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Aerosol observations are essential for understanding the Earth’s radiation budget and
the complexities of climate change, as they are involved in the backscattering of solar
radiation and the formation of cloud condensation nuclei. In Hong Kong, the most direct
effect is on air quality. Atmospheric haze caused by the emission of aerosols from indus-
trial and vehicular sources creates visibility lower than 8 km for approximately 20% of
the time, having risen at 6% per decade since 1980, but regional emissions are at least
as influential as local ones. The 179,000 km2 covered by Hong Kong and neighbouring
Guangdong Province cannot be adequately covered by the 76 monitoring stations set up
by the two governments, and satellite images offer the only potential source of regional
air quality data. However, the current satellite-based aerosol optical thickness (AOT)
products are intended for global air quality monitoring, and may contain errors over a
humid coastal city such as Hong Kong and its surrounding industrialized regions. This
research compares the AOT retrieved from several AOT operational products, namely
the Moderate Resolution Imaging Spectroradiometer (MODIS) MOD04 product, the
MODIS 500 m product, the Multiangle Imaging Spectroradiometer (MISR) product,
the Ozone Monitoring Instrument (OMI) multiwavelength aerosol product, and the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) product,
with ground-based AOT from sunphotometers in Hong Kong. These sunphotometers
include two AERONET stations, and are deployed in Hong Kong over urban, suburban,
and coastal areas. The rigorous correlations, root mean square errors, and mean absolute
differences available from the multilocational field data within one city region provide
a strong base for validating the AOT products from different sensors and at different
spatial scales over different land surface types. The results suggest that the AOT prod-
ucts, especially those from MODIS 10 km, provide reliable and accurate observations
for daily air quality monitoring over a variety of land-cover types, as well as for identi-
fying emission sources for coordinated actions by the governments of Hong Kong and
the Chinese mainland.

1. Introduction

Aerosols are defined as particles suspended in the atmosphere in either liquid or solid form.
They have different size distributions, shapes, and residence times, and are from different
sources. The study of aerosols is important because of their effects on the Earth’s radiation
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budget, climate change, atmospheric conditions, and human health. Recent research has
focused on fine aerosols for their long-term damage to the respiratory system (Davidson,
Phalen, and Solomon 2005; Dominici et al. 2006). At the global level, aerosols, and the
clouds that are closely associated with them, play an especially important role in the Earth’s
energy budget. Aerosols, which serve as condensation nuclei, are key elements in cloud
formation. Traditionally, aerosols are considered to be equivalent to ‘haze’ and ‘dust’. Early
observations of aerosols were carried out visually. In the last hundred years, there have been
many observations and studies of aerosols. Mie (1908) developed a theory for analysing
aerosol particle sizes and their optical characteristic, hence the term ‘Mie particles’. Junge
(1952) first illustrated the continuous aerosol size distribution, covering radii from 0.01 to
10 µm, where particles less than 0.1 µm are produced by reactive gases in the atmosphere
such as sulphur dioxide (SO2) or fires, and particles larger than 1 µm are produced by
natural environmental processes such as from wind-blown soil and sea salt (Hobbs 1993).

