficient (R), root mean square error (RMSE), mean ab-
solute error (MAE), expected error (EE) of AOD, and fraction of EE
(FOE).
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4.1. Correlation coefficient (R)

The correlation coefficient (R) is a good indicator of agreement
between Sun photometer observed AOD and satellite retrieved AOD
with higher values indicating better agreement. We obtained R from
Deming Regression (DR, Deming, 1943) as opposed to Linear Re-
gression (LR, Westgard & Hunt, 1973) because DR estimates an unbi-
ased slope by assuming the Gaussian distribution of errors in both x
and y data points (which is typical of our data) (Cornbleet &
Gochman, 1979; Deming, 1943; Linnet, 1993, 1998). On the other
hand LR estimates a biased slope by assuming random measurement
errors in the dependent variable (y) and an error free independent
variable (x) (Cornbleet & Gochman, 1979; Linnet, 1993; Stöckl et al.,
1998), but is inappropriate for use when significant errors are expected
in both variables.

4.2. Root mean square error (RMSE)

The root mean square error (RMSE) used to measure the differ-
ences between satellite retrieved AOD and Sun photometer measured
AOD is sensitive to both systematic and random errors. The RMSE can
be defined as follow:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
∑
n

i¼1
AOD satelliteð Þi−AOD sunphotometerð Þi

� �2
s

ð12Þ

where AODsatellite is the satellite retrieved AOD and AODsunphotometer is
the Sun photometer measured AOD.

4.3. Mean absolute error (MAE)

The mean absolute error (MAE), the most natural measure of
mean error magnitude (Willmott & Matsuura, 2005), is calculated as:

MAE ¼ 1
n

∑
n

i¼1
AOD satelliteð Þi−AOD sunphotometerð Þi
			 			: ð13Þ

4.4. Expected error (EE)

Expected error (EE) is used here for the confidence envelopes of the
retrieval algorithm over land to evaluate the quality of SARA and C005
AOD and is defined as follows (Levy et al., 2010; Remer et al., 2008):

EE ¼ � 0:05þ 0:15AODsunphotometer

� �
: ð14Þ

Good matches (quality) of satellite-retrieved (SARA and C005)
AOD are reported when the satellite-retrieved AOD falls within the
following envelope (Levy et al., 2010):

AODsunphotometer− EEj j≤ AODsatellite ≤ AODsunphotometer þ EEj j ð15Þ

where |EE| is the absolute value of expected error.

4.5. Fraction of expected error (FOE)

The fraction of expected error (FOE) is the ratio of satellite–Sun
photometer (AODsatellite − AODsunphotometer) to the absolute value of
EE (|EE|) and can be computed as (Mi et al., 2007):

FOE ¼ AODsatellite−AODsunphotometerð Þ.
EEj j

ð16Þ

Fig. 2. Validation of (a) SARA AOD, and (b) MOD04 C005 AOD against Hok Tsui (rural) AERONET AOD from 2007 to 2009. The dotted (orange) lines, dashed (green) line, and solid
(red) line are the 1:1 line, EE envelope, and regression line, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 2
Comparison between SARA AOD and MOD04 C005 AOD from 2007 to 2009.

Location Lat.
(N)

Long.
(E)

N R Fitted line
(SARA =)

RMSE MAE Data within EE
(%)

PolyU 22.303° 114.179° 68 0.901 1.13C005 + 0.04 0.104 0.083 72
CT 22.282° 114.158° 62 0.914 1.06C005 + 0.03 0.085 0.068 73
TW 22.372° 114.115° 62 0.926 0.98C005 + 0.03 0.067 0.054 85
TC 22.289° 114.944° 48 0.925 1.06C005 + 0.03 0.086 0.066 77
YL 22.477° 114.039° 62 0.889 1.05C005 − 0.01 0.085 0.063 81
CityU 22.340° 114.170° 20 0.941 0.94C005 + 0.01 0.051 0.046 95
HT 22.209° 114.258° 10 0.907 1.04C005 − 0.01 0.065 0.064 70
HKIA 22.317° 113.917° 06 0.929 1.32C005 + 0.07 0.159 0.137 50
TM 22.471° 114.361° 62 0.920 1.00C005 − 0.001 0.085 0.063 86
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where |FOE| b 1, indicates a good match (Levy et al., 2010). Values of
FOE b 0 and FOE > 0 represent underestimation and overestimation
of the satellite retrievals, respectively.

