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Aerosol retrieval algorithms for the MODerate Resolution Imaging Spectroradiometer (MODIS)
have been developed to estimate aerosol and microphysical properties of the atmosphere,
which help to address aerosol climatic issues at global scale. However, higher spatial resolution
aerosol products for urban areas have not been well-researched mainly due to the difficulty of
differentiating aerosols from bright surfaces in urban areas. Here, an aerosol retrieval algorithm
using the MODIS 500-m resolution bands is described, to retrieve aerosol properties over Hong
Kong and the Pearl River Delta region. The rationale of our technique is to first estimate the
aerosol reflectances by decomposing the top-of-atmosphere reflectances from surface
reflectances and Rayleigh path reflectances. For the determination of surface reflectances, a
Minimum Reflectance Technique (MRT) is used, and MRT images are computed for different
seasons. For conversion of aerosol reflectance to aerosol optical thickness (AOT), comprehen-
sive Look Up Tables specific to the local region are constructed, which consider aerosol
properties and sun-viewing geometry in the radiative transfer calculations. Four local aerosol
types, namely coastal urban, polluted urban, dust, and heavy pollution, were derived using
cluster analysis on 3 years of AERONET measurements in Hong Kong. The resulting 500 m AOT
images were found to be highly correlated with ground measurements from the AERONET
(r2=0.767) and Microtops II sunphotometers (r2=0.760) in Hong Kong. This study further
demonstrates the application of the fine resolution AOT images for monitoring inter-urban and
intra-urban aerosol distributions and the influence of trans-boundary flows. These applications
include characterization of spatial patterns of AOT within the city, and detection of regional
biomass burning sources.
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1. Introduction

The retrieval of atmospheric aerosol amounts from
satellite images has been attempted for three decades
(Otterman and Fraser, 1979; Tanré et al., 1979; Deschamps
et al., 1980). The basic aim is to retrieve the spectral
information about the atmosphere from the path between
the surface and satellite (Kaufman et al., 1997a,b; Kaufman
and Tanré, 1998; King et al., 1999; Lee et al., 2009). This is
complex because ground surface reflectances are difficult to
All rights reserved.
distinguish from the total satellite received signal. Thus, the
estimation of surface reflectances is the key factor in aerosol
retrieval, with the aerosol component being the residual.

Since the estimation of surface reflectance is easier over
dark surfaces, Kaufman et al. (1997a,b) first identified dark
pixels in the mid-Infrared channel of the MODerate Resolu-
tion Imaging Spectroradiometer (MODIS) satellite sensor and
estimated their reflectance at 470 and 660 nm. This is known
as the Dense Dark Vegetation (DDV) method (Kaufman et al.,
1997a,b; Kaufman and Tanré, 1998). The DDV algorithm
(later known as MODIS operational collection 4 algorithm)
works on the different aerosol scattering properties of the
different wavelengths, with lower scattering by longer
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wavelengths. The algorithm removes 20% of the darkest
pixels and 50% of the brightest pixels within 10 km kernels,
and the remaining pixels are retained to represent aerosol
over dark targets, after cloud effects and surface inhomoge-
neities have been removed (Kaufman and Tanré, 1998). Chu
et al. (2002) observed that the MODIS collection 4 (DDV)
algorithm had a positive bias in comparison to the AErosol
Robotic NETwork (AERONET) sunphotometer data (Holben et
al., 1998), and some inherent problems in determining
surface reflectance using the DDV algorithm were reported
by Remer et al. (2005) and Levy et al. (2004). Therefore, Levy
et al. (2007) developed collection 5, which modifies the
surface reflectance determination by considering the band
correlation based on vegetation index (NDVISWIR) and the
scattering angle. The new collection 5 data have been shown
to have significant improvements in aerosol optical thickness
(AOT) retrievals in China (Mi et al., 2007; Li et al., 2007).
However, there remain several major limitations of MODIS
aerosol products for local/urban scale study, including the
following: (i) it does not retrieve over bright surfaces such as
urban and heterogeneous areas, (ii) the heterogeneous nature
of urban surfaces complicates the derivation of surface
reflectances, and (iii) the 10 km spatial resolution is too
coarse to characterize purely local aerosol plumes.

