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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, a new aerosol retrieval algorithm using the MODIS 500 m resolu-
tion images is described, to retrieve aerosol properties over Hong Kong and the Pearl River Delta re-
gion. The rationale of our technique is to first estimate the aerosol reflectance by decomposing the 
top-of-atmosphere reflectance from surface reflectance and Rayleigh path reflectance. For the deter-
mination of surface reflectance, a modified Minimum Reflectance Technique (MRT) is used, and MRT 
images are computed for different seasons. A strong correlation is shown between the surface reflec-
tance of MRT images and MODIS land surface reflectance products (MOD09), with a value of 0.9. For 
conversion of aerosol reflectance to Aerosol Optical Thickness (AOT), comprehensive Look Up Tables 
(LUT) are constructed, in which aerosol properties and sun-viewing geometry in the radiative transfer 
calculations are taken into account. Four aerosol types, namely mixed urban, polluted urban, dust, and 
heavy pollution, were derived using cluster analysis on three years of AERONET measurements in 
Hong Kong. Their aerosol properties were input for LUT calculation. The resulting 500 m AOT images 
are highly correlated (r = 0.89) with AERONET sunphotometer observations in Hong Kong. This study 
demonstrates the applicability of aerosol retrieval at fine resolution scale in urban areas, which can 
assist the study of aerosol loading distribution and the impact of localized and transient pollution on 
urban air quality. In addition, the MODIS 500 m AOT images can be used to study cross-boundary 
aerosols and to locate pollutant sources in the Pearl River Delta region. 

aerosol retrieval, aerosol optical thickness, AERONET, MODIS, satellite image 

1  Introduction  

Aerosol retrieval from remote sensing satellite images 
has been studied for three decades. The basic aim is to 
retrieve the spectral information about the atmosphere 
from the path between the surface and satellite. It is al-
ways complicated to retrieve aerosol because ground 
surface reflectance is difficult to distinguish from the 
total satellite received signal. The estimation of surface 
reflectance is then the key factor on the aerosol retrieval,  

which attempts to differentiate the aerosol signal from 
surface. 

Kaufman and Tanré[1] first proposed the Dense Dark 
Vegetation (DDV) method using the multi-wavelength 
algorithm on the MODerate Resolution Imaging Spec-
troradiometer (MODIS) satellite images. The DDV al- 
                      
Received August 28, 2008; accepted May 13, 2009; published online July 25, 2009 
doi: 10.1007/s11430-009-0125-9 
†Corresponding author (email: lsjanet@polyu.edu.hk) 
Supported by the Hong Kong CERG Grant (Grant No. PolyU 5253/07E) 



 

1642 Wong M S et al. Sci China Ser D-Earth Sci | Oct. 2009 | vol. 52 | no. 10 | 1641-1649 

gorithm (known as collection 4) works on different 
aerosol scattering properties loaded on different wave-
lengths (e.g., longer wavelength has smaller aerosol 
loading). The algorithm works only on pixels of vegeta-
tion areas with coverage larger than 60% but cannot op-
erate over bright deserts and urban areas. Chu et al.[2] 
revealed that the MODIS collection 4 (DDV) algorithm 
had a positive bias in comparison to the AErosol Robotic 
NETwork (AERONET) sunphotometer data (Holben et 
al.[3]), and Remer et al.[4] and Levy et al.[5] reported cer-
tain inherent problems in determining surface reflec-
tance using the DDV algorithm. Recently, Levy et al.[6] 
modified the surface reflectance determination in the 
MODIS aerosol retrieval algorithm (known as collection 
5) by considering the band correlation based on vegeta-
tion index (NDVISWIR) and the scattering angle. The new 
collection 5 data has been evaluated (Mi et al.[7]) with 
significant improvements in both accuracy and continu-
ity of the Aerosol Optical Thickness (AOT) in China. 
However, two major limitations remain of MOD04 data 
for local/urban scale study, namely bright surfaces such 
as urban areas, and low spatial resolution. To overcome 
these limitations, new techniques were developed in this 
study. 