Multichannel algorithms for retrieving aerosol optical thickness (AOT) from satellite
data have been devised over the last three decades, and they are now potentially able to
address the shortcomings of air particulate measurements at a few ground stations cover-
ing a region, because satellites provide large spatial coverage whereas ground stations only
represent their neighbouring regions and cannot be used for locating emission sources.
Different algorithms have been developed for aerosol retrieval over (1) water (Martonchik
et al. 1998; Kaufman and Tanré 1998; Kahn, Banerjee, and McDonald, 2001; Remer et al.
2002), (2) vegetation (Kaufman and Sendra 1988; Kaufman et al. 1997), (3) bright sur-
faces such as deserts (Martonchik et al. 1998; Kaufman et al. 2002; Hsu et al. 2004; Kahn
et al. 2005; Hsu, Tsay, and King 2006; Kokhanovsky et al. 2007), and (4) complex sur-
faces such as urban areas (Kahn et al. 2005; Lee et al. 2006; Von Hoyningen-Huene et al.
2006; Kokhanovsky et al. 2007; Lee and Kim 2010; Wong et al. 2010; Wong, Nichol,
and Lee 2011). The need for different algorithms is due to the different wavelengths used
by different sensors (Hidy et al. 2009). The general rationale of multiwavelength aerosol
retrieval is to separate the atmospheric contribution and surface reflectance from the total
image signal at the top-of-atmosphere (TOA). However, a decade of research on algorithms
for multiwavelength aerosol retrieval has not achieved very high accuracy, especially for
retrievals over complex land surfaces such as urban and urbanized regions (King et al. 1999;
Lee et al. 2009). Additionally, the south China region including Hong Kong was originally
identified as an area with a particularly large error of satellite-derived estimates of AOT
(Kaufman and Tanré 1998), due to its unique high AOT, mixed particulate types, high
humidity, high cloud cover, and turbid coastal waters, and this has not yet been addressed.

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a sensor on board
the TERRA and AQUA satellites (Parkinson 2003). TERRA was launched in 1999 and
passes from north to south in the morning (∼10:30 a.m. local time at equator) and AQUA
was launched in 2001 and passes from south to north in the afternoon (∼1:30 p.m. local
time at equator). With 36 wavebands at 250 m, 500 m, and 1 km resolution, MODIS can be
used for atmospheric, oceanic, and land studies at both global and local scales. Currently,
the MODIS level 2 operational aerosol product (MOD04) provides 10 km resolution AOT
values and has been upgraded from collection 4 (Kaufman et al. 1997; Kaufman and Tanré
1998) to collection 5 (Levy et al. 2005; Remer et al. 2005), with more consideration of
aerosol types and dark pixel selection during retrieval. The rationale of the multiwavelength
algorithm used in MODIS is to take advantage of different aerosol scattering properties
(e.g. longer wavelengths have smaller aerosol loadings). Thus, by virtue of their spectral
differences, the amount of aerosol reflectance can be inferred from a combination of longer
and shorter wavelengths. The derived aerosol reflectances are then fitted to look-up tables
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(LUTs) created from different aerosol types to derive AOT. However, since the current
operational product does not work adequately over complex surfaces such as urbanized
regions and at higher resolution, a new method using the minimum reflectance technique
(MRT) was developed (Wong et al. 2010; Wong, Nichol, and Lee 2011) to provide an AOT
product at 500 m from MODIS. This permits mapping of AOT over Hong Kong and the
Pearl River Delta (PRD) region at a more detailed level.

The Multiangle Imaging Spectroradiometer (MISR) was launched in 1999 as a polar
orbiting sun-synchronous satellite (TERRA) at an altitude of 705 km, with temporal res-
olution of 16 days. MISR has nine cameras with four spectral bands (446, 558, 672, and
867 nm), which are used for observing forward, nadir, and rear from nine different viewing
angles (Diner et al. 1998). The nominal spatial resolutions of MISR are 250 m, 275 m, and
1 km, but radiances at 1.1 km resolution are processed to give the standard level-2 MISR
aerosol product at a 17.6 km × 17.6 km pixel size. The heterogeneous land algorithm
was developed by Martonchik et al. (1998) for application with multiple viewing angle
sensors when no dense dark vegetation (DDV) but sufficient spatial contrasts are present in
a scene. It differs from the dark water and DDV retrieval methods, and uses the spatial con-
trasts between pixels to derive an empirical orthogonal function (EOF) based on different
angular variations of the image reflectance. The path reflectance can be determined from
these differences. The resulting AOT values can be devised from the best-fitting aerosol
model (Martonchik et al. 1998; Diner et al. 1998).