5. Results

5.1. Validation with AERONET, Sky-radiometer and Microtops II AOD

Fig. 2 shows the scatter plots of SARA 500m AOD andMOD04 C005
10 km AOD with Hok Tsui AERONET AOD. In Fig. 2 the dashed

(green), dotted (orange), and solid (red) lines are the 1:1 line, EE
(± 0.05 + 0.15AODsunphotometer) envelope line, and regression line,
respectively. The SARA 500 m AOD obtained a high correlation coeffi-
cient (R = 0.963) and low values of RMSE (0.044) and MAE (0.037).
Fig. 2a reveals a close correspondence between the SARA AOD and
AERONET AOD, and the majority of the observations lie close to the 1:1
line. All the SARA retrieved AOD observations fall within the confidence
envelope (AODsunphotometer − |EE| ≤ AODsatellite ≤ AODsunphotometer + |EE|)
which indicates a good quality of the retrieved AOD. The standard
deviations are 0.17 and 0.16 for the SARA AOD and AERONET AOD

Fig. 3. Fraction of expected error (EE) in AOD retrievals of SARA and MOD04 C005 algorithms.

Fig. 4. Validation of SARA AOD and MOD04 C005 AOD against (a & c) CityU Sky-radiometer, and (b and d) HKIA Microtops II AOD measurements. The dotted (orange) lines, dashed
(green) line, and solid (red) line are the 1:1 line, EE envelope, and regression line, respectively. (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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observations, respectively, and themean difference (SARA − AERONET)
is zero. A good agreement was also observed between MOD04 C005
AOD and Hok Tsui AERONET (R = 0.904, RMSE = 0.082, and MAE =
0.070) AOD (Fig. 2b). However C005 AOD has approximately two
times larger RMSE and MAE than the SARA retrieved AOD. Fig. 2b for
C005 AOD shows a wide scatter of points due to underestimation and
overestimation. Few observations lie close to the 1:1 line, and ap-
proximately 19% of observations fall outside the confidence enve-
lope. The standard deviations are 0.19 and 0.19 for the C005 AOD
and AERONET AOD observations respectively, and the mean differ-
ence (C005 − AERONET) is −0.01 which indicates an overall
underestimation of the C005 AOD.

Approximately 81% of the FOE values from C005 AOD and 100%
values from SARA AOD fall within the specified range (−1 to 1), indi-
cating better matches (quality) of SARA AOD with AERONET than for
C005 (Fig. 3). This implies that SARA AOD data is of good quality and
SARA works well according to the assumptions of the surface, and the
single scattering approximation.

Fig. 4a and c shows that the SARA and C005 AOD retrievals have
comparable correlation coefficients (R = 0.97 and 0.96, respectively)
with Sky-radiometer, having low RMSE and MAE. Approximately
80% and 67% respectively of the FOE values from SARA and C005 fall
within the EE envelope for CityU Sky-radiometer respectively
(Fig. 5). Slopes lower than unity indicate systematic underestimation
by both SARA and MOD04 AOD retrievals. The mean differences of
SARA AOD and C005 AOD from the Sky-radiometer AOD are −0.07
and −0.09 respectively, and both AOD retrievals have an error for
high values of AOD. The SARA AOD achieved a higher correlation
(R = 0.97) with Sky-radiometer than a previously reported Sky-
radiometer study over Hong Kong (R = 0.79, Cheng et al., 2006).