In order to infer the aerosol contents from surface re-
flectance, a surface reflectance database was developed 
based on the Minimum Reflectance Technique (MRT). 
This technique explains the lowest reflecting pixels over 
a time series of co-registered images and retains them to 
create the minimum reflectance image over time period. 
Herman and Celarier[8] used the MRT technique for 
TOMS data and Koelemeijer et al.[9] used it on GOME 
data. In view of the coarse resolution the accuracy of 
AOT (of within 30% of AERONET ground measure-
ments) 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 SAR (1095 km2) requires 
more spatial and spectral details. Li et al.[10] 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; the validation was made using 
handheld sunphotometers over vegetated surfaces only 
and no validation was done over the urban areas. In or-
der to retrieve and map aerosol loading distributions 
over urban areas at a high level of details, a new MODIS 
500 m resolution aerosol retrieval algorithm was pro-

posed in this study. 

2  Study area and data used  

Hong Kong, a commercial and financial city located in 
southeast China (Figure 1), has suffered serious air pol-
lution for years. Its nearby the Pearl River Delta (PRD) 
region has been increasingly vulnerable to direct devel-
opments such as urbanization and industrial expansion. 
The cities of Hong Kong and Macau situated on oppo-
site sides of the PRD are directly affected in their 
economy and activities by such changes. Ref. [11] 
showed that in the year 1997 emission inventory for 
volatile organic compounds (VOC), respiratory sus-
pended particles (RSP), nitrogen oxides (NOx), and sul-
phur dioxide (SO2), the PRD region was the dominant 
source area for emissions with 88% of VOC, 95%    
of RSP, 80% of NOx and 87% of SO2 affecting Hong 
Kong.  

 
Figure 1  Map of Hong Kong and AERONET station. 

 
In this project, the MODIS level 1B calibrated images 

(500 m) and MODIS level 2 aerosol products (MOD04) 
of year 2007 were acquired. The retrieved 500 m AOT 
images were validated with the data from the Hong 
Kong AERONET station. AERONET (Holben et al.[3]) 
is a global network of ground sunphotometers, which 
consists of a Cimel sunphotometer for measuring aerosol 
extinction every fifteen minutes using multiple wave-
lengths.  

3  Methodology 

The TERRA/MODIS 500 m resolution data (470, 550, 
660 nm) was used for aerosol retrieval over the urban 
area for the year 2007. The rationale of the proposed  
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aerosol retrieval algorithm is to determine the aerosol 
reflectance by decomposing the Top-of-Atmosphere 
(TOA) reflectance from surface reflectance and the 
Rayleigh path reflectance. The aerosol reflectance ρAer 
can be determined by eq. (1): 
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where θ0 is the solar zenith angle, θs is the satellite ze-
nith angle, ρAer is the aerosol reflectance, ρRay is the 
Rayleigh reflectance, ΓTot (θ0) is the transmittance along 
the path from the sun to ground, ΓTot (θs) is the transmit-
tance along the path from the sensor to ground, ρSurf is 
the surface reflectance, and rHem is the hemispheric re-
flectance. Figure 2 illustrates the work flow of aerosol 
retrieval in this study. 

In order to validate the surface reflectance estimated 
from MRT, the MODIS surface reflectance products 
(MOD09 8-days composite surface reflectance images) 
were also acquired from NASA Goddard Earth Science  

Distributed Active Archive Center for year 2007. 

3.1  Rayleigh and surface reflectance 

Atmospheric path radiance is composed of Rayleigh and 
aerosol radiances. The determination of Rayleigh path 
radiance is based on the computation of spectral de-
pendence of the Rayleigh optical depth and phase func-
tion. The Bucholtz[12] equation (eq. (2)) was adopted for 
calculating the Rayleigh scattering optical thickness.  
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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 relevant to the height, which was determined by 
the parameterized barometric equation.  

0
Surf

29.87 g 0.75( ) exp .
8.315 ( g 0.75 )

zp z p
T z

⎡ ⎤− ⋅ ⋅ ⋅
= ⋅ ⎢ ⎥⋅ − ⋅ ⋅⎣ ⎦

    (3) 

A fine resolution Digital Elevation Model (DEM) was 
used for estimating the height z and for calculating the 

 
Figure 2  Schematic diagram for aerosol retrieval in the study. 
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pressure p(z) for each pixel. g is the gravity acceleration 
(9.807 m/s2) and TSurf is the surface temperature. 

