
ABSTRACT The operational aerosol retrieval algorithm for the Moderate Resolution 
Imaging Spectroradiometer (MODIS) measurements was recently updated and named 
collection 6 (C6). The C6 MODIS aerosol algorithm, a substantially improved version of 
the collection 5 (C5) algorithm, uses an enhanced aerosol optical thickness (AOT) retriev-
al process consisting of new surface reflection and aerosol models. This study reports on 
the estimation and validation of the two latest versions, the C5 and C6 MODIS aerosol 
products over the East Asian region covering 20°N to 56°N and 80°E to 150°E. This study 
also presents a comparative validation of the two versions (C5 and C6) of algorithms with 
different methods (Dark Target (DT) and Deep Blue (DB) retrieval methods) from the Terra 
and Aqua platforms to make use of the Aerosol Robotic Network (AERONET) sites for the 
years 2000-2016. Over the study region, the spatially averaged annual mean AOT 
retrieved from C6 AOT is about 0.035 (5%) less than the C5 counterparts. The linear corre-
lations between MODIS and AERONET AOT are R = 0.89 (slope = 0.86) for C5 and R = 0.95 

(slope = 1.00) for C6. Moreover, the magnitude of the mean error in C6 AOT-the differ-
ence between MODIS AOT and AERONET AOT-is 40% less than that in C5 AOT.
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1. INTRODUCTION

Estimating the distribution, variation, and intensity of atmospheric aerosols has 
been an important issue in air quality and climate change studies (Myhre et al., 
2013). Several studies have been conducted around the world to understand the 
impact of atmospheric aerosols, but accurate evaluation of their effects is still 
challenging due to inhomogeneous aerosol loading and spatio-temporal distribu-
tion (e.g., Bellouin et al., 2013; Yang et al., 2009; Huebert et al., 2003; Griggs and 
Noguer, 2002; Haywood et al., 1999). Thus, fully understanding the impact of 
aerosol particles on local and global environments is required for evaluation of its 
characteristics.

The atmospheric environment in East Asia has been affected by severe air pol-
lution originating from human activity and natural aerosols such as desert dust, 
smoke from forest fire, and biomass burning (Li et al., 2007a; Lee et al., 2006; 
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Murayama et al., 2004), as westerly winds frequently 
transport the severe air pollution from the East Asian 
continent to far distances. Although ground-based 
observations or airborne measurements can provide 
aerosol properties in-situ, experimental maintenance as 
well as point measurements at a fixed location still exist 
as limitations. Instead, satellite remote sensing has been 
used to provide a spatial distribution of aerosol optical 
properties in several studies (e.g., Herman et al., 1997; 
Kaufman et al., 1997a; Stowe et al., 1997; Tanré et al., 
1997). They found that columnar aerosol properties, 
such as aerosol optical thickness (AOT or τ), integrated 
from the vertical profiles of aerosol extinction coeffi-
cients, can be estimated based on numerical and physi-
cal computation. 

Due to the large variability in atmospheric constitu-
ents and surface properties, retrieval of aerosols from sat-
ellite data in the visible wavelength region is an ill-posed 
problem. To separate the surface from other atmospheric 
contributions to the satellite-receiving radiances, most 
algorithms use the dark surface method, which assumes 
a ground target with very low reflection (Kaufman et al., 
1997b). For example, typical vegetation pixels are dark 
in the red (wavelength ≈ 0.66 μm) and blue (wavelength ≈ 

0.47 μm) wavelengths, and it is reasonable to use the 
dark (or low reflection) surface pixels for aerosol retriev-

al. Many studies have used various techniques, devel-
oped to retrieve aerosols using different satellite sensors 
with optimized algorithms, and they were reviewed by 
King et al. (1999), Lee et al. (2009), and Kokhanovsky 
and de Leeuw (2009). Well known algorithms for the 
sensors include the UV-based algorithm for the Total 
Ozone Mapping Spectroradiometer (TOMS) (Herman 
et al., 1997), single or dual visible band algorithm for the 
Advanced Very High-Resolution Radiometer (AVHRR) 