Fig. 4b shows a higher correlation of the SARA AOD with the
Microtops II AOD than for the C005 AOD observations (Fig. 4d). The
mean differences between the SARA AOD and the C005 AOD respec-
tively, and Microtops II AOD measurements are −0.07 and −0.19.
The majority of the SARA retrieved AOD observations lie close to the
1:1 line, whereas the C005 AOD observations are very far from the

line. Good agreement between satellite-retrieved AOD and Sun pho-
tometer AOD depends not only on a high correlation coefficient but
also on the percentage of data falling within the EE envelope. Thus ap-
proximately 78% and 12% the FOE values from SARA AOD and C005
AOD respectively fall within the EE envelope for HKIA (Fig. 5). Fig. 5
(and 3) shows data gaps in SARA AOD due to missing PolyU (urban)
AERONET AOD measurements. The SARA AOD has errors for moder-
ate (0.3–0.5) AOD observations, whereas C005 AOD has large errors
for low to high AOD observations. The MOD04 C005 AOD retrieval un-
derestimates AOD with R = 0.79 over the Hong Kong International
Airport (HKIA) which is a highly polluted area and a bright surface
(ρ2.21 μm approaching 0.25). The SARA correlation coefficient is higher
(R = 0.97) than the previously developed MODIS aerosol retrieval al-
gorithms based on LUT at 1 km (R = 0.91, Li et al., 2005) and 500 m
spatial resolutions (R = 0.88, Wong et al., 2011; R = 0.83, Wang et
al., 2012).

5.2. Comparison between SARA and C005 AOD

The SARA AOD data were also compared directly with C005 AOD at
nine locations representing different cover types in Hong Kong for
both high and low aerosol loading conditions. These locations are
the Hong Kong Polytechnic University (PolyU, urban), Central (CT,
urban), Tsuen Wan (TW, urban), Tung Chung (TC, suburban), Yuen
Long (YL, urban), The City University of Hong Kong (CityU, suburban),
Hok Tsui (HT, rural), Hong Kong International Airport (HKIA, rural),
and Tap Mun (TM, rural). High correlations were achieved, with
good data matches between SARA AOD and C005 AOD at all the loca-
tions except HKIA, where the correlation is high but with poor
matches (only 50% data within EE = ± 0.05 ± 0.15AODC005) be-
cause, as previously noted, the C005 retrievals underestimated AOD
over HKIA (Table 2). The average correlation coefficient, RMSE, and
MAE are 0.917, 0.087, and 0.072, respectively, between the SARA re-
trieved AOD and the C005 AOD observations over Hong Kong. These
comparisons imply that SARA has as good or better ability to retrieve

Fig. 5. Fraction of expected error (EE) in AOD retrievals of SARA and MOD04 C005 against CityU Sky-radiometer and HKIA Microtops AOD measurements.

Table 3a
Descriptive statistics of the SARA AOD and Hok Tsui AERONET AOD.

Variable Mean SE mean StDev Minimum Median Maximum

AERONET 0.383 0.023 0.155 0.170 0.389 0.806
SARA AOD 0.383 0.025 0.165 0.148 0.369 0.841
ωo + 0.05ωo 0.365 0.023 0.157 0.141 0.352 0.801
ωo – 0.05ωo 0.403 0.026 0.174 0.156 0.389 0.886
g + 0.02g 0.405 0.029 0.195 0.134 0.373 1.128
g − 0.02g 0.367 0.023 0.157 0.134 0.350 0.685
ρs + 0.02ρs 0.434 0.024 0.164 0.198 0.418 0.876
ρs − 0.02ρs 0.434 0.024 0.164 0.198 0.418 0.876

Table 3b
Descriptive statistics of the SARA AOD and CityU Sky-radiometer AOD.