In order to extract the aerosol component from top-of-
atmosphere (TOA) reflectances over a wider range of
surfaces, a surface reflectance database was developed
based on the Minimum Reflectance Technique (MRT). This
technique composites the lowest reflecting pixels over a time
series of co-registered images to create the minimum
reflectance image over that time period. Herman and Celarier
(1997) used the MRT technique for TOMS data, and
Koelemeijer et al. (2003) used it with GOME data. In view
of the coarse resolution, the accuracy of AOT (within 30% of
AERONET ground measurements (Hsu et al., 2004)) could be
considered good. However, the 10 km spatial resolution of
the MODIS products only provide meaningful depictions on a
broad regional scale, whereas aerosol monitoring over
complex regions, such as urban areas in Hong Kong
(1095 km2), requires more spatial and spectral detail to
Fig. 1. Hong Kong and cities of Pearl River Delta region, with population size (million
pinpoint local sources. Li et al. (2005) developed a 1 km AOT
algorithm based on the MODIS collection 4 algorithm for a
study in Hong Kong, but it was limited to dense vegetated
areas and validated using handheld sunphotometers over
non-urban surfaces only. In order to retrieve and map aerosol
distributions over urban areas with a high level of detail, a
MODIS 500 m resolution aerosol retrieval algorithm, which
uses the MRT technique, is described here.

2. Study area and data used

Hong Kong, a commercial and financial city located in
southeast China (Fig. 1), has suffered serious air pollution for
the last decade due largely to rapid urban and industrial
expansion of the cities of the neighboring Pearl River Delta
(PRD) region of mainland China. Thousands of polluting
factories, forty-five power plants, and thousands of construc-
tion sites are concentrated within a small spatial extent due
to massive urbanization over the last decade. The socio-
economic activities of Hong Kong and Macau, situated on
opposite sides of the PRD, are directly affected by such
changes.

Data collected by the Hong Kong PolyU AERONET station
(22.3 lat, 114.2 lon) since its establishment in 2005 show
aerosol levels to be high, compared with other urban stations
worldwide, with an annual mean AOT of 0.69 at 440 nm,
compared with 0.57 for Beijing, 0.55 for Singapore, 0.22 for
Rome, and 0.24 for Goddard Space Flight Center.

For retrieving the AOT at 500 m resolution, the 470, 550,
and 660 nm wavebands of the TERRA/MODIS level 1B
calibrated reflectance (MOD02HKM) were collected. In
addition, the 10 km resolution MODIS aerosol products
(MOD04) and the 1 km resolution surface reflectance product
(MOD09) were collected for comparison purposes. The
retrieved AOT images were validated by comparison with
the Hong Kong AERONET station and Microtops II sunphot-
ometer measurements. A total of 172 Microtops II sunphot-
ometer measurements was taken on Nov. 11, 2007; Nov. 28,
2007; Dec. 14, 2007, from 9:00 a.m. to 12:00 p.m. Measure-
ments were taken at 10-min intervals within ± 30-min
s). Urban areas in Hong Kong and location of the AERONET station are shown
.
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MODIS of the overpass time, and they were averaged. The
Microtops II measurements were quality controlled by
adopting the Microtops II land protocol and sharp sun
targeting during the observations. This gives 14 temporally
matched measurements at 14 different sites, including bright
urban surfaces, urban grass, and rural areas. The typical error
between multiple Microtops II instruments was within 1% to
2% and the uncertainty of AOT is 0.03–0.05 AOT (wavelength-
dependent), which was cross-validated with Hong Kong
PolyU AERONET station.

The AErosol RObotic NETwork, AERONET (Holben et al.,
1998), is a federated network of ground sunphotomers, of
which there are over 400 sites around theworld. An AERONET
station consists of a Cimel sunphotometer, which measures
the aerosol extinction using multiple wavelengths, a solar
panel, and a controller. It provides real-time aerosol optical
thickness, precipitable water, inversion products including
size distribution, single scattering albedo, and refractive
index based on the solutions of radiative transfer equations.
Fig. 2. Methodology for aeroso
The uncertainty of AOT calibration for the AERONET sun-
photometer is 0.01–0.02 AOT according to wavelength, and
the Microtops II sunphotometers were calibrated annually
with the AERONET sunphotometer. Although Ichoku et al.
(2002) assume a 50-km distance from an AERONET ground
station to be acceptable for validating the 10 km resolution
collection 4 and 5 data at global scale, there is no established
protocol for higher resolution; therefore, we adopted more
rigorous standards by using only the 500 m pixel
corresponding to AERONET.