The basic scheme of the modified MRT is to extract  
the minimum reflectance values of land surfaces over a  
period. To minimize seasonal land cover changes, sea- 
sonal minimum reflectance images were derived based  
on at least thirty clear-sky images for each of four sea- 
sons. Then, the second minimum reflectance values (ra- 
ther than the actual minimum) were retrieved in order to  
avoid abnormal low reflectance such as noise or shadow.  
It was noted that the second minimum reflectance values  
have a stronger agreement with the surface reflectance.  
In addition, clouds were removed by thresholding the  
thermal waveband, which is essential in cloud-prone  
areas like Hong Kong. Only nadir images with satellite  
viewing angle <35o have been considered in this study in  
order to minimize the angular effects caused by bidirec- 
tional reflectivity in heterogeneous areas. 

3.2  Aerosol retrieval 

The satellite measured aerosol reflectance decomposing  
from TOA reflectance, surface reflectance and Rayleigh  
path radiance can be fitted to values calculated from  
known aerosol optical properties to derive the AOT from  
the image wavelengths. This study adopted the Santa  
Barbara DISORT Radiative Transfer (SBDART; Ric- 
chiazzi et al.[13]) model for constructing the LUT. Cluster  
analysis was used to classify natural and anthropogenic  
aerosols using 24 parameters from the AERONET aero- 
sol and inversion products, which includes AOT (τ500),  
angstrom exponent (α870―440), 4 single scattering albedo,  
8 real and imaginary refractive index, 4 asymmetry fac- 
tor, 2 mean radius, 2 standard deviation and 2 mode total  
volume. Four aerosol types were classified using 730  
cases from 2005 to 2008. They are: i. mixed urban, ii.  
polluted urban, iii. dust, and iv. heavy pollution. Table 1  
shows the aerosol and microphysical properties, as well  
as the number of records of each cluster.  

For the results of clustering, type 1 (mixed urban  
aerosol) has the largest number (45% of total) and type 3  
(dust) has the least number of records (3% of total). This  
reveals that the Hong Kong AERONET station is more  
exposed to urban pollution and only a few observations  
from desert dust from mainland China. Observations of  
desert dust may be limited by AERONET located within  
the urban area and the topographic effect caused by the  
high mountains and high rise buildings. Heavy urban  
pollution (type 4) accounts for 22% of total records, and  

type 2 (polluted urban aerosol) accounts for 30% of total  
records. In this classification, there is no clustering of  
rural and background aerosols types in Hong Kong.  

Type 1 has the moderate absorption properties (SSA 
at 0.44 μm = 0.88) and it is dominated by both coarse 
and fine particles (Figure 3). Coarse mode most likely 
originates from sea salt and the fine mode most likely 
from local urban pollutants. In the existence of these two 
aerosol types, the absorbing properties could be deter-
mined by mixing state of carbonaceous particles. Since 
the AERONET is located 1 km from the coast, the sea 
salt and local urban pollutant are likely to be mixed; thus 
we refer to this type as mixed urban aerosol. Type 2 has 
the strongest absorption properties (SSA at 440 nm=0.87) 
and a high volume of fine particles (0.081). Small black 
carbon particles show high absorption properties. In 
Figure 3, type 2 and type 4 show similar size distribution 
but the former has lower AOT (0.52). We refer to this 
type as polluted urban aerosol. Dust (type 3) explains 
relative high AOT (τ500 = 0.51) with a large amount of 
coarse particles (68% of total volume concentration). 
Heavy pollution (type 4) is characterized by heavy 
aerosols (τ500 >1) and a large volume of fine particles 
(70%). The lower absorbing properties of heavy pollu-
tion could be explained by the mixture of particle types 
such as very small carbonaceous and sulfate particles.  

 
Figure 3  Aerosol size distributions used in this study. 