The Ozone Monitoring Instrument (OMI) was launched in 2004 on a 705 km
sun-synchronous polar orbit on the AURA satellite with an ascending node equa-
tor crossing time of 1:45 p.m. (LST) (Dobber et al. 2006; Levelt et al. 2006). The
OMI instrument with advance viewing capabilities is an inheritor of instruments such
as the Total Ozone Mapping Spectrometer (TOMS) (Heath and Park 1978; Bhartia
and Wellemeyer 2002), the Solar Backscatter Ultraviolet Instrument (SBUV) (Heath
and Park 1978), the Global Ozone Monitoring Instrument (GOME) (Burrows et al.
1999), and the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography
(SCIAMACHY) (Burrows et al. 1995; Bovensmann et al. 1999). The OMI instrument
is a push-broom, nadir-viewing, ultraviolet–visible (ultraviolet: 270–365 nm and visible:
365–500 nm) imaging spectrometer with a wide instantaneous across-track field of view
(115◦). These wavelength ranges are used to retrieve the OMI data products, which are
available at four processing levels (level 0, level 1B, level 2, and level 3). The OMI opera-
tional algorithms to retrieve these data products depend heavily on experience gained from
TOMS, GOME, SBUV, and SCIAMAMCHY. There are two aerosol products developed for
OMI: the OMAERUV aerosol product (near-UV algorithm) and OMAERO aerosol prod-
uct (multiwavelength algorithm). The near-UV algorithm derives AOT from the 342.5 and
388 nm wavelengths. Its rationale is to first derive the aerosol index from these two wave-
lengths, then to use the aerosol index to determine the best-fitting aerosol type. Lastly, it
uses the best-fitting aerosol type to generate an LUT, which is used to derive AOT and
the single scattering albedo (SSA). The multiwavelength algorithm derives AOT using
eight UV and visible wavelengths from 340 to 500 nm. Its rationale is to fit the spec-
trum to 50 aerosol models, and find the model with the least systemic error (least root
mean square error (RMSE)), and then further derive the AOT value from the appropriate
aerosol model (Torres et al. 2005). In this study, the OMAERO aerosol grid product from
the multiwavelength algorithm (at 27.8 km spatial resolution) was used since it provides
AOT values at visible wavelengths that are compatible with sunphotometer measurements.

The CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation)
spacecraft was launched in 2006 to observe the vertical structure and properties of clouds
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and aerosols (Winker, Pelon, and Mccormick 2003; Winker, Hunt, and Mcgill 2007; Winker
et al. 2010). CALIPSO is the first satellite-borne polarization lidar. It is placed in a 705 km
sun-synchronous polar orbit, providing global coverage between 82 ◦N and 82 ◦S with a
local afternoon equatorial crossing time of 1:30 p.m. (ascending node). The CALIPSO
payload consists of CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), an
active and polarization-sensitive lidar instrument with passive visible and infrared sen-
sors (Winker, Pelon, and Mccormick 2003). The main objective of CALIPSO is to provide
high-resolution vertical profiles and spatial and optical properties of aerosols and clouds
to improve understanding of the global climate and for weather forecasting and air quality
models (Winker, Hunt, and Mcgill 2007). The accuracy of CALIOP data products depend
on the calibration of the 532 nm backscatter profiles, which are divided into level 1 and
level 2 (King et al. 2004). The level 1 data products consist of geo-located and calibrated
profiles. The level 2 data products have three types of data: layer products (properties of
clouds and aerosol layers), profile products (backscatter and extinction profiles), and a ver-
tical feature mask (location and types of aerosols and clouds). The column AOT from level
2 products with a spatial resolution of 5 km is used in this study.

This research aims to compare and validate the AOT products from five satellite sensors
(MODIS 10 km, MODIS 500 m, MISR, OMI, and CALIPSO) with AOT measured by three
sunphotometers in Hong Kong. The three sunphotometers include two AERONET stations,
allowing AOT data to be collected over urban areas, suburban areas, and coastal areas.
This may be the second densest sunphotometer campaign in the world, as three sunphoto-
meters are deployed over an area of 1104 km2 in this study, while the densest campaign
is the DRAGON-US experiment operated by NASA in 2011 (DRAGON-US 2011). The
results from the evaluation can suggest the best parameters for reliable and accurate daily
air quality monitoring over an urbanized region and also for identifying emission sources
for coordinated actions by the governments of Hong Kong and the Chinese mainland.