3. Methodology

A whole year (2007) of TERRA/MODIS 500 m resolution
data (470, 550, 660 nm) was used for aerosol retrieval over
Hong Kong using the Minimum Reflectance Technique. The
rationale of the MRT algorithm is to determine the aerosol
reflectance by decomposing the top-of-atmosphere (TOA)
reflectance from surface reflectance and the Rayleigh path
l retrieval in the study.

image of Fig.�2
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reflectance. The TOA reflectance ρTOA is expressed as (Kauf-
man et al., 1997a,b):

ρTOA = ρAer + ρRay +
ΓTot θ0ð Þ⋅ΓTot θsð Þ⋅ρSurf

1−ρSurf ⋅rHem
ð1Þ

where θ0 and θs are sun and satellite zenith angle. ρAer, ρRay,
ρSurf are aerosol, Rayleigh, and surface reflectance. ΓTot(θ0) and
ΓTot(θs) are total atmospheric transmittances, containing both
direct and diffuse transmission for sun illumination and
satellite viewing geometry. The total transmittances include
Rayleigh scattering and aerosol extinction, which can be given
as ΓTot=ΓRay ⋅ΓAer⋅ rHem is the hemispheric reflectance. Fig. 2
illustrates the work flow of aerosol retrieval in this study.

Firstly, the AERONET data (2005 to 2008) from the Hong
Kong PolyU station were acquired and clustered to four
different aerosol models. The aerosol models coupled with
different viewing geometries were input into a radiative
transfer model to build Look Up Tables (LUTs) (more
descriptions in Section 3.2). To minimize computer memory
usage, the LUT geometry was interpolated to the specific
satellite geometry. The simulated aerosol reflectances and
TOA reflectances as a function of AOT were then created.

Secondly, the MODIS 500 m calibrated reflectance images
in 2007 were acquired from NASA Goddard Earth Science
Distributed Active Archive Center. Geometric correction,
reprojection, cloud andwater screening, viewangle screening,
and Rayleigh correction were applied to the images. The
Minimum Reflectance Technique was then applied to the
MODIS 500 m images to create surface reflectance images. The
Minimum Reflectance Technique composites the lowest
reflecting pixels over a time series of co-registered images
(e.g., 3 months) to create the minimum reflectance image
over that time period. In order to validate the surface
reflectance derived from the MRT, the MODIS surface
reflectance products (MOD09 8-day composite surface reflec-
tance images at 1 km resolution) were acquired. This product
has been validatedwith 150AERONET stationsworldwide and
Table 1
Summary of the cluster analysis results, including AOT (τ500), 4 single scattering alb
(α870–440) value, asymmetry factor (676 nm) value, 2 mean radius values, 2 standard
different aerosol types.

Coastal urban

Aerosol optical thickness (500 nm) 0.451
Single scattering albedo (439 nm) 0.876
Single scattering albedo (676 nm) 0.889
Single scattering albedo (869 nm) 0.878
Single scattering albedo (1020 nm) 0.872
Real refractive index (676 nm) 1.470
Imaginary refractive index (676 nm) 0.014
Angstrom coefficient (870/440 nm) 1.363
Asymmetry factor (676 nm) 0.643
Fine mode total volume (μm3/μm2) 0.064
Fine mode mean radius (μm) 0.181
Geometric standard deviation (fine) 0.478
Coarse mode total volume (μm3/μm2) 0.055
Coarse mode mean radius (μm) 2.458
Geometric standard deviation (coarse) 0.672
Number of records (%) 332 (45%)
is considered acceptable if the data error lies within±0.005+
0.05 · ρ (ρ is surface reflectance) (Vermote and El Saleous,
2006). Fifty-one ground-based reflectance measurements
using Cropscan MSR-16R multispectral radiometer (MSR)
were taken on four winter dates: Oct. 21, 2006; Oct. 29, 2006;
Nov. 05, 2006; and Dec. 29, 2006. It is assumed that vegetation
does not change much in terms of reflectance in winter, thus
these groundmeasurements were used to validate the results
from the winter MRT image. The general uncertainty of MSR
data is ca. 0.005 reflectance units (Chang et al., 2005).

Thirdly, the aerosol reflectances derived from Eq. (1) were
compared withmodeled aerosol reflectances from LUTs using
a spectral fitting technique. The aerosol model with the
minimum residual was then selected and the corresponding
AOT values were obtained for the 500 m images at 550 nm.