 
For the LUT construction, the above 4 aerosol models 

with 9 solar zenith angles (0°~80°, Δ=10°), 17 view ze-
nith angles (0°~80°, Δ=5°), 18 relative sun/satellite azi-
muth angles (0°~170°, Δ=10°) were considered. The 
SBDART code uses the aerosol properties associated 
with a given model, and the combinations of values for 
the 3 parameters listed above (amounting to 33048 
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Table 1  Summary of the cluster analysis results 
 Type 1 Type 2 Type 3 Type 4 

Aerosol optical thickness (500 nm) 0.451 0.518 0.510 1.065 
Single scattering albedo (439 nm) 0.876 0.869 0.885 0.894 
Single scattering albedo (676 nm) 0.889 0.874 0.871 0.911 
Single scattering albedo (869 nm) 0.878 0.857 0.855 0.899 
Single scattering albedo (1020 nm) 0.872 0.844 0.848 0.888 
Real refractive index (676 nm) 1.470 1.452 1.500 1.452 
Imaginary refractive index (676 nm) 0.014 0.022 0.016 0.015 
Angstrom coefficient (870 nm/440 nm) 1.363 1.316 0.952 1.286 
Asymmetry factor (676 nm) 0.643 0.665 0.683 0.682 
Fine total volume 0.064 0.081 0.070 0.155 
Fine mean radius 0.181 0.222 0.262 0.244 
Geometric standard deviation (fine) 0.478 0.562 0.644 0.542 
Coarse total volume 0.055 0.038 0.148 0.066 
Coarse mean radius 2.458 3.177 4.484 2.892 
Geometric standard deviation (coarse) 0.672 0.592 0.504 0.594 
Number of records 332 216 22 160 

 
combinations for 3 bands (470, 550, 660 nm)), to com-
pute the hypothetical AOT. Figure 4 represents one of 
the LUTs from the SBDART results. 

 
Figure 4  TOA reflectance as a function of AOT. The SBDART calcula-
tions were performed with solar zenith angle=30°, satellite zenith an-
gle=10°, azimuth angle=150°. 

 

The first step is the interpolation of the LUT geome-
try to the measured (satellite) geometry. This can reduce 
the number of LUT values being read in the computer 
memory. In the second step, hypothetical aerosol reflec-
tance is determined based on the satellite estimated 
aerosol reflectance for the 470 nm band. Finally, the 
satellite observed aerosol reflectance is compared to the 
set of hypothetical aerosol reflectance for each geomet-
rically-corrected LUT. For these comparisons, an opti-
mal spectral shape-fitting technique was executed to 
select the aerosol model with the smallest systematic 

errors[1,14―16] (eq. (4)): 
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The error term of 2x is described as the residual of the 

measured aerosol reflectance mea
Aer ( )iρ λ from MODIS 

and modeled aerosol reflectance mod
Aer ( )iρ λ from aerosol 

models, n = 3 (3 wavelengths). The minimum residual of 
x2 is selected from the four aerosol types for each pixel. 
Thus, the appropriate aerosol type is selected and the 
corresponding AOT values are then derived for each 
pixel.  

4  Result 

4.1  Validation with surface reflectance 

The minimum reflectance images have been derived 
seasonally for the estimation of surface reflectance 
(Figure 5). Validation of the MRT images was under-
taken by comparing with the MODIS surface reflectance 
products (MOD09: 8-days composite surface reflectance 
images). The MOD09 images are corrected for aerosol, 
gaseous and water vapor using the inputs of MODIS 
atmospheric data. Strong correlations were observed in 
the fall and winter seasons (r>0.9), whereas moderate 
correlations were noted in the spring season (r>0.8) (Ta-
ble 2). The differences in surface reflectance (y-inter- 
cepts of the slopes) were less than or equal to 0.01 for 
the 550 and 660 nm wavelengths whereas the differ-
ences are greater for the shorter 470 nm wavelength 
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Figure 5  Surface reflectance maps in fall season. (a) RGB composite of MOD09. (b) RGB composite of MRT. 

 
Table 2  Summary of correlations (r) between surface reflectance derived from MRT and from MOD09 products 

Wavelength 470 nm 550 nm 660 nm 
Spring 0.870 0.902 0.937 

Autumn 0.947 0.950 0.940 
Winter 0.938 0.933 0.943 
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(~0.02―0.03). 