(Stowe et al., 2002), angular measurement algorithm for 
the Multiangle Imaging Spectroradiometer (MISR) 

(Diner et al., 2008; Kahn et al., 2005), ocean color algo-
rithm for the sea-viewing wide field of view sensor (Sea-
WiFS) (Hsu et al., 2004), and multi-spectral algorithm 
for the Moderate Resolution Imaging Spectroradiometer 

(MODIS) (Remer et al., 2005; Kaufman et al., 1997a). 
Among these aerosol products, MODIS aerosol prod-
ucts have been continuously developed with improved 
validation schemes. In general, MODIS-retrieved AOT 
retrievals against the global ground-based measurements 
from the Aerosol Robotic Network (AERONET) 

(OʹNeill et al., 2005; Dubovik et al., 2002; Dubovik and 
King, 2000; Holben et al., 1998) showed good agree-
ment (Chu et al., 2002; Ichoku et al., 2002). However, 
over heavy polluted regions or complex land covered 
areas, MODIS tends to under- or over-estimate AOT 
values (i.e., Li et al., 2007b). 

The main objectives of this study are to estimate the 
most recent versions of MODIS aerosol products and 
to evaluate the discrepancies between satellite products 
and ground observations. We also investigated the 
influence factor, which can affect the reliability of aero-
sol retrieval in the study area. Given the spatio-tempo-
ral information of aerosols with an update version of 
the retrieval algorithm, the understanding and applica-
tion of satellite-retrieved products will be enhanced. 
This study is structured as follows. The datasets and 
methodology employed are explained in section 2. Sec-
tion 3 compares the two latest versions of the MODIS 

Table 2. Characterized parameters of MODIS aerosol retrieval algorithms by dark target (DT) and deep blue (DB) methods.

Parameters Dark target (DT) Deep blue (DB)

Region Land, ocean Land only
Surface reflectance SWIR to visible reflectance ratios Maps and libraries
Best place over Dark vegetated targets Bright land surfaces
Spatial resolution of band used 500 m/pixels 1 km/pixels
Spatial resolution of product 3 km and 10 km 10 km
Reference Levy et al. (2013) Hsu et al. (2013)

Table 1. Specifications of MODIS level 2 aerosol products used 
in this study. 

   Characteristics Collection 5 Collection 6
a)PGE 5.1.0.11 6.0.42
Version 5.1 6.0
Period (used here) 2000-2016 2002-2016
No. of Files 77,491(Terra) 51,309 (Terra)

67,476 (Aqua) 44,640 (Aqua)
Total size 87.57 GB (Terra) 81.57 GB (Terra)

77.33 GB (Aqua) 78.25 GB (Aqua)
Reference Remer et al. (2005) Levy et al. (2013)
a) PGE: The Program Executable
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aerosol products. Section 4 presents comparisons bet-
ween satellite retrievals and ground measurements. We 
discuss our results and summarize our findings in Sec-
tion 5.

2. DATA AND METHODOLOGY

The MODIS instrument is a multi-spectral sensor 
onboard the Terra and Aqua satellites. The Terra and 
Aqua satellites were launched in December 1999 and 

May 2002, respectively. The Terra satellite is on a des-
cending orbit flying southward across the equator 
around 01:30 UTC, while the Aqua satellite is on an 
ascending orbit flying northward around 04:30 UTC. 
These observation tracks can observe the same place in 
the morning and afternoon. MODIS has 36 spectral 
bands ranging from 0.41 μm to 14 μm at three different 
spatial resolutions (250 m, 500 m, and 1000 m). Three of 
the spectral bands (i.e., 0.47 μm, 0.66 μm, and 2.12 μm) 
are used to retrieve aerosols parameters over land, while 
the remaining bands are used to retrieve aerosol parame-
ters over ocean and for cloud masking and snow cover 
masking (Remer et al., 2005; Kaufman et al., 1997a).