Finally, the derived AOT images were compared with
AERONET and Microtops II sunphotometer measurements.
Statistical estimators including correlation coefficient, root
mean square (RMS), and mean absolute differences (MAD)
were used to examine the accuracy.

3.1. Surface reflectance

Atmospheric path radiance is composed of Rayleigh and
aerosol radiances and their multiple scattering interactions.
Once the Rayleigh reflectances have been estimated, a surface
reflectance database can be derived based on the minimum
reflectance technique (more descriptions of Rayleigh reflec-
tance are given in the Appendix). To minimize seasonal land
cover changes over the time series of MRT images, seasonal
minimum reflectance images were derived based on at least
thirty clear-sky images for each of four seasons, and images
with satellite viewing angles larger than 35o were removed.
Then the secondminimum reflectance values (rather than the
actual minimum) were retrieved in order to avoid abnormal
low reflectance such as noise or shadow (Wong et al., 2008;
Wong, 2009). It was noted that the second minimum
reflectance values have a stronger agreementwith the surface
reflectances. In addition, clouds were removed by threshold-
edo values, 2 real and imaginary refractive index values, angstrom exponen
deviation values, 2 mode total volume values, and number of records for four

Polluted urban Dust Heavy pollution

0.518 0.510 1.065
0.869 0.885 0.894
0.874 0.871 0.911
0.857 0.855 0.899
0.844 0.848 0.888
1.452 1.500 1.452
0.022 0.016 0.015
1.316 0.952 1.286
0.665 0.683 0.682
0.081 0.070 0.155
0.222 0.262 0.244
0.562 0.644 0.542
0.038 0.148 0.066
3.177 4.484 2.892
0.592 0.504 0.594

216 (30%) 22 (3%) 160 (22%)
t



Table 2
Summary of step sizes of the input parameters in LUT.

Parameter Node

AOT 0, 0.2, 0.4, 0.8, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5
Solar zenith angle 0~80° (Δ=10°)
Viewing zenith angle 0~80° (Δ=5°)
Azimuth angle 0~170° (Δ=10°)
Bands MODIS 3 bands (470, 550, 660 nm)
Aerosol models 4 Types
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ing the visible wavebands, which is essential in cloud-prone
areas like Hong Kong. Since there is no high-resolution
thermal band in MODHKM (500 m) data, a tailor-made
cloud-masking algorithm was devised to make use of three
visible channels and a NDVI band. This algorithm tests the
brightness of reflectance for each pixel, with thresholds based
on a trial-and-error approach (Eq. (2)):

If reflectance at 470 nm N 0:2ð Þ or reflectance at 550nm N 0:2ð Þ
or reflectance at 660 nm N 0:2ð Þ or NDVI b −0:5ð Þ then mask

ð2Þ

Only nadir images with satellite viewing angleb35o were
considered, in order to minimize angular effects from
bidirectional reflectivity in heterogeneous areas. The MRT
images were compared with the MODIS surface reflectance
products (MOD09: 8-day composite surface reflectance
images) to establish a general level of consistency, as well
as with field surface reflectances from the multispectral
radiometer.

3.2. Aerosol retrieval

The satellite measures aerosol reflectances, which are
decomposed from TOA reflectances, surface reflectances, and
Rayleigh reflectance (Eq. (1)). This can then be fitted to values
calculated from known aerosol optical properties to derive
the AOT from the image wavelengths. The Santa Barbara
DISORT Radiative Transfer (SBDART; Ricchiazzi et al., 1998)
model was used for constructing the LUT. Cluster analysis was
used to classify natural and anthropogenic aerosols using 24
parameters from the AERONET level 2 aerosol and inversion
products (Holben et al, 1998), which include AOT (τ500),
angstrom exponent (α870–440) value, 4 single scattering
albedo values, 8 real and imaginary refractive index values,
4 asymmetry factor values, 2 mean radius values, 2 standard
deviation values, and 2 mode total volume values. The data
points are allocated to groups according to their associations
with the nearest centroid. In this study, the number of
clusters was first tested by Ward's automated hierarchical
clusteringmethod (Ward, 1963), which calculate the distance
Fig. 3. Aerosol size (log-normal) distributions used in this study. Types 1, 2, 3,
4 represent coastal urban, polluted urban, dust, and heavy pollution aerosols,
respectively.
between each step from 0 to 730 (the sample of data). The
“elbow” or “saturation” point was found at step 726.
Therefore, the number of clusters was set as four (730–
726=4). Sensitivity tests were carried out to examine the
appropriate number of classes, using the distance between
cluster centers, the variability of cluster membership, and
2D/3D scatter plots to demonstrate the separability and
robustness of the four clusters (Wong, 2009).