Variable Mean SE mean StDev Minimum Median Maximum

Sky-radiometer 0.372 0.032 0.183 0.119 0.325 0.790
SARA AOD 0.297 0.029 0.163 0.090 0.250 0.680
ωo + 0.05ωo 0.283 0.0274 0.155 0.086 0.238 0.648
ωo − 0.05ωo 0.313 0.030 0.172 0.095 0.263 0.716
g + 0.02g 0.327 0.034 0.191 0.100 0.265 0.730
g − 0.02g 0.290 0.028 0.161 0.100 0.245 0.680
ρs + 0.02ρs 0.375 0.029 0.165 0.160 0.325 0.740
ρs − 0.02ρs 0.375 0.029 0.165 0.160 0.325 0.740
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accurate AOD over different land cover types during both high and low
aerosol loading conditions.

5.3. Sensitivity analysis

To confirm the robustness of the SARA methodology, a sensitivity
analysis of the SARA AOD was undertaken by increasing/decreasing by
5% the value of SSA (ωo ± 0.05ωo), and by 2% the values of asymmetry
parameter (g ± 0.02g) and the surface reflectance (ρs ± 0.02ρs). The
descriptive statistics used are mean, standard error of mean (SE mean),
standard deviation (StDev), minimum, median and maximum of the
Hok Tsui AERONET, CityU Sky-radiometer, and HKIA Microtops II Sun
photometers and the SARA AOD observations (Tables 3a, 3b and 3c).
The ωo ± 0.05ωo, g ± 0.02g and ρs ± 0.02ρs are the new retrieved

SARA AOD by increasing/decreasing the SSA, g and ρs values, respec-
tively. The statistics show that the mean SARA retrieved AOD differ-
ences range from−2% to 2%, −2% to 4%, and 5% to 8% by increasing/
decreasing the SSA (5%), g (2%) and ρs (2%) values respectively.
These results suggest that SARA retrieved AOD is more sensitive to
ρs than to g and SSA.

5.4. Spatial–temporal pattern of AOD

Fig. 6a shows the spatial distribution of SARA AOD over Hong Kong
and Pearl River Delta (PRD) region on 30th January 2007. It reveals a
high aerosol loading event (black circle) over PRD region due to emis-
sions from local power plants and industries and provides detailed in-
formation on pollution sources. A higher value of SARA AOD (~0.80)
was observed over PRD than over Hong Kong (AOD ~ 0.65). However,
the C005 AOD retrieval was unable to depict the high pollution event
and shows missing pixels over the affected area (Fig. 6b), where it is
suspected that high aerosol reflectance resulted in many 500 m pixels
within the 10 km kernel failing the selection criteria in the MODIS
visible channel (0.66 μm). The SARA AOD is thus judged to be more
suitable than C005 AOD to represent the spatial pattern of aerosols
over the complex and hilly terrain of Hong Kong as well as the indus-
trialized area of PRD. The SARA AOD image overlaid with the road
network of Kowloon and Hong Kong Island (Fig. 6c) shows the ability
of the SARA AOD to identify local emission sources especially over the

Table 3c
Descriptive statistics of the SARA AOD and HKIA Microtops II AOD.

Variable Mean SE mean StDev Minimum Median Maximum

Microtops II 0.501 0.050 0.223 0.239 0.436 0.968
SARA AOD 0.433 0.057 0.253 0.160 0.335 1.030
ωo + 0.05ωo 0.412 0.054 0.241 0.152 0.319 0.981
ωo − 0.05ωo 0.455 0.060 0.266 0.168 0.353 1.084
g + 0.02g 0.470 0.069 0.360 0.150 0.350 1.150
g − 0.02g 0.422 0.054 0.241 0.150 0.350 1.060
ρs + 0.02ρs 0.509 0.056 0.251 0.260 0.415 1.150
ρs − 0.02ρs 0.509 0.056 0.251 0.260 0.415 1.150

Fig. 6. Spatial pattern of SARA (a), and C005 (b) AOD for a high aerosol loading event (30th January 2007) over the Pearl River Delta (PRD) region and Hong Kong. Also shown, in
panel (c), is the SARA AOD under-laid with road data over Kowloon and Hong Kong Island.
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dense and congested districts of Kowloon Bay (KB), Hung Hom (HH),
Sham Shui Po (SSP), and North Hong Kong Island.