The most recent MODIS aerosol retrieval algorithm 
developed are two distinct products denoted as Collec-
tions 5 (C5) AOT (Levy et al., 2007; Remer et al., 2005) 
and Collections 6 (C6) AOT (Levy et al., 2013). Both 
aerosol products provide global aerosol data retrieved 
from Terra and Aqua platforms with an expected uncer-
tainty of ±0.05±0.15τ over land (Tanré et al., 1997) 
and ±0.03±0.05τ over ocean (Remer et al., 2005). The 
C6 AOT dataset generated with the upgraded algorithm 
increased the global accuracy and coverage without 
major changes to the basic principles of the algorithm 

(Levy et al., 2013). Global datasets are generally met 
within the expected accuracy; however, significantly larg-
er errors are found in local areas (Li et al., 2009; Levy et 

Fig. 1. Schematic diagram of the data processing with MODIS L2 
aerosol products.

Fig. 2. Averaged spatial distribution of AOT from different collections and retrieval algorithms for MODIS L2 aerosol products during 
2000-2015 (Terra) and 2002-2015 (Aqua). Note that the AOT data from DB algorithm are available over land only.
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al., 2005; Remer et al., 2005; Chu et al., 2002). More-
over, in regions without ground measurements for the 
inter-comparisons, those errors are largely unknown.

In this study, we used two different MODIS aerosol 
data (Terra and Aqua), generated by two different retr-
ieval methods (dark target (DT) and deep blue (DB)), 
for the estimation of differences between the C5 and C6 
aerosol products. Differences in DT and DB methods 

are following. DT has separate algorithms for land and 
ocean but DB is limited for a land retrieval only. Two 
methods have different ways of accounting for the sur-
face reflectance. Because aerosol retrieval from satellite 
observation must account for the surface reflectance to 
remove its contribution to satellite receiving signal. DT 
uses spectral ratios between the 0.47, 0.67 and 2.1 μm 
channels because SWIR channel has lower atmospheric 

Fig. 3. Absolute difference between the seasonal mean MODIS AOT of different versions (C6 AOT - C5 AOT) by DT algorithm.
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Fig. 4. Absolute difference between the seasonal mean MODIS AOT (C6 AOT - C5 AOT) by DB algorithm.
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reflection and highly correlated with visible channel. It 
has known that DT method works best over dark vege-
tated area and DB works best over bright land surfaces. 
Since the DT algorithm has limitations for aerosol 
retrieval over bright land surfaces, the DB algorithm was 
developed based on the use of the surface reflectance 
libraries in two blue channels (i.e., 0.412 μm and 0.47 

μm), where the surface reflection remains very low and 
largely stable even over bright surfaces (Hsu et al., 2006, 
2004). This method works best over bright land surfaces 
but can also retrieve aerosols over most vegetated targets. 
More parameters used in DT and DB method are listed 
in Table 2. 

The data used are extracted from MODIS Level 2 

(code names: MOD04 for Terra and MYD04 for Aqua) 

daily products observed from March 2000 ( Jan 2002 for 
Aqua) to October 2016. It is noteworthy that C5 DB 
aerosol products are currently available for 2002-2011 
from Aqua and 2000-2007 from Terra, based on known 
calibration issues. The DB algorithm has an expected 
error of ±0.05±0.20τ over land (Hsu et al., 2013). Our 
study region extends from 20°N to 58°N and from 80°E 
to 150°E, as listed in Table 1. A total of 153,195 C5 data-
sets and 95,949 C6 datasets were analyzed for the AOT 
by DT method (hereafter, AOTDT) and by DB method 

(hereafter, AOTDB), to assess their spatial and temporal 

(seasonal and year-by-year) variability over the study 
region.

The MODIS L2 aerosol data products and methods 
for both versions were validated against corresponding 

Fig. 5. Scatter plots between MODIS C5 and C6 AOT pixels during 2000-2016 for Terra and 2002-2016 for Aqua. Color scale represents 
frequency at the given AOT range (highest value means 0.001% and 0.01% of total number of pixels for Terra and Aqua, respectively).
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ground-based sun-sky radiometer measurements from 
the AERONET database (https://aeronet.gsfc.nasa.
gov). The available AERONET observation sites cover 
a large part of the East Asian region, with 117 stations 
within the study area. We used Level 2 cloud-screened 
and quality-assured data. The overall uncertainty in the 
AERONET AOT data is known to be ±0.01 for wave-
lengths greater than 440 nm and ±0.02 for shorter 
wavelengths (Eck et al., 1999).