Four characteristic aerosol types were defined using a
total of 730 cases during 2005 to 2008. They are (i) coastal
urban, (ii) polluted urban, (iii) dust (likely to be long distance
desert dust, Wong et al. (2010)), and (iv) heavy pollution.
Table 1 shows the aerosol and microphysical properties, as
well as the number of records for each cluster. The 2D/3D
scatter plots are given in Wong (2009).

For the clustering, type 1 (coastal urban) has the largest
number of records (45% of total) and type 3 (dust) has the
least (3% of total). This indicates that the Hong Kong
AERONET station is most affected by urban pollution, and
least by desert dust due to the long distance from the source
area in north China. Heavy urban pollution (type 4) accounts
for 22% of the total records, and type 2 (polluted urban
aerosol) accounts for 30%. In this classification, there is no
cluster representing rural and background aerosol types in
Hong Kong, since the AERONET station is deployed in the
urban area.

Type 1 (coastal urban) has moderate absorption proper-
ties (Single Scattering Albedo (SSA) at 0.44 μm=0.88
(Table 1)), and it is dominated by both coarse and fine
particles (Fig. 3), of which the coarse mode most likely
Fig. 4. Look Up Table for aerosol reflectance against AOT. The SBDART
calculations were performed with solar zenith=30°, satellite zenith
angle=10°, azimuth angle=150°.

image of Fig.�3
image of Fig.�4


Table 3
AOT retrieval errors caused by sensor calibration, Rayleigh scattering, SSA,
and asymmetry factor.

Parameter Calibration Rayleigh
scattering

SSA Asymmetry
factor

Control factor 5% 5% 5% 5%
dAOT 0.085 0.045 0.28 0.15
dAOT(%) 5.2% 4.63% 12.25% 9.94%

Table 5
Statistical comparisons between the surface reflectance of MRT with
multispectral radiometer data. RMS (root mean square) and MAD (mean
absolute differences) errors in 470, 550, 660 nm.

470 nm 550 nm 660 nm

RMS error 0.0339 0.0488 0.0533
MAD error 0.0309 0.0268 0.0293
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originates from marine aerosols (since the AERONET is
located only 1 km from the coast) and the fine mode from
local urban pollutants. The moderate absorption properties
of this type could be due to the proportion of carbonaceous
particles, which have high absorption properties, in urban
pollutants (Torres et al., 2005; Bergstrom et al., 2007). Type
2 (polluted urban) also has moderate absorption properties
(SSA at 0.44 μm=0.87) and a high volume of fine particles
(0.081) (Table 1). Type 2 (polluted urban) and type 4 (heavy
pollution) show a similar size distribution (Fig. 3), but type 2
has lower AOT (0.52). Dust (type 3) exhibits relatively high
AOT (τ500=0.51) with a large amount of coarse particles
(68% of total volume concentration). Heavy pollution (type
4) is characterized by high aerosol concentrations (τ500 N1)
and a large volume of fine particles (70%) and mainly
represents fine particles from local traffic emission occur-
ring on days with low wind speeds and/or inversion
conditions.

Although Sifakis et al. (1998) found that when relative
humidity levels exceed 60%, water vapor does contribute to
visibility reduction and AOT, the humidity factor in the
growth of aerosol size has already been accounted for by the
microphysical properties in the clustering.

For the LUT construction, the above 4 aerosol models with
9 solar zenith angles (0–80°, Δ=10°), 17 view zenith angles
(0–80°, Δ=5°), 18 relative sun/satellite azimuth angles (0–
170°, Δ=10°) were considered. The SBDART code uses the
aerosol properties associated with a given model, plus the
combinations of values for the 3 parameters listed above
(amounting to 33048 combinations for 3 bands (470, 550,
660 nm)), to compute the hypothetical AOT. Table 2 shows
the step sizes of the input parameters in the LUT. The original
LUT contained the AOT values and TOA reflectances for
different geometries, while LUTs of aerosol reflectances as a
function of AOT values at different geometries were also
created by Eq. (3):

ρAer = ρTOA−ρTOA when AOT=0 ð3Þ
Table 4
Statistical comparisons between the surface reflectance ofMRTwithMOD09 product
550, 660 nm over winter, autumn, and spring seasons.