2. Study area and data used

The skies over Hong Kong are obscured for 20% of the time during the year due to fre-
quent episodes of reduced visibility (visibility less than 8 km) (Chang and Koo 1986; Lai
and Sequeira 2001). These low visibilities are thought to be due to interactions between
anthropogenic aerosols, sea salts, water vapour, and long-distance dust (Bell, Peterson, and
Chin 1970). In addition, a significant 22% increase in AOT has occurred between 2002 and
2004 (Cheng, Chan, and Yang 2006). During the dry season, northerly and northeasterly
winds bring continental pollution from industries in the neighbouring PRD region of the
Chinese mainland to Hong Kong. The PRD region is deemed to be the main source of
anthropogenic emissions in south China.

This study used satellite data for many years from several different sensors, namely
(1) the MODIS 10 km AOT product at 550 nm from years 2000 to 2010, (2) the MODIS
500 m AOT product at 550 nm (Wong et al. 2010; Wong, Nichol, and Lee 2011) from years
2000 to 2011, (3) the MISR 17.6 km AOT product at 446, 558, 672, and 866 nm from years
2005 to 2010, (4) the OMI 27.8 km AOT product at 342, 388, 442, 463, and 483 nm from
years 2004 to 2010, and (5) the CALIPSO 5 km AOT product at 532 and 1064 nm from
years 2006 to 2010. The AOT products derived from these satellites were validated using
three sunphotometers. Two of these, an urban site (Hong Kong PolyU) and a rural coastal
site (Hong Kong Hok Tsui), belong to the AERONET network. AERONET is a federated
network of ground sunphotometers, which measure the aerosol extinction every 15 min
over multiple wavelengths (Holben et al. 1998). The Hong Kong PolyU urban site, situated
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Figure 1. Aerosol monitoring stations in Hong Kong overlaid onto a MODIS 500 m AOT image
(average of AOT from 2000 to 2011). The triangle represents Hong Kong PolyU AERONET station,
the star represents Hong Kong Hok Tsui AERONET station, and the circle represents Hong Kong
CityU sunphotometer.

at the centre of the urbanized Kowloon Peninsula (Figure 1), has operated since 2005, and
the Hong Kong Hok Tsui rural site, located on a remote peninsula near the coast, was set
up to monitor rural (background) aerosols and has operated from 2007 to 2010. A third,
standalone sunphotometer was operated at a suburban location at the City University of
Hong Kong from 2002 to 2009.

3. Methodology

Validation of MODIS 10 km, MODIS 500 m, MISR, OMI, and CALIPSO AOT products in
Hong Kong was undertaken by comparison with the two AERONET level 1.5 data and data
from one standalone sunphotometer. The AERONET level 1.5 data are cloud-screened by
a NASA operational algorithm (Smirnov et al. 2000). For this, the MODIS 10 km, MODIS
500 m, MISR, and CALIPSO products were compared with AERONET and sunphotome-
ter observations within a period of ±30 min of overpass time (Ichoku et al. 2002). The
OMI grid products were compared with daily AERONET and sunphotometer observations.
The columnar AOTs were then extracted from a 3 by 3 kernel for image pixels corre-
sponding to the three ground sunphotometer stations, for MODIS 10 km, MODIS 500 m,
MISR, and OMI products. However, since CALIPSO has a much lower visit frequency over
Hong Kong, a larger kernel with 8 × 8 pixels was used.