As shown in Fig. 2, the data analysis process is com-
posed of three parts. First, a valid pair of C5 and C6 
data was found for a given pixel at a satellite’s observa-
tion time. Both versions of aerosol products including 
AOTDT and AOTDB are sampled. Second, C5 and C6 
data were directly compared to estimate spatial distri-
butions and statistical correlations. Finally, datasets 
were compared to ground-based AOT measured by 
sun-skyradiometer for the evaluation of each product.

3. RESULTS

3. 1    Comparisons between Collection 5 and 
Collection 6 Aerosol Products 

Fig. 2 shows the 17-year (2000-2016) Terra and 
15-year (2002-2016) Aqua MODIS mean AOT for dif-
ferent algorithms and collections. Note that lots of miss-
ing data points expressed as grey area over land are 
bright land surface features, such as deserts or urban 
areas in the C5/C6 DT algorithm. Over the bright land 
surface, there is no retrieval for AOTDT, but pixels are 
available in AOTDB. Furthermore, AOTDB products are 
only available over land. After expanding the region of 
interest in the C6 DT method, more effective data num-
bers are currently available than any other products over 
land. In general, mean AOT values range from 0.1 to 1.0 
at 550 nm, exhibiting an increase in the continent. Larger 
AOT values (AOT up to 1.0 at 550 nm over the populat-
ed region and megacities), reflecting a significant aerosol 

Fig. 6. Inter-annual variations of linear regression slopes, intercepts, correlation coefficients, and mean biases derived from Terra (red and 
black) and Aqua (magenta and blue) MODIS for the period 2000-2016 over East Asia. 
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load, are observed mainly in the eastern parts of China 
originating from nearby great urban and industrial areas. 
The C6 AOTDT distribution is in agreement with that of 
C5 AOTDT, reported by previous studies (Levy et al., 
2013). However, large disagreement is found in the DB 
algorithms over the study areas, where the C5 AOTDB 
values are not consistent with C5 AOTDT areas. C6 
AOTDB products cover almost the entire land area and 
their distributions are reasonable. Again, the C6 DB 
algorithm expands its coverage to vegetated regions, 
whereas the C5 DB algorithm is limited to bright surfac-
es only. 

The distributions of the seasonal mean differences of 
AOT from C6 and C5 (dAOTC6-C5 = C6 AOT-C5 
AOT) generated by different algorithms (DT and DB) 
during the entire study period is mapped in Figs. 3 and 
4. For the DT algorithm, as shown in Fig. 3, large nega-
tive values of dAOTC6-C5

 (<-0.25) occur over east-
central China in spring and summer, but the lowest 

dAOTC6-C5 values (~±0.01) occur over southern 
China and the ocean. For the DB algorithm, as shown 
in Fig. 4, dAOTC6-C5 shows negative differences ranging 
from -20% to -50% over almost half the land surface 
in the study area. Overall, the C6 AOT retrievals are 
greater than the C5 retrievals, as seen more clearly in 
the scatterplots of Figs. 5 and 6. These results are simi-
lar to the previous study using the MODIS Collection 
4 (C4) and C5 aerosol products (Li et al., 2007b).