Fig. 7 shows a sharp boundary in AOD values between urban and
hilly regions of Hong Kong, indicating greater variations between
urban and hilly areas than between urban and rural areas during
both high and low aerosol loading conditions. Steep mountain slopes
create a blocking effect, and this combined with a boundary layer
height often lower than the mountains, traps pollutants in the low-
lands. Therefore AOD has a strong relationship with elevation and
high values of AOD are usually observed at lower elevations (b100 m)
which correspond to urban, suburban and rural regions in Hong Kong.
The northwest border of Hong Kong adjacent to the industrial city of

Shenzhen on the Chinese Mainland (arrowed in Fig. 7) is a mainly
rural, lowland area, and shows high AOD values on both dates.

In spite of large spatial differences, remarkably similar temporal
trends of AOD were observed across urban (PolyU), rural (Tap Mun)
and hilly (Tai Mo Shan) regions of Hong Kong (Fig. 8). This suggests
that much of the air pollution in Hong Kong is due to regional factors
because if pollution was mainly local (such as urban vehicle emis-
sions) then urban/rural temporal trends would be out of phase, unlike
the close temporal correspondence shown Fig. 8. Fig. 8 also indicates
that the C005 retrievals overestimate AOD over hilly area (elevation
~957 m) due to their coarse resolution as 10 km pixels cover both
high and low elevations in the same pixel retrieving the same AOD

Fig. 7. Variations in AOD between hilly and urban regions of Hong Kong on (a) low (10th November 2008), and (b) high (26th January 2007) aerosol loading conditions.

Fig. 8. Temporal trends of (a) MOD04 AOD, and (b) SARA AOD from 2007 to 2009.
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values over both. However, the SARA retrievals, because of better spa-
tial resolution, are better able to represent AOD values over each dis-
tinct region.

6. Conclusion

A Simplified MODIS Aerosol Retrieval Algorithm (SARA) at 500 m
spatial resolution was developed using MODIS data products
(MOD02HKM, MOD03 and MOD09GA), assuming Lambertian sur-
faces, single scattering approximation, and that single scattering albe-
do and asymmetry factors are regionally constant for a particular day.
Validation with three different Sun photometers located in different
land cover types of Hong Kong indicated that:

1. The SARA retrieved AOD is able to represent the true picture of
aerosol loadings over the complex and hilly terrain of Hong Kong.

2. The MOD04 C005 AOD retrievals are inferior to SARA AOD re-
trievals and underestimate AOD over the Hong Kong International
Airport (HKIA) which is a highly polluted area with bright surface
(ρ2.21 μm approaching 0.25). The C005 retrievals also overestimated
the AOD over areas of high elevation.

3. The SARA AOD because of its higher spatial resolution can identify
detailed pollution sources in the PRD region, whereas the C005
AOD retrieval is unable to depict pollution sources due to low res-
olution, as well as the effect of bright aerosols on the visible band
thresholding, resulting in missing data.

4. AOD values have a similar temporal trend over different land cover
types of Hong Kong, indicating more contribution from regional
than local pollution sources.

5. AOD has little variation between urban and rural areas but has
more variation between urban and upland areas. High values and
maximum concentrations of AOD were observed at lower eleva-
tions (approximately b100m) areas and low values of AOD are as-
sociated with hilly terrain.

6. Overall, the SARA AOD has a better agreement with ground-based
Sun photometers than does the C005 AOD and is more suitable to
retrieve AOD over mixed surfaces of Hong Kong during both high
and low aerosol loading conditions.
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