4. Results

4.1. MODIS AOT versus sunphotometer AOT data

The MODIS 10 km AOT was found to be highly correlated with the PolyU AERONET, Hok
Tsui AERONET, and CityU AOT (correlation (r) = 0.950, 0.944, and 0.945, respectively)
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Figure 2. Comparison between the MODIS 10 km product and (a) Hong Kong PolyU AERONET
data, (b) Hong Kong Hok Tsui AERONET data, and (c) CityU sunphotometer data, all at 550 nm.

(Figure 2). Approximately three-quarters of the data fall within ±0.1 of the AERONET
AOT values, and the mean absolute differences (MADs) and RMSEs between AOTs and
sunphotometer data are 0.109, 0.054, and 0.126, and 0.131, 0.075, and 0.163 for PolyU, Hok
Tsui, and CityU sunphotometer measurements, respectively. This performs better than the
MODIS 500 m AOT (r = 0.872, 0.931, and 0.856). The MADs are 0.100, 0.122, and 0.129,
and the RMSEs are 0.118, 0.135, and 0.160 for PolyU, Hok Tsui, and CityU, respectively
(Figure 3). The reason for only moderate performance observed for the MODIS 500 m
AOT is thought to be mainly due to the estimation of surface reflectance (Wong et al. 2010;
Wong, Nichol, and Lee 2011).

4.2. MISR AOT versus sunphotometer AOT data

The MISR 17.6 km AOT product in general shows high correlations with ground-based
sunphotometers, except for those at the coastal Hok Tsui AERONET site. The correla-
tions between the MISR product and the PolyU AERONET are r = 0.914, 0.908, 0.890,
and 0.873 at 446, 558, 672, and 886 nm, respectively. Similar high correlations were also
observed for the CityU sunphotometer site, where r = 0.875, 0.880, 0.824, and 0.692 were
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Figure 3. Comparison between the MODIS 500 m product and (a) Hong Kong PolyU AERONET
data, (b) Hong Kong Hok Tsui AERONET data, and (c) CityU sunphotometer data, all at 550 nm.

observed at 446, 558, 672, and 886 nm, respectively (Figure 4). Although fewer suit-
able images were obtained due to the lower visit frequency of MISR than MODIS, these
sampling numbers are still statistically significant at the 1% interval (e.g. the observed cor-
relation of 20 samples should exceed the correlation (r) of 0.733 to be significant at the 1%
confidence interval) except 886 nm at CityU comparison. The Hok Tsui site has operated
only since 2007 and there are not enough matched data for comparison. Lower MADs and
RMSEs are obtained from the PolyU site (0.179 and 0.217 at 550 nm) compared with CityU
(0.232 and 0.303 at 550 nm). The high correlations observed over urban and suburban areas
are in line with the findings reported by Liu et al. (2010) and Jiang et al. (2007) in China.
MISR AOT showed good correlation with the ground data, which may be because a large
number of aerosol models, incorporating aerosol mixtures from different aerosol parame-
ters including shape, size, and mass, are considered in the MISR AOT retrieval algorithm
(Martonchik et al. 1998; Kahn, Banerjee, and Mcdonald 2001). However, this approach
may also be a drawback as the aerosol models are derived from research conducted for
specific regions and thus may not be applicable globally.
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Figure 4. Comparison between the MISR 17.6 km product and Hong Kong PolyU AERONET data
at (a) 440 nm, (b) 550 nm, (c) 675 nm, and (d) 870 nm, and CityU sunphotometer data at (e) 440 nm,
(f ) 550 nm, (g) 675 nm, and (h) 870 nm.
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Figure 4. (Continued).