4.2  Validation with AERONET measurements 

The MODIS 500 m retrieved AOT was validated using 
AERONET measurements (Figure 6(a)) and a good 
agreement is shown between our methodology and the 
AERONET, with a correlation coefficient r=0.891. For 
further comparison, the MOD04 collection 4 and 5 AOT 
data at 10 km resolution were also compared with 
AERONET (Figure 6(b)). The correlation coefficients of 
r=0.913 and r=0.877 were observed from collection 5 
and collection 4 respectively. The correlation coefficient 
of our methodology is in between the values of collec-
tion 5 and 4, but it has a smaller magnitude of underes-
timation of AOT (~0.025) than that of collection 4 and 5. 
Most importantly, our methodology can retrieve AOT 
images at a much higher spatial resolution, and thus can 
show detailed AOT levels over both bright urban and 
dark rural vegetated areas. This improvement is signifi-
cant for a topographically complex area like Hong Kong. 

4.3  Applications 

The AOT distribution over Hong Kong and the PRD 
region on 28 January 2007 and 30 January 2007 re-
trieved using MODIS 500 m data are shown in Figure 
7(a), (b). The overall AOT of 28 January 2007 is rela-
tively low with a range of ~0.4 in rural areas to ~1.4 in 
urban areas. It is particularly notable that in industrial- 
ized areas of the PRD e.g., Guangzhou city and Shunde 
district, high AOT is observed due to anthropogenic 
pollution sources. However the general AOT of Hong  

Kong on the same date is comparatively low ~0.6. A 
rapid increase of AOT occurred two days later on 30 
January 2007. This extremely high AOT (~1.8) was ob-
served over most industrialized areas in the PRD and it 
is shown as red color in Figure 7(b). There are many 
industries and power plants located there and due to the 
low wind speeds (~1.5 m/s) on that day, the air pollut-
ants would be trapped in the PRD region. The northern 
part of Hong Kong, especially near the Chinese city of 
Shenzhen, commonly suffers from cross-boundary pol-
lutants which are emitted from industries in the PRD 
region, and here AOT values of 1.0 are observed on 30 
January 2007. The MODIS collection 5 AOT image is 
visually and spatially inferior due to its coarser resolu-
tion (10 km) and is ineffective for aerosol mapping in 
urban areas. The rapid changes of aerosol contents over 
the PRD region and Hong Kong can be monitored using 
our methodology with higher resolution and it is easier 
to pinpoint the sources of anthropogenic emission. 

5  Conclusion 

This study demonstrates a new aerosol retrieval algo-
rithm for MODIS 500 m data based on a modified MRT 
to derive surface reflectance images coupled with com-
prehensive LUTs, which consider different aerosol mod-
els derived from Hong Kong AERONET measurements 
and sun-satellite geometries in radiative transfer model-
ing. The MODIS 500 m AOT is able to estimate aerosols 
over both urban and vegetated areas at a high level of 
detail. A good correlation was found between land sur- 

 

 
Figure 6  (a) Scatter plots between MODIS 500 m AOT with AERONET measurements; (b) Scatter plots between MOD04 collection 4 and 5 AOT with 
AERONET measurements.  
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Figure 7  AOT at 550 nm with 500 m resolution over Hong Kong and the Pearl River Delta (PRD) region on 28 January 2007 (a) and 30 January 2007 (b). 

 
face reflectance from MOD09 products and the MRT 
images, and this suggests the MRT images are useful for 
estimation of surface reflectance. The derived MODIS 
500 m AOT shows a high level of accuracy (r=0.891) 
compared with ground-based AERONET measurements. 
The results are also comparable with MODIS collection 
4 and collection 5 data, with r=0.877 and r=0.913. Al-
though the collection 5 performs a slightly higher 
correlation than our method, its spatial inferiority due to 

coarse resolution limits its application in urban areas. 
Given the high accuracy and higher spatial resolution of 
the derived MODIS 500 m AOT images, they can be 
used to study transient cross-boundary aerosols and lo-
calized intra-urban aerosol distributions. 
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