Winter Autumn

470 nm 550 nm 660 nm 470 nm

RMS error 0.0202 0.0097 0.0114 0.0260
MAD error 0.0191 0.0070 0.0083 0.0249
where ρAer is aerosol reflectance, ρTOA is TOA reflectance,
ρTOA _when _AOT=0 is the TOA reflectance when AOT=0, it also
is Rayleigh reflectance. Fig. 4 represents one of the LUTs from
the SBDART results.

For the sensitivity analysis of AOT retrieval, the para-
meters of sensor calibration, aerosol optical properties (SSA,
asymmetry factor), and Rayleigh scattering from the above 4
aerosol models were considered. The sensitivity analysis for
each of the retrieval-related factor is summarized in Table 3.
From Table 3, the MODIS sensor calibration uncertainty
referenced from the MODIS Level 1B product user's guide is
ca. 1.5–5%. The resulting SSA and asymmetry factor retrieval
errors are comparative large: 0.28, 0.15 (12.25%, 9.94%),
respectively. Another small errormay be incurred by Rayleigh
scattering. Rayleigh scattering error can cause an error of
0.045 (4.63%).

Before deriving aerosol reflectances from images, inter-
polation of the LUT geometry to the measured (satellite)
geometry was undertaken. The bilinear interpolation method
was adopted for interpolating between two nearest data in
LUTs at a given geometry. This step can reduce the number of
LUT values being read in the computer memory. Then the
image aerosol reflectances can be calculated using Eq. (1),
and the modeled aerosol reflectance can be searched from
LUTs. Finally, the satellite observed aerosol reflectances (ρλj

a)
were compared to the modeled aerosol reflectances (ρλj

m) for
each geometrically corrected LUT. For these comparisons, an
optimal spectral shape-fitting technique was executed to
select the aerosol model with the smallest systematic errors
(Kaufman and Tanré, 1998; Torricella et al., 1999; Lee et al.,
2007) (Eq. (4)).

x2 =
1
n
∑
n

i=1

ρmλj
−ρaλj

ρmλj

 !2

ð4Þ

The error term of x2 is described as the residual of the
measured aerosol reflectances ρλj

m from MODIS and modeled
aerosol reflectances ρλj

a from aerosol models in three different
wavelengths (e.g., 470, 550, 660 nm). The minimum residual
of x2 is selected from the four aerosol types for each pixel.
. RMS (rootmean square) andMAD (mean absolute differences) errors in 470

Spring

550 nm 660 nm 470 nm 550 nm 660 nm

0.0097 0.0140 0.0170 0.0152 0.0146
0.0080 0.0120 0.0150 0.0109 0.0106
,



Fig. 5. Scatter plots (a) between MODIS 500 m AOT and AERONET
measurements; (b) between MOD04 collection 4, 5 AOT and AERONET
measurements; (c) between MODIS 500 m AOT and Microtops II
measurements.
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After locating the appropriate aerosol model, the AOT values
at 470 nm, 550 nm, and 660 nm were derived for each pixel.

4. Results

4.1. Reliability of surface reflectance

Strong correlations in surface reflectance values were
obtained between the MRT images and MOD09 surface
reflectance product for the fall andwinter seasons (r2N0.87),
while moderate correlations were noted in the spring season
(r2 N 0.76). These were obtained from random sampling of
vegetated, urban, grassland, and shrubland areas over the
whole of Hong Kong and the Pearl River Delta region. The
largest mean absolute differences and greatest root mean
square errors were obtained for shorter wavelengths such
that the MADs for the 470 nm, 550 nm, and 660 nm
wavebands bands were ca. 0.0249, 0.0109, and 0.0120, and
the RMS errors were 0.0260, 0.0152, and 0.0146, respectively
(Table 4).

For fifty-one ground-based reflectance measurements
from the multispectral radiometer taken on four winter
dates (Table 5), the general differences between minimum
reflectances from the winter MRT images and ground
reflectances were between 0.01 and 0.03 (i.e., 1–3% reflec-
tance units). The MAD values were 0.031 (470 nm), 0.027
(550 nm), and 0.029 (660 nm), respectively (Table 5). Since
ground-based measurements were only taken from vegetat-
ed areas, there were no check points on bright and dark urban
surfaces. The error of our field reflectances was of similar
magnitude to the error of surface reflectances given for
MOD09, i.e., 0.025. When this magnitude of error due to
surface reflectance is translated into AOT using SBDART
(a radiative transfer model which allocates AOT values to the
derived aerosol reflectances, the AOT error due to error in
surface reflectance is between 0 and 0.30.