4.3. OMI AOT versus sunphotometer AOT data

Figure 5 shows the correlation between the AOT retrieved from OMI and AERONET at five
different wavelengths. The correlation between the OMI product and PolyU AERONET is
r = 0.570, which is higher than that for the Hok Tsui AERONET (r = 0.490) but lower than
that for the CityU sunphotometer (r = 0.707). Lower MADs and RMSEs are also found
for CityU (averaged values of MADs and RMSEs are 0.259 and 0.359, respectively) than
for PolyU (0.432 and 0.615) and Hok Tsui (0.497 and 0.705) AERONET sites. In general,
the OMI product overestimates AOT, which may be due to subpixel cloud contamination
since the large pixels can easily contain undetected cloud. This overestimation supports the
arguments of Curier et al. (2008), which indicate the limitations of the OMI in mapping
AOT over a coastal region due to unreliable values of surface albedo in the presence of
mixed pixels. In addition, Torres et al. (1998) and Jethva and Torres (2011) found that
the discrepancy in OMI-retrieved AOT is caused by the underestimation of the assumed
aerosol layer height. Uncertainty in the retrieval of AOT from OMI is normally associated
with subpixel cloud contamination, assumed aerosol layer height, surface albedo effect, and
error contributed by the assumed aerosol model.

4.4. CALIPSO AOT versus sunphotometer AOT data

The main objective of CALIPSO is to measure the aerosol vertical profile from space-borne
lidar. The summarization of the extinction coefficient at different altitudes is deemed to be
equal to AOT. Low correlations were observed between CALIPSO and ground-based sun-
photometer data, e.g. PolyU AERONET site (r = 0.275 and 0.021 at 532 and 1064 nm,
respectively) and CityU site (r = 0.225 and 0.184 at 532 and 1064 nm, respectively)
(Figure 6). The insufficient number of data pairs, e.g. sample numbers of 17 and 5, can-
not be counted as statistically significant. The low correlation may be due to the limitation
of CALIPSO in collecting data from near ground level during the daytime, with a lower
signal-to-noise ratio expected due to the high solar background (Hidy et al. 2009).

The AOT images of MODIS 10 km, MODIS 500 m, MISR, OMI, and CALIPSO over
Hong Kong are shown in Figure 7, and the averaged AOT images are shown in Figure 8.
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Figure 5. Comparison between OMI 27.8 km AOT and Hong Kong PolyU AERONET data at
(a) 340 nm, (b) 380 nm, (c) 442 nm, (d) 463 nm, and (e) 483 nm, Hong Kong Hok Tsui AERONET
data at (f ) 340 nm, (g) 380 nm, (h) 442 nm, (i) 463 nm, and (j) 483 nm, and CityU sunphotometer
data at (k) 442 nm, (l) 463 nm, and (m) 483 nm.
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Figure 5. (Continued).
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Figure 6. Comparison between CALIPSO 5 km AOT and Hong Kong PolyU AERONET data at (a)
550 nm and (b) 1020 nm, and CityU sunphotometer data at (c) 550 nm and (d) 1020 nm.

5. Analysis of the MODIS 10 km AOT data

Since understanding the temporal and spatial patterns of pollutants in terms of the relative
contribution of seasonal variations, meteorological parameters, and particle sizes is critical
in the reliable prediction of AOT, a few more specific studies have been conducted to exam-
ine these independent variables. The MODIS 10 km AOT data with the maximum absolute
and relative accuracies are used in this section.

5.1. Accuracy of MODIS 10 km AOT data (seasonal variation)

The seasonal patterns of meteorological data were studied to understand their influence
on AOT derivation during four seasons. The paired data sets for MODIS 10 km and the
three sunphotometers’ AOT were grouped by season, namely spring (March–May), sum-
mer (June–August), autumn (September–November), and winter (December–February).
The results show marked seasonal influence (Table 1). The relative accuracies (correla-
tion) of AOT are generally higher in winter and spring than in summer and autumn, and the
results for all sites and seasons are significant at the 1% confidence interval. This may be
due to the high atmospheric water vapour content (high relative humidity), causing aerosol
particles to grow in size during the rainy season, which may reduce the retrieval accuracy.
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Figure 7. AOT images of (a) MODIS 10 km at 550 nm, (b) MODIS 500 m at 550 nm, (c) MISR
at 442 nm, (d) OMI at 483 nm, and (e) CALIPSO at 532 nm, and (f ) RGB true colour and MODIS
AOT 1 km images. Biomass burning is circled on both images in (f ).