To facilitate the comparison of four different MODIS 
aerosol products (C5 AOTDT , C6 AOTDT , C5 AOTDB, 
and C6 AOTDB), the data were sampled by correspond-
ing geographic latitudes and longitudes. Fig. 5 shows the 
relationship between C5 and C6 AOT with DT and DB 
algorithms. Although the C5 and C6 AOT products 
were not made in the same location for entire study 
areas, existing collocated pixel data were compared at the 
same time. In the left column of Fig. 5, these two ver-
sions of AOTDT products have slight differences in their 

Fig. 7. Terra and Aqua C6 MODIS AOT products plotted against collocated AERONET observations. The solid straight lines represent the 
linear regression fit to the collocating data points and the corresponding regression coefficients of the linear fit are also shown in each panel. 
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magnitude. For AOTDT values greater than 3.0, a greater 
number of scattered data points means that the two aero-
sol retrieval results are quite different due to their algo-
rithms. C6 AOTDT values are slight larger than the C5 
AOTDT values, as seen more clearly in these scatterplots. 
This overestimation of C5 from the algorithm is very 
similar to the results from the former versions, regarding 
the differences between C5 and C4 studied in Li et al. 

(2007b). For AOTDB products, as shown in the right col-
umn of Fig. 5, AOTDB products have substantial differ-
ences that are larger than those in the AOTDT cases. It is 
noteworthy that the maximum permitted AOTDT is 5.0, 
and in AOTDB the limit is as low as 3.5 over the globe. 
Moreover, it was found that the largest C6 AOTDB values 
were 2.75 for C5 and 2.88 for C6 in these comparisons. 
About 42.8% of C5 AOTDB samples were larger than 
those of C6 AOTDB. In general, relatively high correla-
tions were found to have moderate correlation coeffi-
cients of ~0.88 and ~0.77 for C5 versus C6 AOTDT and 
AOTDB retrievals, respectively. The slightly weak correla-
tion coefficient for the AOTDB retrieval is due to the 
smaller number of data points, different surface reflec-
tion scheme, and aerosol assumptions in the look-up 
tables used (Hsu et al., 2013).

During the yearly observation period, the paired data 
points of Terra/Aqua MODIS C5 and C6 with AOTDT 
and AOTDB retrievals have been fitted, and linear regres-
sion lines and the corresponding statistical coefficients 
such as slope, y-intercept, correlation coefficient (R), 
and bias were obtained. These statistical results are 

shown in Fig. 6. These results revealed that the variabili-
ty in AOT values derived from the different version is 
similar for AOTDT retrievals but large for AOTDB retriev-
als. It is also noted that the C5 AOTDT derived from the 
Aqua MODIS sensor followed the pattern most stable 
and similar to the C6 products during the study period. 
The results also reveal a rather significant yearly variation 
in the AOTDT from the Terra MODIS, suggesting that 
the C6 algorithm reflected the differences in the aerosol’s 
microphysical properties and surface reflection contribu-
tions. Meanwhile, over the entire MODIS observation 
period, the correlation values tend to be larger for 
AOTDB, but the biases increased with some fluctuations. 
It is interesting that year 2003 has the largest correlation 
coefficient, with a positive bias year with AOTDB for 
both Terra and Aqua MODIS, and bias values of 0.016 
for Terra and 0.021 for Aqua. During the study period, 
each AOT result from the C6 algorithm has a negative 
bias value, as discussed earlier. These bias values were 
-0.046±0.028 for AOTDB and -0.024±0.015 for 
AOTDT in the case of Terra MODIS, and -0.041±
0.016 for AOTDB and -0.005±0.016 for AOTDT in the 
case of Aqua MODIS. The aerosol retrieval products dif-
fer because of sensor calibration, processing methods, 
and retrieval algorithms.

3. 2    Comparisons between MODIS and AERONET 
AOTs

This section is based on the comparisons of MODIS 
aerosol products discussed in the former sections and 
AERONET AOT (hereafter, AOTAN) for evaluation in 
the study area. In these comparisons, the quality-
assured level 2.0 AOTAN data with a known uncertainty 
of 0.015 (Holben et al., 1998) were used as the ground 
truth data. AOTAN data were collocated in space and 
time with Terra/Aqua MODIS AOTDT and AOTDB for 
C5 and C6 algorithms, following the method used in 
Ichoku et al. (2002). Using this collocation method, a 
pair of MODIS AOT and AOTAN data were sampled 
when the temporal difference between the two data 
was found to be within±30 min, and the spatial dis-
tance was within 25 km. Note that, AOTAN data are not 
available at 550 nm, so AERONET data from the 0.50 
and 0.67 μm spectral channels were interpolated to 
derive AOT values at the 0.55 μm channel, following 
O’Neill et al. (2003).