4.2. Validation of derived AOT

The MODIS 500 m retrieved AOT was validated using
AERONET measurements for 2007 (Fig. 5a) and a good
agreement (r2=0.767) is shown between our methodology
and the AERONET. By comparison, the MOD04 collection 4
and 5 AOT data at 10 km resolution (Fig. 5b) obtained
correlation coefficients of r2=0.671 and r2=0.778 for
collection 4 and collection 5, respectively. The correlation
coefficient of our methodology is in between the values of
collection 4 and 5. Most importantly, the methodology
retrieves AOT images at a much higher spatial resolution
and can thus show detailed AOT levels over both bright urban
and dark rural vegetated areas. This improvement is
significant for a topographically complex area like Hong Kong.

A good agreement was shown between AOT from Micro-
tops II measurements and AOT derived fromMODIS 500MRT
images, with a correlation coefficient r2=0.760 (Fig. 5c). The
MAD error between MODIS 500 m AOT and Microtops II is
0.150, whereas a smaller MAD error (0.142)was obtained for
the comparison with AERONET. An RMS error of 0.182 was
obtained from Microtops II, whereas a smaller RMS error
(0.176) was obtained for the comparison with AERONET. In
general, the MAD and RMS errors can be said to represent an
error range between 0.150 and 0.182 in AOT values, which is
a satisfactory result as it is smaller than the range of error in
AOT attributable to uncertainty of the surface reflectances
(0–0.30).

image of Fig.�5


Fig. 6. AOT images (a) at 550 nm derived fromMODIS collection 5 algorithm; (b) from this study with 500-m resolution over Hong Kong and the Pearl River Delta
region; (c) overlaid with GIS road data.
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5. Applications of fine resolution AOT images

5.1. Characterization of spatial pattern of AOT

TheAOTdistribution overHongKong and the PRD region on
Oct. 20, 2007, retrieved usingMODIS collection 5 at 10 km, and
the MRT images at 500 m are shown in Fig. 6. About fifteen
pixels cover the entireHongKong territorieswithanAOT image
at 10 km resolution (Fig. 6a), while there are about 300 using
500 m resolution (Fig. 6b). Therefore, the spatial pattern of
aerosols especially in Shenzhen (the Chinese city adjacent to
Hong Kong) is much more precisely defined using the 500 m
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Fig. 7. (a) Rayleigh corrected RGB image on Nov. 30, 2007; (b) fire spots shown on Nov. 30, 2007 from the Web Fire Mapper (courtesy of the Geography
Department of the University of Maryland); (c) AOT 500 m image; (d) AOT collection 5 10 km image.
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AOT image compared with the 10 km coarse pixels of MOD04.
Fig. 6c shows the 500 m AOT images over Kowloon peninsula
and part of Hong Kong island overlaid with GIS road networks.
Dense urban and commercial districts like Hung Hom (H),
Sham Shui Po (S), and Kowloon Bay (K) observe high AOT
values (~1.0), whereas the rural areas have relatively low AOT
values (~0.3). Such steep aerosol gradients indicated by the
500 m MRT images are plausible for this region, with tens of
thousands of polluting industries located around Shenzhen but
almost none on the Hong Kong side of the border.Within Hong
Kong, aerosols generated by local traffic are spatially con-
strained by the extremely high rise nature of the built
environment, with deep street canyons, and precipitious slopes
at the urban periphery. Additionally, Section 5.2 indicates a
small smoke plume due to biomass burning that can be
resolved at 500 m resolution, further indicating the heteroge-
neity of aerosol patterns in the region.

5.2. Aerosols from biomass burning in south China

China is still an agricultural country and had a yield of 690
million tons of straw in 2000 (Wang et al., 2007), of which 36% is
used for domestic fuel and7% is disposedbyopenfires (Gao et al.,
2002). In the forested region of the Pearl River Delta, biomass
burning, both intentional and accidental, occurs frequently.
Locating and mapping the fire sources is possible using MODIS
500m AOT images as the smoke plumes can be resolved.