5.2. Accuracy of MODIS 10 km AOT data (relationship with meteorological
parameters)

In order to understand the relationship between AOT and meteorological parameters,
the matched data of MODIS 10 km and PolyU AERONET AOT data were categorized
according to different weather conditions. Three categories of wind speed (0–2, 2.1–4,
and >4.1 m s–1), four categories of wind direction (0–90◦, 91–180◦, 181–270◦, and
270–359◦), and five categories of relative humidity (31–40%, 41–50%, 51–60%, 61–70%,
and 71–80%) were set, and these data were selected within ±30 min of meteorological
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Figure 7. (Continued).

observations. The absolute and relative accuracies are shown in Table 2. All the relative
accuracies are significant at the 1% confidence interval except on occasions when relative
humidity is between 31% and 40%. In addition, high absolute errors are observed when
relative humidity is between 71% and 80% and wind direction is between 271◦ and 359◦.
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Figure 8. Averaged images of (a) MODIS 10 km AOT at 550 nm from 2000 to 2010, (b) MODIS
500 m AOT at 550 nm from 2000 to 2011, (c) MISR 17.6 km AOT at 558 nm from 2005 to 2010,
(d) OMI 27.8 km AOT at 483 nm from 2004 to 2010, and (e) CALIPSO 5 km AOT at 532 nm from
2006 to 2010.

Table 1. Correlations of MODIS 10 km AOT and sunphotometer data categorized by seasons.

Site/season Winter Spring Summer Autumn

PolyU AERONET 0.943 (0.128) 0.958 (0.154) Not enough data 0.937 (0.124)
Hok Tsui AERONET 0.946 (0.084) Not enough data Not enough data Not enough data
CityU sunphotometer 0.930 (0.193) 0.982 (0.139) 0.932 (0.141) 0.954 (0.148)

Note: Values in brackets are root mean square errors.
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5.3. Accuracy of MODIS 10 km AOT data (relationship with particle sizes)

AERONET contains data of both fine and coarse mode optical thickness based on a spectral
deconvolution method (O’Neill, Dubovik, and Eck 2001; O’Neill et al. 2003). MODIS also
provides products with the total aerosol optical concentration and the fraction of the optical
thickness contributed by the fine and coarse aerosols (Remer et al. 2002). The MODIS fine
and coarse mode AOTs (at 550 nm) were acquired and matched with the fine and coarse
mode AOTs (at 500 nm) from PolyU and Hok Tsui AERONET sites within ±30 min of
overpass time. Table 3 shows the absolute (RMSE) and relative (correlation) accuracies.
All the absolute accuracies show moderate to low RMSE for both fine and coarse mode
AOTs. The relative accuracies of fine mode AOTs compared with PolyU and Hok Tsui
AERONETs are significant at the 1% confidence interval. However, low correlations are
observed for the coarse mode AOTs. Similar accuracy is observed for fine mode AOT over
the ocean (r = 0.728) in Kleidman et al.’s (2005) study but no literature has reported the
accuracy of coarse mode AOT over land. These low accuracies observed at coarse mode
over land may be due to the longer wavelengths used in MODIS, which estimates fine mode
fraction more effectively than coarse mode fraction (Tanré, Herman, and Kaufman 1996;
Kleidman et al. 2005). In addition, the MODIS inversion is based on LUTs consisting of
four fine modes and five coarse modes, for which the aerosol optical library is smaller than
that in AERONET. Thus a large discrepancy in coarse mode AOT is obtained.

6. Discussion and conclusion

The accuracy of aerosol retrieval is mainly dependent on the derivation of surface
reflectance and the fit of the aerosol model. In this study, five AOT products (MODIS
10 km, MODIS 500 m, MISR, OMI, and CALIPSO) were validated by comparison with
three sunphotometers in Hong Kong. The strongest correlations were obtained from the
MODIS 10 km product for all three sunphotometer stations, PolyU AERONET, Hok Tsui
AERONET, and CityU, with an average correlation of r = 0.947 (Table 4).