The collocated AOT values obtained from the 
MODIS were validated against the AOTAN over the 

Fig. 8. Scatter plots of MODIS (C6 AOT - C5 AOT) versus 
AERONET AOT.
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study area. In Fig. 5, all MODIS AOT products agree 
generally well with AOTAN within uncertainty levels for 
each retrieval algorithm. The slopes and intercepts of 
linear regression lines obtained from the validation is of 
v ital importance. In the case of Terra and Aqua 
MODIS, the respective correlation coefficients were 
observed to be 0.88-0.91 with intercepts of 0.005-
0.055. Meanwhile, the slopes of 0.799-0.839 deviate 
from the ideal state, which indicates that MODIS 
AOTs are systematically overestimated by 31-40%. 

In the following, we will now estimate how the 
retrieved MODIS AOT from the difference algorithms 
change with the truth AOT. The difference in MODIS 
AOT retrievals is an essential parameter in estimating 
the reliable quality of the retrieved AOT products. The 
relationship between this difference in MODIS AOT 
retrievals and the AOTAN is illustrated in Fig. 8. One 
can see that the MODIS C6-C5 difference increases 
with AOTAN. Consequently, the variation in the 
MODIS C6-C5 difference with AOTAN suggests that 
there are issues with the assumed scattering properties 
of the aerosol types in MODIS aerosol retrieval algo-
rithms. 

4. SUMMARY AND CONCLUSIONS

The first MODIS observations for atmospheric aero-
sols were made in early 2000. These MODIS observa-
tions provide continuous global coverage and has helped 
improve retrieval of aerosol products. Such observations 
are required for satellite data interpretation. Recently, the 
MODIS aerosol retrieval algorithm was modified and 
revised, denoted as C6, and a new version of aerosol 
product was generated to replace the former C5 product. 
Using MODIS level 2 aerosol product from the most 
available C5 and C6 from the Terra and Aqua MODIS 
dataset, we estimated the spatio-temporal variations of 
the AOT over East Asia during the period from 2000 to 
2016. Because the study area is one of the important 
aerosol sources such as desert dust, urban/industrial 
emissions, and biomass burning, qualified and quanti-
fied aerosol remote sensing data are helpful in under-
standing their distributions and intensities. 

Generally, higher AOT values were observed offshore 
in east-central China with the maximum values being 
over the study area. The results confirm that previous 
MODIS C5 AOT distributions have less spatial cover-
age, and they exhibit large differences with the current 

C6 AOT. Two versions of the AOTDT products have 
slight differences. For MODIS AOTDB, these differences 
were demonstrated in the regression analysis through 
smaller slopes and intercepts, and lower correlation coef-
ficients. Although the DB algorithm expands its coverage 
from the limited bright surface in C5 to vegetated 
regions in C6, the C5-C6 differences range from -20% 
to -50% over almost half of land surface in the study 
area. The moderate correlations were found to be corre-
lation coefficients of 0.876 and 0.76 for C5 versus C6 
AOTDT and AOTDB retrievals, respectively. These results 
are due to a fewer number of data points, different sur-
face reflection scheme, and aerosol optical properties 
used in the LUT.

Comparisons between the MODIS AOT products 
with AOTAN confirm that the error ranges of MODIS 
aerosol products were within the uncertainty levels for 
each retrieval algorithm. Linear regression analysis 
showed that the respective correlation coefficients were 
observed to be 0.88 - 0.91, with intercepts of 0.005 - 
0.055. Meanwhile, the slopes of 0.799 - 0.839 deviate 
from the ideal state, which indicates that MODIS AOTs 
are systematically overestimated by 31 - 40%. Also, the 
difference in MODIS AOT retrievals from the two ver-
sions increase with ground truth AOT. Consequently, 
these estimation and validation results with C5 and C5 
retrieval products suggest that there are issues with the 
assumed scattering properties of the aerosol types in 
MODIS aerosol retrieval algorithms. 
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