Fig. 7a shows the Rayleigh correctedMODIS RGB image on
Nov. 30, 2007. Biomass burning clearly evident on the left of
the image (marked on the image), which is located in the
dense forest area of Zhaoqing county. High AOT values (N1.8)
are observed with MODIS 500 m AOT image (Fig. 7c). The
smoke plumes and the source of burning can be easily
identified on the 500 m AOT image, whereas it is not
observable on the MODIS 10 km AOT image. In addition, a
large patch of the urban areas are masked out with no AOT
data values on MODIS collection 5 algorithm (Fig. 7d) due to
their high surface reflectances, which are not meeting the
surface reflectance criteria in the collection 5 AOT algorithm.
Fig. 7b shows the same fire spots located from the Web Fire
Mapper developed by the Geography Department of the
University of Maryland (Justice et al., 2002). Also the easterly
wind that was blowing confirmed the direction of the smoke
plume.
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6. Discussion and conclusion

The Minimum Reflectance Technique coupled with “in
situ” aerosol models based on the Hong Kong AERONET data
and sun-satellite geometries is able to accurately retrieve
aerosols over both urban and vegetated areas at a level of
detail, which is higher than previous MODIS AOT products.
The MODIS 500 m AOT images derived from the MRT
technique show a high level of accuracy (r2=0.767, RMS
error=0.176, MAD error=0.142) compared with ground-
based measurements, similar to the stated accuracies of the
MODIS operational 10 km products. The similar accuracy is
probably because the same AERONET, in the center of the
urban area of Hong Kong, was used for validating both
algorithms. Since this is an extremely densely urbanized
region, there is little variation in aerosol concentrations over
the whole region, i.e., little variation over 500 m and 10 km.
Although the signal-to-noise ratio of the 10 km resolution
data is 20 times higher than the 500 m resolution data
(Kaufman and Tanré, 1998), Henderson and Chylek (2005)
found that there are only small changes in aerosol estimates
with increasing pixel sizes from 40×80 m2 to 2040×4080 m2,
and the AOT differences are even negligible. Therefore, any
loss of accuracy due to a decreased signal-to-noise ratio of the
500 m AOT may be small, or is small enough to be
compensated by increased accuracy due to the higher
resolution when validated against AERONET data.

The thresholding adopted by this study for cloud removal
was tested by a trial-and-error approach. When compared
with the cloud cover data from the Hong Kong Observatory,
an accuracy of 78.13% was achieved, which is comparable to
the 82% accuracy from the MODIS operational algorithm. The
errors are caused from small cirrus clouds present on the
images, and they may easily be confused with bright urban
surfaces. In addition, cloud shadow is difficult to mask except
by using very high resolution thermal images. Even though
collection 4 and 5 algorithms make use of the MODIS 1 km
thermal band for detecting and masking the clouds, some-
times, the AOT end products show large patches of very high
AOT over the sea, which is an error caused by incomplete
cloud masking. Therefore, more analysis and tests will be
conducted in future work.

Given the high accuracy and high spatial resolution of the
500 m AOT images produced in this study, they can be used to
study daily aerosol distributions from localized intra-urban
emissions, transient cross-boundary sources, and biomass
burning events. The aerosol retrieval methodology presented
here can be transferred to other Asian cities such as Taipei and
Singapore, with similar climatic andmeteorological conditions.
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Appendix. Derivation of Rayleigh surface

The determination of Rayleigh path radiance was based on
the computation of spectral dependence of the Rayleigh
optical depth and phase function. The Bucholtz (1995)
equation (Eq. (5)) was adopted for calculating the Rayleigh
scattering optical thickness:

τRay λð Þ = A⋅λ− B+Cλ+D=λð Þ ×
p zð Þ
p0

ð5Þ

where A, B, C, D are the constants of the total Rayleigh
scattering cross-section and the total Rayleigh volume
scattering coefficient at standard atmosphere. p(z) is the
pressure (hPa) relevant to the height, which was determined
by the parameterized barometric equation.

p zð Þ = p0⋅exp
−29:87⋅g⋅0:75⋅z

8:315⋅ TSURF−g⋅0:75⋅zð Þ
� �

ð6Þ

where g is the gravity acceleration (9.807 ms−2), Tsurf is the
surface temperature (acquired from the Hong Kong Obser-
vatory) (e.g., 298 K) and p0 is the actual pressure in mean sea
level (1008 hPa) and z is the height (m). A Digital Elevation
Model (DEM) in MOD03 geolocation data was used for
estimating the height z and for calculating the pressure p(z)
for each pixel.
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