Table 5 shows the absolute accuracy assessments (standard deviation (SD), MAD,
and RMSE) for different sensors. The findings are in line with the correlations (relative

Table 3. Correlations and root mean square errors (in brackets) categorized by fine
and coarse mode AOTs.

Site/mode of AOT Fine mode Coarse mode

PolyU AERONET 0.836 (0.281) 0.357 (0.124)
Hok Tsui AERONET 0.889 (0.160) 0.270 (0.092)

Table 4. Relative accuracy of five different sensors.

Satellite Resolution
Maximum
correlation

Minimum
correlation

Average
correlation

Best/least
application

MODIS 10 km 10 km 0.950 0.944 0.947 Urban/coastal
MODIS 500 m 500 m 0.931 0.856 0.886 Coastal/suburban
MISR 17.6 km 0.896 0.818 0.857 Urban/suburban
OMI 27.8 km 0.707 0.490 0.589 Suburban/coastal
CALIPSO 5 km 0.205 0.148 0.176 Suburban/urban
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Table 5. Absolute accuracy of five different sensors (the values are averaged from all sites and all
wavelengths).

Satellite Standard deviation Mean absolute difference Root mean square error

MODIS 10 km 0.082 0.096 0.123
MODIS 500 m 0.137 0.117 0.138
MISR 0.081 0.188 0.239
OMI 0.456 0.417 0.591
CALIPSO 0.191 0.167 0.239

accuracy assessment) showing that MODIS 10 km data perform well with lower errors
(SD = 0.082, MAD = 0.096, RMSE = 0.123).

Difference in accuracy may often be attributed to different signal-to-noise ratios at
different resolutions, but in this study, no significant trend in accuracy was observed
with either increasing or decreasing resolution (Figure 9(a)). The AOT differences due to
signal-to-noise ratios may be small, or are small enough to be compensated by the other
errors such as the mixed pixel problem, surface reflectance, and the aerosol models used.
For example, the higher accuracy observed with MODIS 10 km data (Figure 9(b)) than
with the MODIS 500 m product is attributed to the higher signal-to-noise ratio obtained
with lower resolution, which compensates for the problem of mixed pixels in the surface
reflectance estimation. The same explanation can be given for the MISR 17.6 km resolu-
tion product, along with MISR’s better selection of aerosol models. The somewhat lower
accuracy for the higher resolution 500 m product from MODIS may suffer from a lower
signal-to-noise ratio but this is partially offset by better surface reflectance estimation from
fewer mixed pixels. However, the MODIS 500 m AOT image is capable of identifying
discrete pollution sources such as biomass burning plumes (Figure 7(f )), which are not
resolvable on the other lower resolution AOT products.

A study of MODIS 10 km AOT data was also conducted to examine the influence of sea-
sonal variation, meteorological parameters, and particle sizes on retrieval accuracies. The
results suggest that higher accuracy can be obtained during dry seasons and in non-windy
and non-humid environments. Since the accuracy of aerosol retrieval is highly dependent
on aerosol models in the LUT, the large particle size from sea salts and high water vapour
contents may not be accounted for in the standard MODIS LUTs.

Overall, this study indicates that the highest performance can be obtained from MODIS
10 km products (Figure 9) especially during non-humid days and when fine (submicron)
aerosols dominate. These AOT products can provide reliable and accurate observations for
daily air monitoring, as well as for identifying emission sources for coordinated actions
by the Hong Kong and Guangdong governments to tackle regional pollution. However, the
depiction of more local patterns of air quality on an intra-urban scale, represented by the
MODIS 500 m AOT product, suffers from a somewhat lower accuracy and requires further
refinement of the retrieval algorithm.
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Figure 9. (a) Maximum, minimum, and average correlations for the five different AOT products and
(b) standard deviations, mean absolute differences, and root mean square errors for the five different
AOT products.
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